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Coulomb effect on doping in amorphous semiconductors
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Traditionally, the low doping efficiency ina-Si:H has been explained by the argument that dopant atoms are
incorporated into under- or over-coordinated sites and, therefore, inert in such configurations. However, recent
molecular dynamic simulations proved that this view is not generally correct. In the present paper we suggest
a purely electronic analytic model explaining the low doping efficiency in amorphous semiconductors. The
model shows that, in a random network of localized states, the Coulomb interaction between ionized dopant
atoms and the resulting localized charge carriers leads to changes in the electronic density-of-states~DOS!
distribution which counter the intended shift of the Fermi-level position.
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Over the years, doping of amorphous semiconductors
been, depending on the material involved, both unsucc
fully pursued and satisfactorily achieved. One basic prob
that has to be overcome in each instance is the tendenc
the amorphous lattice to allow any extrinsic atom to sati
its normal bonding requirements, the so-called 8-N rule. For
the group of amorphous chalcogenides, considerable cha
in the conductivity were achieved through the percents-w
addition of various metals,1 but only in the cases wher
around 10 at. % of Bi~or Pb! was added to the germanium
glasses was any clear evidence obtained for a change-
from p- to n-type conductivity.2 However, as the mechanism
of the type reversal remains uncertain, it also remains unc
whether the change should be ascribed to doping or to al
ing. In general, there is a consensus on relating the diffic
in doping chalcogenide semiconductors to the occurrenc
charged coordination defects with negative effective corre
tion energy~the negative-Udefects! which pin the Fermi
level.3

The situation is different for hydrogenated amorpho
silicon (a-Si:H) where the report by Spear and LeComb4

in 1975 thatn- andp-type doping with P and B was possib
laid the foundation for considerable industrial activity on
worldwide scale. However, throughout the intervening p
riod, and in spite of a considerable research effort, the ph
cal processes involved have remained poorly understood
instance: While a low doping efficiency can be understood
general terms as a manifestation of the 8-N rule, and chemi-
cal mass action relations show that this efficiency sho
then change as the square root of the dopant concentratio
is not obvious why such square-root relationship should
perimentally be better obeyed by the dopant concentratio
the gas phase than in the solid. Also unresolved is the
crepancy which exists5 between the doping efficiency as d
duced from investigations of local bonding configuratio
with extended x-ray fine structure or nuclear magnetic re
nance techniques, and the considerably lower value whic
suggested by experiments involving the electronic states
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By the use ofab initio molecular dynamics simulation
Fedders and Drabold showed that threefold coordinated
a-Si:H is quite unfavorable energetically and, therefore,
conventional explanation of low doping efficiency in th
material was wrong.6 These authors suggested that the lo
doping efficiency is primarily due to H passivation of B
However, further structural dynamic simulations7 proved that
H passivation of P is improbable ina-Si:H. Recent numeric
calculation of the electronic structure of doped amorpho
silicon8 implied much larger binding energies of band-ta
localized states as compared with undoped material. It is
aim in the present contribution to show how the reduc
doping efficiency may be understood in terms of a gene
purely electronic model that ignores specific structural f
tures of sites surrounding a particular dopant atom and
phasizes the effect of Coulomb interaction on the electro
density of states of doped amorphous semiconductors.

When embedded in a random network of localized sta
an ionized dopant atom changes the energy of nearby s
due to Coulomb interaction of the dopant with charge ca
ers localized in those states. This observation encompa
the accepted notion of how doping an amorphous semic
ductor gives rise to changes in the density-of-states~DOS!
distribution of the material, for instance by the creation
charge-compensating dangling bond defects ina-Si:H, but it
also applies to the interaction of a dopant atom with carri
localized in band-tail states. The interaction lowers the
ergy of the localized states surrounding the dopant ion,
thus considerably slows down an upward shift of the Fe
level with increasing dopant concentration.

For a given localized state, the probability density,w(r ),
of having a nearest dopant ion at a distancer is determined
from the Poisson distribution as

w~r !54pr 2Nd expS 2
4p

3
Ndr 3D , ~1!

whereNd is the concentration of ionized dopant atoms. If
carrier is trapped by this localized state, the Coulomb bi
ing energy,
©2001 The American Physical Society02-1
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Ec5
e2

4p«0«r
, ~2!

must be added to the disorder energy,Ed , to get the total
energy of the state,E, with e being the elementary charge,«0
the dielectric permittivity, and« the relative dielectric con-
stant. We do consider a relatively weak doping whereby
concentration of dopant ions remains much smaller than
density of localized states,Nt . Under these conditions, th
energy of a localized state will be essentially affected by j
the one nearest ion. Using Eqs.~1! and~2!, one can then find
a distribution of the localized states over the Coulomb bi
ing energy,W(Ec). The result reads

W~Ec!5w@r ~Ec!#U dr

dEc
U5 4pe6Nd

~4p«0«!3Ec
4

3expF2
4pNd

3

e6

~4p«0«Ec!
3G . ~3!

As already stated, the total energy of a localized state is
sum of the disorder and Coulomb energies:

E5Ed1Ec . ~4!

Combining Eqs.~3! and~4! leads to the following expressio
for the distribution function of the localized-state density a
function of E:

g~E!5
4pe6Nd

~4p«0«!3 E
0

` dEc

Ec
4 expF2

4pNd

3

e6

~4p«0«Ec!
3G

3E
0

`

dEdg0~Ed!d~E2Ec2Ed!, ~5!

whereg0(Ed) is the distribution of localized states over th
disorder energy in the undoped material andd is the Dirac
delta function. Evaluating the integral overEd in the right-
hand side of Eq.~5! yields:

g~E!5
4pe6Nd

~4p«0«!3E
0

E dEc

Ec
4 expF2

4pNd

3

e6

~4p«0«Ec!
3G

3g0~E2Ec!. ~6!

It is worth noting that Eq.~6! is derived on the basis o
one-carrier DOS distribution. The model ignores both
Coulomb interaction between charge carriers and contr
tions of next-nearest dopant ions to the Coulomb energy
localized states. This approximation is quite justifiable if t
total density of localized states strongly exceeds the dop
concentration. Under such conditions, every localized s
has, on average, only one well defined nearest dopant
which contributes significantly to the Coulomb energy of t
state. This contribution will also be much higher than t
energy of Coulomb interaction with other charge carrie
Such approximation is not, of course, valid in very heav
doped amorphous materials in whichNd approachesNt .
Since the value ofNt in amorphous semiconductors is typ
cally around 1020– 1021cm23 the formulated model gives
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reasonably good estimate for the effect of doping on
DOS distribution at dopant concentrations up
1018– 1019cm23.

The effect on the DOS energy distribution of th
Coulomb interaction with dopant ions is shown in Fig.
under the assumption of an exponential distribution
localized states in the undoped material,g0(E)
5(Nt /E0)exp(2E/E0), and for several choices of the dopa
ion concentration. As may be seen immediately from t
figure, an increasing concentration of dopant ions conv
increasingly large numbers of shallow states into deep sta
This effect can explain experimentally observed increas
width of the Urbach tail with increasing dopant concent
tion in a-Ge:H.9 The demarcation energy below which th
DOS increases withNd , and above which it decrease
moves closer to the band edge with increasingNd .

The result of effective doping of a semiconductor,in casu
an amorphous semiconductor with sufficiently low density
gap states such asa-Si:H, will be a shift of the material’s
Fermi level towards either the conduction or the valen
band. In order to express the Coulomb-induced change
the DOS in terms of the energy position of the Fermi lev
we will use as definition of the Fermi energy,EF , the con-
dition that, in equilibrium, the dopants will have filled a
localized states up toEF :

E
EF

`

dEg~E!5Nd . ~7!

Use of the DOS distribution described by Eq.~6! in Eq. ~7!
yields the following transcendental equation for the Fer
energy:

FIG. 1. The effect of Coulomb interaction on the DOS ener
distribution in a doped amorphous semiconductor.
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1

~4p!2 S e2

«0« D 3E
EF

`

dEE
0

E dEc

Ec
4

3expF2
4pNd

3

e6

~4p«0«Ec!
3Gg0~E2Ec!51. ~8!

Figure 2 shows the shift of the thus-defined Fermi level in
exponential distribution of tail states as a function of t
dopant concentration relative to the total density of localiz
band-tail states, for three values of the latter. At low dop
concentrations, the Coulomb interaction can only slightly
crease the density of deep states and, consequently
Fermi level is only slightly deeper than one could exp
when the Coulomb energy is not taken into considerat
~dotted line in Fig. 2!. However, at higher dopant concentr
tions, many more states will have an ionized dopant as n
neighbor and have their energy shifted downwards by
Coulomb interaction such that the relative increase in d
state density is able to considerably reduce the expected
of the Fermi energy. The larger the density of band-
states,Nt , the higher the probability that one such state w
be sufficiently close to a dopant ion to be converted by
Coulomb interaction into a deep trap. Therefore, the effec
the Coulomb interaction on the position of the Fermi lev
becomes stronger with increasing density of tail states.
example, atNt5231021cm23 and E0545 meV the Fermi
level shifts from 0.45 eV to 0.50 eV with the dopant conce
tration increasing by three orders of magnitude from
31017 to 231020cm23. Concomitantly, the integrated den
sity of states below the Fermi level increases by three ord
of magnitude while the Fermi energy decreases by only
E0 .

In order to express the influence of the Coulomb bind
energy on the traditionally used concept ofdoping efficiency,
we introduce the notion of an equivalent ionized dopant c
centration,Nd

(0) , that would, in the absence of the Coulom

FIG. 2. Dependence of the Fermi energy upon the dopant c
centration parametric in the total density of band-tail states.
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interaction, result in a shift of the Fermi energy,EF , to the
value obtained withNd and the appropriate Coulomb inte
action. SinceNd stands for the concentration ofionizeddo-
nors, the ratioNd

(0)/Nd does represent the reduced ability
the doping process to move the Fermi level when the C
lomb energy is taken into account. It can, therefore, be u
as a relative measure of the doping efficiency. Values for
relative efficiency are shown in Fig. 3 as a function of t
dopant densityNd for the earlier used tail-state densitie
It may be seen that for doping densities arou
1018cm23 eV21—not an unusual value fora-Si:H—the
actual doping efficiency, as measured by the Fermi-le
position, is one order of magnitude below what could
expected on the basis of a rigid DOS distribution and
dopant density.

It follows from this observation that the perceived di
crepancies that were cited in the introduction between st
tural and electronic determinations of the doping efficien
in a-Si:H, are not contradictory at all but result from th
oversight of dopant-induced shifts in the distribution of l
calized states. It may further be noted that in the same reg
aroundNd51018cm23 eV21 the doping efficiency changes t
first approximation asNd

21/2, which also corresponds to th
experimental observations.10

In conclusion, a purely electronic model explaining t
low doping efficiency in amorphous semiconductors is s
gested. The model rests on the notion that the Coulomb
teraction of dopant ions with charge carriers localized
band-tail states strongly affects the effective energy distri
tion of those states making them deeper. It has been sh
that the density of deeper states increases almost line
with increasing dopant concentration implying very low do
ing efficiencies in amorphous semiconductors, especially
high concentrations of dopant ions. Predictions of the mo
are consistent with experimentally observed increasing w
of the Urbach tail and a low doping efficiency in dope
amorphous semiconductors.

V.I.A. acknowledges financial support from the Alex
ander von Humboldt Foundation. E.V.E. is grateful to K
Leuven for financial support.

n-

FIG. 3. Doping efficiency as a function of the dopant conce
tration for different total densities of band-tail states. The strai
line indicates theNd

21/2 dependence of the doping efficiency.
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