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Coulomb effect on doping in amorphous semiconductors
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Traditionally, the low doping efficiency ia-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-@b&t8tes
distribution which counter the intended shift of the Fermi-level position.
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Over the years, doping of amorphous semiconductors has By the use ofab initio molecular dynamics simulation,
been, depending on the material involved, both unsucces&edders and Drabold showed that threefold coordinated B in
fully pursued and satisfactorily achieved. One basic problen@-Si:H is quite unfavorable energetically and, therefore, the
that has to be overcome in each instance is the tendency §Pnventional explanation of low doping efficiency in this
the amorphous lattice to allow any extrinsic atom to satisfymaterial was wrond. These authors suggested that the low
its normal bonding requirements, the so-calleti8ule. For ~ doping efficiency is primarily due to H passivation of B.
the group of amorphous chalcogenides, considerable changE9WeVer, further structural dynamic simulatiémsoved that
in the conductivity were achieved through the percents-wisé’| passivation of P is |mpr0_bable & Si:H. Recent numeric
addition of various metals,but only in the cases where calculation of the electronic structure of doped amorphous

around 10 at. % of Bior Ph was added to the germanium silico.n8 implied much larger bir)ding energies of.band_—tail
' : . localized states as compared with undoped material. It is our
glasses was any clear evidence obtained for a change-over . h L h h h
from p- to n-type conductivity’? However, as the mechanism efm n t ° present contribution to s ow how the reduced
o o) . doping efficiency may be understood in terms of a general
of the type reversal remains uncertain, it also remains unclei{

. , urely electronic model that ignores specific structural fea-
whether the change should be ascribed to doping or to alloyg,req of sites surrounding a particular dopant atom and em-

ing. In general, there is a consensus on relating the difficultyhagizes the effect of Coulomb interaction on the electronic
in doping chalcogenide semiconductors to the occurrence Qfensity of states of doped amorphous semiconductors.
charged coordination defects with negative effective correla- \when embedded in a random network of localized states,
tion energy(the negative-Udefects which pin the Fermi  an jonized dopant atom changes the energy of nearby states
level® due to Coulomb interaction of the dopant with charge carri-
The situation is different for hydrogenated amorphousers localized in those states. This observation encompasses
silicon (a-Si:H) where the report by Spear and LeConfber the accepted notion of how doping an amorphous semicon-
in 1975 thain- andp-type doping with P and B was possible ductor gives rise to changes in the density-of-sta#®S)
laid the foundation for considerable industrial activity on adistribution of the material, for instance by the creation of
worldwide scale. However, throughout the intervening pe-charge-compensating dangling bond defects-i&i:H, but it
riod, and in spite of a considerable research effort, the physialso applies to the interaction of a dopant atom with carriers
cal processes involved have remained poorly understood. Fdpcalized in band-tail states. The interaction lowers the en-
instance: While a low doping efficiency can be understood irergy of the localized states surrounding the dopant ion, and
general terms as a manifestation of thé\@ule, and chemi-  thus considerably slows down an upward shift of the Fermi
cal mass action relations show that this efficiency should®Vel with increasing dopant concentration. _
then change as the square root of the dopant concentration, it FOr @ given localized state, the probability densityy),
is not obvious why such square-root relationship should ex9f having a nearest dopant ion at a distande determined
perimentally be better obeyed by the dopant concentration iffom the Poisson distribution as
the gas phase than in the solid. Also unresolved is the dis- A
crepancy which existsbetween the doping efficiency as de- w(r)=4mrNy ex;{ -
duced from investigations of local bonding configurations 3
with extended x-ray fine structure or nuclear magnetic resowhereNy is the concentration of ionized dopant atoms. If a
nance techniques, and the considerably lower value which isarrier is trapped by this localized state, the Coulomb bind-
suggested by experiments involving the electronic states. ing energy,
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must be added to the disorder energy,, to get the total

energy of the statds, with e being the elementary chargs, n
the dielectric permittivity, and the relative dielectric con- || N,=10%"eV'em®
stant. We do consider a relatively weak doping whereby the sl
concentration of dopant ions remains much smaller than the I
density of localized statedy;. Under these conditions, the sl

energy of a localized state will be essentially affected by just

the one nearest ion. Using E¢4%) and(2), one can then find o )
a distribution of the localized states over the Coulomb bind- I
ing energy W(E,.). The result reads Yol N, eV'cm”
L / ll' 19
W(E.) = E dr B 47766Nd 14| /:" / 10
(Be)=WIr (Bl GE.| = (dmege 67 I A A - 10°
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200 :

As already stated, the total energy of a localized state is the
sum of the disorder and Coulomb energies:
FIG. 1. The effect of Coulomb interaction on the DOS energy
E=E4+E.. (4) distribution in a doped amorphous semiconductor.
Combining Eqgs(3) and(4) leads to the following expression . :
for the distribution function of the localized-state density as a]r:()aasonat_yly _goo_d estimate for the effect of _doplng on the
; . OS distribution at dopant concentrations up to
function of E: 3 9. 3
1018-10"cm 3,
4mePNy (= dE, 47N, b The effect on the. DOS energy Qistribution of' the
9(E)= 7 3 e e RE Coulomb interaction with dopant ions is shown in Fig. 1,
(4meoe) Ec (4meoeE) under the assumption of an exponential distribution of
w0 localized states in the undoped materialyy(E)
X f dE490(Eq) S(E—E;.—Ey), (5) =(N{/Eg)exp(—E/Ey), and for several choices of the dopant
0 ion concentration. As may be seen immediately from this
wheregg(Eq) is the distribution of localized states over the f|gure, an ||ni:rea3|ng ct?ncenftrar:loun of f'otpar?t t|or&s con\t/etrts
disorder energy in the undoped material ahis the Dirac lpk?lrea\;!ngty arge ”‘i'"ﬁ ers ot sha ?VYI S abes In Od cep states.
delta function. Evaluating the integral ovEy in the right- 1S elfect can explain experimentally observed increasing
hand side of Eq(5) yields: vyldth of the Urbach tail with increasing dopant cor!centra-
tion in a-Ge:H? The demarcation energy below which the
DOS increases witiNy, and above which it decreases,
moves closer to the band edge with increadihg

0

6

47reNy jEdEc r{ 47Ny e

g( E) = 3 7~ €X 5
(4mege)°)o Eg 3 (4meceEc) The result of effective doping of a semiconductarcasu
X go(E—Ey). (6)  @namorphous semiconductor with sufficiently low density of
0 ¢ gap states such as Si:H, will be a shift of the material's

It is worth noting that Eq.(6) is derived on the basis of Fermi level towards either the conduction or the valence
one-carrier DOS distribution. The model ignores both theband. In order to express the Coulomb-induced changes in
Coulomb interaction between charge carriers and contributhe DOS in terms of the energy position of the Fermi level,
tions of next-nearest dopant ions to the Coulomb energy ofve will use as definition of the Fermi enerdyy, the con-
localized states. This approximation is quite justifiable if thedition that, in equilibrium, the dopants will have filled all
total density of localized states strongly exceeds the dopartcalized states up t&g:

concentration. Under such conditions, every localized state

has, on average, only one well defined nearest dopant ion

which contributes significantly to the Coulomb energy of the *

state. This contribution will also be much higher than the EFdEg(E):Nd' @
energy of Coulomb interaction with other charge carriers.

Such approximation is not, of course, valid in very heavily
doped amorphous materials in whidty approaches\,. Use of the DOS distribution described by E) in Eq. (7)

Since the value oN; in amorphous semiconductors is typi- yields the following transcendental equation for the Fermi
cally around 18°—10**cm 2 the formulated model gives a energy:
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FIG. 3. Doping efficiency as a function of the dopant concen-
tration for different total densities of band-tail states. The straight
line indicates thENd_l’2 dependence of the doping efficiency.

FIG. 2. Dependence of the Fermi energy upon the dopant coninteraction, result in a shift of the Fermi enerdsy; , to the
centration parametric in the total density of band-tail states. value obtained wittNy and the appropriate Coulomb inter-

action. SinceNy stands for the concentration @hizeddo-

1 g2 \3 o EdE, nors, the ratid\lgo)/Nd does represent the reduced ability of
—2(—) f dEf — the doping process to move the Fermi level when the Cou-
(4m)"\eoe/ Jer o E lomb energy is taken into account. It can, therefore, be used

47N o6 as a_relativg measure of the dqping efficiency. VaIL_Jes for this
Xexp{ - d 3}90(E—Ec)=1- (g)  relative efficiency are shown in Fig. 3 as a function of the
3 (4mepeE) dopant densityN, for the earlier used tail-state densities.
It may be seen that for doping densities around
Figure 2 shows the shift of the thus-defined Fermi level in arl0®®cm 3eV 1—not an unusual value fom-Si:H—the
exponential distribution of tail states as a function of theactual doping efficiency, as measured by the Fermi-level
dopant concentration relative to the total density of localizegposition, is one order of magnitude below what could be
band-tail states, for three values of the latter. At low dopangxpected on the basis of a rigid DOS distribution and the
concentrations, the Coulomb interaction can only slightly in-dopant density. . ) ) )
crease the density of deep states and, consequently, the !t follows from this observation that the perceived dis-
Fermi level is only slightly deeper than one could expectcrépancies that were cited in the introduction between struc-

when the Coulomb energy is not taken into consideratiorfural and electronic determinations of the doping efficiency
In a-Si:H, are not contradictory at all but result from the

gversight of dopant-induced shifts in the distribution of lo-

: : - alized states. It may further be noted that in the same region
neighbor and have their energy shifted downwards by thé ST S S} . =
Coulomb interaction such that the relative increase in deeFr:tungrdo;#nO;ﬂCOrg a::lY1/2thV?lI::ii((::)EIg?sgﬁcl:gﬁzgyocr:]g:?gsﬂ‘:g
state density is able to considerably reduce the expected sh ellg( erﬁﬁental observatici) ﬁg' P
of the Fermi energy. The larger the density of band-tail P . ' . -
. o . In conclusion, a purely electronic model explaining the
statesN;, the higher the probability that one such state will . - . : )
b . low doping efficiency in amorphous semiconductors is sug-
be sufficiently close to a dopant ion to be converted by the : ;

X S ested. The model rests on the notion that the Coulomb in-
Coulomb interaction into a deep trap. Therefore, the effect o eraction of dooant ions with charae carriers localized in
the Coulomb interaction on the position of the Fermi level . P 9 . L

oo . . . band-tail states strongly affects the effective energy distribu-

becomes stronger with increasing density of tail states. Fof. )
example, aiN,=2x10% cm™® and Eq=45 meV the Fermi tion of those states making them d(_aeper. It has been _shown
! ¢ 0 that the density of deeper states increases almost linearly

level shifts from 0.45 eV to 0.50 eV with the dopant CONCeN- i in creasing dopant concentration imolving very low dob-
tration increasing by three orders of magnitude from 2. g dop blying very b

7 0o : : _"ing efficiencies in amorphous semiconductors, especially at
X 1077 to 2 107%cm * Concomltan_tly, the integrated den rhigh concentrations of dopant ions. Predictions of the model
: . . Are consistent with experimentally observed increasing width
of magnitude while the Fermi energy decreases by only ON&¢ the Urbach tail and a low doping efficiency in doped

Eo. .
In order to express the influence of the Coulomb bmdingamorphous semiconductors.
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