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LIMITATION OF MOBILITY BY INTERCRYSTALLITE POTEN-
TIAL BARRIERS WITH REGARD TO TUNNELING EFFECT
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Department of Solid State Physics, Pedagogical University, Czgstochowa™
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Effective mobility in-a polycrystal has been calculated with due consideration paid
to carrier tunneling through intercrystallite potential barriers. Numerical calculations were
made and compared to experimental results for thin films of SnO,. These films were used
to show that the increase in mobility which accompanies an increase in impurities introduced
into the film, as well as the small temperature dependence of mobility in strongly doped
films can be explained by the influence of the tunneling effect.

1. Introduction

If, in a polycrystalline material, mobility changes exponentially with the inverse of
temperature, the height of the barrier is' generally estimated from the slope of the In u.g
= f(1/T) curve. In many cases, the height of the barrier estimated in this way is too small
to explain the large decrease in mobility. This has been observed in thin films of InSb [1],
SnO, etc. At the same time, strongly doped, polycrystalline films show a large decrease
in mobility and a small dependence on temperature. Furthermore, the effective mobility
may increase with an increase in introduced impurities. These phenomena can be explained
by the limitation placed on mobility by intercrystallite potential bariers, if we consider
the tunneling effect in calculations.

2. Effective carrier mobility considering the tumneling effect

The limitation placed on mobility by intercrystallite potential barriers has already
been discussed in many papers, e.g. [3-8]. Potential barriers decrease effective mobility,
because not all carriers which come towards the barrier can cross over to the neighbouring
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crystallite. It has been shown in Refs. [4, 8], that if the dimensions of the crystallites are
several times larger that the mean free path, then the effective conductivity

Oer = Nqpto, [¢h)

where N is the concentration of carriers crossing the potential barrier without reflection;
g is the elementary charge, and p, is the mobility of carriers in the material. N is, then, the
concentration of carriers which carry a charge in an electric field from one crystallite to
another. Because

Oeer = Ny lesr @
then
N
Hetr = Ho P ©)

k

where m, is the carrier concentration in-a crystallite. Formula (3) can be written as

, j jo(E T)G(E)P(E)dE

Hepr = Ho — e — 4
I fo(E T)G(E)dE

where fo(E, T) is the Fermi-Dirac distribution function, G(E) is the density of states,
and P(E) is the probability that a carrier will cross of the potential barrier. If the concen-
tration of impurities is so high that a donor (acceptor) band is formed, then G(E) is com-
bined density of states in the donor (acceptor) band and conductlon (valence) band.

Let us consider carriers, which carry a charge in an electric field from one crystallite
to another. That is carriers of energy higher than the barrier height which cross over
the barrier, and carriers of energy lower than the barrier height which cross through
the barrier as a result of the tunneling effect. In some cases the number of the latter carriers
is comparable to, or even greater than the number of carriers which cross over the barrier.
This occurs for films with a large concentration of free carriers, small effective mass and
small crystallite dimensions. Then, the probability of crossing the potential barriers is
relatively strong (even for small energies) so there is an evident influence of the tunneling
effect on electrical properties.

To calculate the probability of crossing P(E) in the energy function, the shape of the
potential barrier should first be calculated from the Poisson equation. In a latter part of
this paper an example of a numerical calculation of barrier shape, mobility and effective
concentration for several temperatures, and donor concentrations will be given. The calcu-
lations have been made for an n-type semiconductor in which donor impurities are
uniformly distributed in the volume of the crystallite, and the traps are placed on the
sutface of the crystallite.
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3. Comparison of calculations with experimental results

Numerical calculations of concentration and mobility in thin SnO, films, obtained by
means of cathode sputtering, [2] will be used as an example. Non-doped SnO, single-
-crystal in an n-type semiconductor becaused efects in-this material give a shallow donor
level. The activation energy of this level was estimated in Ref. [9] and is (0.024+0.004) V.
Films of SnO, in Ref. [2] were self-doped (the concentration was marked N{) and from
the N, antimony content in the cathode alloy 8% was introduced into the film as donors.
The donor concentration in the films was then

Ny = N 40.08N,. (5)

Influence of trap centres, which captured free carriers from the conduction band was
observed in the temperature range in which the films were examined. The volume con-
centration of these traps was 3.2x10'° cm=2 larger than N{» concentration. As the
sizes of crystallites in films are small (diameter c. 100 A), then, to calculate the barrier
shape, a three-dimensional Poisson equation for a spherical crystallite was used [10]

d*g(r) )

5 rh———MWMMwW ©

where n(r) is the concentration of free electrons in the conduction band, n,(r) is the electron
concentration on the trap level, and p,(r) is the concentration of ionized donors. The
position of the Fermi level has been determined from the condition of neutrality for
a crystallite.

J B dr = [ [n) 4 m ] dr. ()
0 0

The solution of the Poisson equation, i. e. the barrier shape @(r) depends on: the radius
of a crystallite R, temperature T, concentration of donors N, and traps N,, their distribu-
tion in a crystallite, position of the donor level E;.and trap level E, and effective mass as
well as on permittivity e. In our calculations we assumed that donors are uniformy distribu-
ted in the sample, while traps are located on the surface of crystallites, as was suggested
by the authors of Ref. [11]. Because of the large donor concentration, the overlapping of
donor and conduction bands and peak of state densities on the donor level were considered
in our calculations. The method of calculating the probability of electron transition
through the potential barrier is given in Appendix A, while the method of calculating
mobility in a SnO, siﬂgle-crystal is presented in Appendix B. The concentration of carriers
in a crystallite was calculated as a mean concentration of a crystallite’s volume

N = V7 [ [n(r)+ny(r)]dV ®)
“ 14 ‘ B

and effective mobility as:
§ | foE, TYG(E)P(E)dEdV |
V E

. 9
Heee = Ho — j- [+ nn)]dV > ©
) .
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where n,(r) is the concentration of free electrons in the donor band. Evaluation of the
mean value of both these values in the volume of the crystallite is necessary if we calculate
the shape of the barriers from the three-dimensional Poisson equation, and it is not neces-
sary for the one-dimensional case (large crystallites). In Eqgs (8) and (9) we assume that
the mobility of carriers in the conduction and donor bands is comparable.

0%

20

1077+

7079 L

7018 L

07 .

]016____1_ ;I 1 | B 18 i | 1 I 1

2 4 6 102 2 4 6

Ny Lem™7
1 1

Fig. 1. Concentration of free carriers as a function of donor concentration. The solid line marks the results
of calculations and points mark experimental results from Ref. [2] for thin SnO, films

The best agreement of numerical calculations with experimental results has been
obtained for N = 6.6x 10'° cm=3, E, = 0.36 eV and R = 35 A. Because the surface
concentration of traps for a spherical crystallite is Ny = RN,/3, and N, = N®4+32x
x10'% cm=3, then N, = 1.14x 103 cm2. We assumed that ¢ = 14, m/m, = 0.35 and
E; = 0.024 V. '
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Fig. 1 and Fig. 2 snow graphs of the effective concentration and mobility of carriers
as a function of donor concentration. On Fig. 3 and Fig. 4 temperature dependences of
those values for five different donor concentrations are presented. Results of numerical
calculations for the parameter values mentioned above are marked with solid lines. Points
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Fig. 2. Carrier mobility as a function of donor concentration. The solid line marks results of numerical
calculations and points mark experimental results from Ref. [2] -

were used to mark experimental results, obtained from examining the Hall effect for SnO,
films [2]. Dependence of electrical conductivity as a function of N, is shown on Fig. 5.
The solid line shows the calculated conductivity, whereas points are used to mark experi-
mental results obtained by various authors. The Hall mobility was measured only in some
samples from Ref. [2] the conduétivity of which has been marked in Fig. 5. Because of
certain properties of the measuring apparatus [13], mobility was measured only in those
samples in which conductivity was. larger than 7x 10~ (Q cm)-'.

In weakly doped films, where the volume trap concentration is larger than the donor
concentration samples from cathodes 2 to 7 small values of mobility and concentration
and strong temperature dependence of both these values has been observed. When donor
concentration is greater than trap concentration the slope of the temperature curves decre-
ases, while the value of mobility increases.

- As in polycrystalline sample the sizes of crystallites are different, then formula (1) for
conductivity is correct only when the shapes and heights of barriers do not depend on the
dimensions of a crystallite. The barrier shapes for the most weakly and most strongly
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doped films are shown in Fig. 6. In a weakly doped sample the bottom of the conduction
band in small crystallites is strongly raised, while in a strongly doped sample the shapes of
barriers in crystallites are similar. Electrical properties of a strongly doped sample only
marginally depend on sizes of crystallites, whereas conductivity and effective mobility
in weakly doped films depends mainly on properties of small crystallites acting as
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Fig. 5. Film conductivity as a function of content Ny in the cathode alloy. The solid line represents results

of numerical calculations, points represents the experimental results for three series of samples: ® — from
' Ref. [2], O and A —from Ref. [12]

“‘valves”. The radius, for which the numerical calculations were made, is then smaller
than that obtained in crystallographic examinaton [2].

Differences between the calculated value of mobility and the measured value originate
from the fact that the distribution function of crystallites was riot considered in the calcula-
tions. Furthermore, the Hall mobility was measured only in some samples. Especially, the
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weakly doped samples of large resistivities (and probably of smaller mobility) were not
measured. ‘

In previous work concerning thin SnO, films [2] donor concentration N was esti-
mated and the value 8 x10?° c¢m—3 was obtained which is different from the value
6.6 x 10 cm~2 obtained now. It is because, previously, the irregular distribution of traps
in the crystallite volume was not considered in the condition of neutrality. Regular irap
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Fig. 6. An example of bending of the conduction band in strongly and weakly doped SnO, samples. Surface
concentration of traps is the same for all crystallites i.e. Ny = 1.14x 10'® cm—2, donor concentration in
sample 2 is Ng = 6.6x 10*® cm% and in sample 12 is Ny = 3x102°cm™3

and donor distributions give ¢(r) = 0 which does not explain the small value of the
mobility and its dependence on temperature. For small crystallites, mobility and concen-
tration should be adjusted simultaneously ¢onsidering the condition of neutrality in (7)
with an irregular distribution of traps.

The authors would like to thank Doc. dr W. Lenkow for kind interest in this work,
Professor W. Zdanowicz and Dr L. Zdarowicz from the Institute of Solid State Physics of
the Polish Academy of Sciences in Zabrze for their critical remarks and workers of the
Laboratory of Numerical Calculation of the Strata Mechanics Research Establishment
of the Polish Ac‘ademy‘of Sciences in Cracow, where numerical calculations were made,
for their help in preparing the programme.

. APPENDIX A

It will be assumed, like in Ref. {14], that donor states can be approximated by three-
-dimensional, rectangular potential wells. At the same time, it is known that shallow donor
states in-SnO, fulfil the assumptions of a -hydrogen-like model [9], so the donor level is
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placed in the middle of the potential well. The depth of the well is then 2 |E,| and the kinetic
energy of the electron is |Eyl.

Potential wells will overlap if the parameter § < 0 (formula (3.6) from Ref. [14]).
For SnO, this will occur when Ny = 2% 1018 ¢cm~3. Thus a donor band will be created for
N 2 2x10'8 ¢cm~3 integrated with the conduction band. The critical value of N, is in good

E a B b

N(E)

Fig. 7,a) Bending of energy bands near the crystallite surface.. b) Density of states in the donor band and
in the conduction band

agreement with experimental results for single-crystal SnO, [15]. When calculating the
probability of carrier transition through the potential barrier it is convenient to utilise
Fig. 7. Probability of electron transition was calculated from an approximated formula

P(E) ~ exp {—2Q2m/h*)'"? IZ [p(—E]"?dr}, if E < @(R) (A1)
and
PE)=1 if EZ= ¢(R).

As crystallite diameters are at least several times larger than the mean free path, the mean
probability of a transition should be calculated in the mean solid angle 27 [16]. The proba-
bility is dependent on the normal component of momentum which is equivalent to

P(E, o) = P(E cos® o), (A2)

where « is the angle of incidence of electron in the barrier. The mean probability will
then be

2n w/2
1
(P(E)) = 5 jP(E cos? a)df = f P(E cos? ) sin ada, (A3)
T
[¢] 0

where the solid angle element df = 27 sin adx. Mean. value was calculated for E < @(R).
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APPENDIX B

Dependence N; > N, ~ 6x10'® cm=2 is valid for the SnO, samples discussed in this
paper. That is why electron concentiration in conduction band can be neglected for electron
concentratlon in the donor band. As the density peak in the donor band will occur near
E,, it can be assumed that the energy of almost all electrons is E = |E,|. Then Conwell-
-Weisskopf formula can be written (mean distance between donors is / ~ 1.27 N;/3 [14])

1.9x 10%? E*%g?

Mr = Ee \21 Mo\
7 e
1n|:1+778><101 <N1/3> ] Nd(me)

where E is expressed in eV, and N, in m3,
The scattering of phonons is considered as for non-doped crystals
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Fig. 8. Electron mobility in SnO, single-crystal as a function of impurity concentration for three temperatures

which is in accordance with the experimental results from Ref. [17]. Resultant mobility

HUpliy
Up+ iy

Ho = (B3)
Values of y, for three temperature are shown on Fig. 8. As we consider the case of mono-
energetic electrons, then the ratio of Hall mobility to drift mobility ug/u, = 1.
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