Nonrandom doping and elastic scattering of carriers in semiconductors
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High-density delta doping of semiconductors may result in partial ordering of dopant atoms.
Under suitable circumstances, periodic delta doping leads to significant suppression of elastic
scattering and a consequent enhancement in charge carrier mobility.

The mobility of carriers in doped semiconductors is to a
large measure determined by the elastic scattering of these
carriers from the dopant ions, i.c., by the interaction poten-
tial

V(F)sz(r-"Rf). (1}
Here R, represents the ion pesitions and
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is the Coulomb potential of a bare ion statically screened by
the dielectric constant €{g), where q is the scattered wave
vector.

Suppose that we are interested in a particle with initial
wave vector k, energy E, (k), and velocity v, . Operationally
it has a scattering rate 7 ' from the donor ions and a mean
free path /, = v, 7,. If &/, > I, we may reliably calculate the
elastic ionized impurity scattering rate 7, ! to lowest order
in the impurity potential. Using the first term in the Born
series, we obtain (Fermi's golden ruie)
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for the transition rate. Here ¥(q) is the Fourier transform of
Vir),
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It follows that
[V (@) > =s(g)|v(g)!? (5)
where s{q) is the structure factor
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s(g) =

and
v(g) = dme’/qe(q). (7)

As will be seen later, even in the “random” case a reduc-
tion in scattering rate occurs because, for small g

s(g) = n{l —f), (8}

where f is the fraction of occupted sites. The factor {1 — f)
appears because impurity atoms sit on discrete lattice sites
and double occupancy of a site is not allowed. In the dilute
limit, f—~0and Eq. (8) gives the result s(g) = n, so that the
scattering rate given by Eq. (3) is n times the scaitering rate
from a single dopant ion.’

In this letter we analyze s(q) for dopant atoms placed on
an underlying three-dimensional lattice. We then numerical-
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Iy evaluate a simple model of correlated tmpurity doping and
show that it leads to a decrease in the structure factor s(g) at
small ¢ and s corresponding decrease in elastic ionized impu-
rity scattering rate, 7o '

Layer-by-layer crystal growth of GaAs using methods
such as molecular beam epitaxy is possible because Ga atoms
are able to diffuse on the exposed GaAs surface before final
bonding to a crystal lattice site. A recent development of this
monolayer deposition technique is delta doping,” where the
(Ga flux is interrupted and a fraction of a monolayer of impu-
rity atoms such as Be with sheet concentration #, is deposit-
ed on the GaAs surface. Typically, #, is in the range 10'¢
cm” * to greater than 1.3 X 10" ¢cm™ 2 so that the fraction of
electrically active occupied sites, f; can be greater than 0.2.°

We consider the case where possible dopant atom posi-
tions are  specified by the  vector, rFiun

=al 4 BM 4 c(IN), where L, M, and N are integers (see

Fig. 1), ¢ is in the z direction, and a and b form a square
lattice in the x-y plane. For (001) oriented GaAs
ja| = bl = 3.99 A and |¢| = 5.65 A. The integer /is fixed by
the spacing AZ between planes containing dopant atoms.
The reciprocal lattice vectors of this Ga lattice v, are
denoted by €3, . Taking Eg. (6) we obtain an ensemble aver-
age structure factor for n dopant atoms given by

s(g)=/n Cpane My, )
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FIG. 1. Schematic diagram of Be delta-doped sheets in (001) oriented
GaAs. For GaAs g == 3.99 A. The numerical example in the text uses
AZ=3954A correponding to seven Ga bilayer spacings. Note that 7/
AZ =794x10°cm™ ",

© 1989 American Institute of Physics 940



and (...} denotes an ensemble average. The known fractional
occupation of ali Ga sites in a doped plane is (€,,,4) =/
The correlation coefficients € y,n have values 1//, 1, and
for the extreme cases of perfect correlation, completely ran-
dom correlation, and perfect anticorrelation, respectively.
Werewrite Eq. (9) by adding and substracting { from €,
s0 that

S(CE) :an(q - Qn) "Lfn Z (CLAM:V — I)eiqwl_MN’
LMN
(10)

where

Bg) = 3 enriin

LAN

is the Bragg scattering result from the perfect Ga lattice
specified by r, n and is nonzero only at reciprocal lattice
vectors Q. For low-energy charge carriers with small &4
such lattice vectors (2, #0) are not accessibie and this term
plays no role in the transport as long as the layer spacing AZ
is not teo large, ie., k<7/AZ.

¥ there is no correlation between dopant atoms in differ-
ent planes, then C; 4 = 1 for N 50 and

s{q) =/mB{g—Q,) “E’“ﬁzZ(CLA'I — e M (1)
197

where Cp,, = Cp o and 1, 4, = ¥, 440 15 10 the X — y plane.
The structure factor s{g) thus reduces to a form which only
involves correlations in the plane.

We now examine two limits of our model: the complete-
ly random case and the perfectly ordered in-plane case. We
denote by P the guantity in Eq. (11):

P=f 5 (Crpg —~ D™, (12)
LM

In the completely random case all €, =1 except
Cyo = 1/f, singe a site’s occupancy is always correlated with
itself. Thus,

5(q) =fnB(g —Q,) + (1 —/)n (13}

The first term is the imprint of the underlying lattice leading
to Bragg spots with intensity »°. The second term in Eq. (13)
represents elastic scattering which is generally nonzero for
any wave vector g. The factor (1 — f) is a direct result of
exchiding double cccupancy of a site and is the correlation
effect referred to earlier which gives rise to Eg. (8).

We now consider the case of perfect in-plane ordering of
dopant atoms® whose positions form a two-dimensional su-
perlattice with reciprocal lattice vectors g, . In this situation
Cp e = 1/f for those L,M corresponding to the two-dimen-
sional superlattice position separations and C, ,, = 0 other-
wise. Therefore P = O unless g has a projection into thex — y
plane that is a two-dimensional reciprocal lattice vector g,,.
The resulting Bragg rods pass through the g, as shown in
Fig. 2(c). Using Eq. (11} it is possible to show that those
Bragg rods which contain a reciprocal lattice vector of the
underlying two-dimensional Ga lattice are missing. Scatter-
ing near g = Qs completely suppressed. The “'scattering” at
exactly q = 0 is frrelevani and does not contribute in the
present context. In most cases of interest charge carriers
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FIG. 2. (a) Schematic diagram of Bragg diffraction rods for 2 single plane
of dopant atoms in a superlattice. {b} Bragg diffraction rods and spots for
planes similar to (a) but separated by AZ and no correlations between do-
pants in different planes. {¢} Same as (b) except potential dopant sites are
required to be on the lattice defined by ¢, ;v

have wave vector & < g,/2, implying a zero elastic scattering
rate.

For a more realistic situation where there are intermedi-
ate correlations we would excpect 2 modification of the scat-
tering rate. In reality correlations depend on details of crys-
tal growth and doping processes. The rate of deposition of
dopant atoms, the temperature of subsirate, etc., all play a
role. Bt is not the purpose of this letter to investigate in any
detail such processes. Rather, we show numerically that
even a modest correlation effect can lead to a significant
suppression of the elastic scattering rate at high dopant lev-
els.

Since a dopant atom such as Be has a different electronic
structure and radius than the substitutional atom (e.g., Ga
in GaAs) it is plausible that there is a short-range potential
between two such dopants. When placed on a GaAs growth
surface a Be atom will diffuse by hopping from Ga site to Ga
site. A repulsive potential will bias the hops so as to partially
eliminate, for example, near neighbor occupations. In this
picture the Be atoms will anneal towards a periodic lattice.

As anumerical example, we simulated placing Be atoms
on a square lattice with 1000x 1000 sites using periodic
boundary conditions. Atoms of Be are placed on Ga sites one
at a time according to the following procedure. A siie is cho-
sen randomly. That site becomes cccupied unless it is al-
ready occupied or has one or more nearest neighbors. The
process is iterated until 2 number of sites are occupied,
2% 10° sites in our example corresponding to /= 0.2. From
the resulting configurations, the C, ,, are calculated. As ex-
pected for a random correlation large L or large M gives
Craye=i. Using only statistically significantC,,,
(ie,|Cprpy — 1> 1/N2X10° and |L | < 6 and [ | < 6), the
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FIG. 3. (a) Contour plot of £ /P, for the numerical example described in
the text where Py is the random value of 2 In this case /= 0.2 and there is
zero nearcst neighbor occupancy. in GahAs 7/a - 7.86x 107 cm ™ . (b) To-
tal elastic electron scattering rat 7, ' from ionized impurities for the ran-
dom and partdally ordered casc as a function of conduction-band electron
energy F, in p-type GaAs with »n” "7 = p o= 3.2 X 10° em " *. The param-
eters used in the calculations were the same as used in Ref. 5. Note, for
E, =03eVk=T742X10em '«n/AZ<w/a.

guantity P{g, g, ) was calculated and the resuli is shown as
the contour plot in Fig. 3(2). Near g = 0 P is reduced from
its random value by a factor of less than 0.4.

Using Eq. (3) and the appropriate €(g) for holes as
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discussed in Ref. 5 we have calculated 7, © as a function of
initial energy £, for minority carriers injected into p-type
GaAs. The results are plotted in Fig. 3(b). The broken curve
is for a randomiy doped three-dimensional sample with aver-
age impurity concentration #” Y7 = 3.2 10 cm ™’ using
s{q) = #" . The solid curve for 7,; ' is found in the same
way except using s{g) from the numerical resuit described
above and AZ = 39.5 A chosen so that the average bulk im-
purity concentration, #” "7 = 3.2 10® cm ?, is the same
as the random case, As may be seen , the reductionin 7, ! for
the partially ordered delta-doped sheets is greater than a
factor of 3.

In summary, because impurities occupy semiconductor
crystal lattice sites there is a reduction (1 —f) in small
wave-vector elastic ionized impurity scattering. Additional
ordering effects® and high-density delta doping of semicon-
ductors may result in a further reduction in elastic ionized
impurity scattering. In particular a reduced 7 ' could sig-
nificantly improve the performance of high-speed hetero-
junction bipolar transistors which utilize a thin, very heavily
doped p-type base.®’

We thank I. E. Cunningham and M. B. Paunish for useful
discussions.
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