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In the paper we report some theoretical results on the thickness and
temperature dependences of the cloctrical conductivity and band gap
width for semiconducting thin flms. The expressions for clectricl con-
duetivity snd energy gap are deduced as functions of the sattering para-
meter o §im surfaces, potentinl in surface Layer, meas free path of charge
carrier, thickness of the surfuce layer, lm thickness, temperatare, and
some characterisic parameters of tha bulk material.

1. Tntroduction

The surfaces of a thin film strongly influence the lectronic transport proper-
s of a material (semicondicior oF metal) by limiting the mean free path of the
charge carriers. When the film thickness becomes les or comparable to the mean
ree path of the carriers, seattering; of lectrons and holes from the film surfaces
has preponderant effects on caricr transport propertics (size effect). There are
o types of size effect (mean free path effect). The “classical sze effect” which
i s0en when the charge carrier mean free path is comparable or greater than
the sample thickness, and the “quantum sze effect” which manifests itself when
the carrier wavelength is comperable with or greater than the sample thickness
and consists of the oscilations of the transport. coeficients when the sample
thickness i varied.

In the following we consider the classical size effct for a single crystal semi-
conducting flm using the model of band-bending at the flm surface, and we
deduce the thickness dependence of the clectrical conductivity and the band
gap, by taking into account some theoretical considerations developed by A
Many [1] and J.C. Anderson (2}
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Figure 1. The model for a seconducg saples d - 1 hickes,

L - surfaco layer thickness.

We have assumed that the samples have different thickness but the surface
layers have the same properties (width, susface potential, scattering parameter,
ete).

2. Results and discussion

Due to the presence of a potential barrier at the surface, the surface layer
(the space charge region) conductance (parellel to the surface) is diffeent from
that of a parallel layer of comparable thickness in the underlying bulk. Thus,
we suppose that the semiconducting film consists of two conductors connected
in paralll, one essociated with the constant bulk currier densities and the other
with the barrier-dependent surface densities (Fig. 1)

For a typical surface cell arrangement used (o measure the electrical con-
ductivity, the effective value of eectrical flm conductivity is given by:

(o= el
o mapk S, [

where d s the flm thicknes and L i the thickness of the surface (sccumulation
or depleion) layer

For the lectrical conditivty the index bindicates the bulk contribution snd
the index s indicates the surface contribution (o and g, are the mean values).

Let us consider that the semioonducting thio flm is n-type in the bulk and
it the studied domain corresponds to chasacteisic temperature domaios for
intrinsl conduetion. For a p-iype semiconductor similar relations could be de-
dced.
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The temperature dependence of elecrical conductivity of the bulk semicon-
ductor in the intrinsic conduction domain obeys the well-know exponential law
)

o = owexp %)4 @
where AE, is the band gap width for the bulk material, T is the temperature, &
is the Boltzmann constant, and o is the parameter depending on semiconductor
nature (the electrical conductivity value for 7' — o).

A major efect of the band-bending phenomenon is the appearsace of a5
excoss o deficiney of mobile carricrs within the surface layer.

‘Therefore, the electron density varies with the depth and the mean conduct-
vy in the urface layer mast be clculated using the rlation

.
1 ooz, ®
‘where n,(z) and 4, are the carrier conoentration and carrier mobility within the
surfae layer.

In order to evaluate this quantity, some assumptions will be made:

i) oven fthe surface layer s & depltion or an sccumulation one, the pature
of majority carriers is the same as that of the majority carriers in bulk ‘material;

) the carrier mobility in the surface layer does not depend on z (4, = const
for0<z <L)

i) the potential in the surface layer is inear: V() = Vi(L-a)/L,z € 0, L},
where z is the distance measured from the surface to the inside of the flm (Fig.
2), V, is the surface potential and it has a positive value for accumulation layers
and & negative value for depltion ones.

Assuming that ot depth = inside the surace laye the electrons depsity is

o

®

substitution of Eq. (5) in Eq. (3) gives
W KT

L AT

a5 (oo (5) 1) ©
hre u denotes the carirs bty the bulk materil Fo non-degenerate
semiconductor, assuming flat energy bands and non-interacting scattering mech-
e the total rlaation e o the lm necordin o the Matthisen rle
Wi
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where 7, is the relaxation time of charge carriers for the case of surface scattering
S e e e
B
e i
Lot,L

®

Under the assumption that the samples are monocrystalline, the ratio /s
was derived from the Anderson relations (2] and Matthiessen rule H}

o =L /L2 - A + eV KT) ©

for surface accumulation layers and

THI-PEVD o
for surface depletion layers.

Tn Bas. (6) and (10) A is the froe men path; p is the surfoce scattering
parametet (a fraction p of the caries s scattered inelstically) and L i the
‘width of the surface region in the Anderson model [2].
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Figure 3. Electrcal conductivity depeodenco on the film thickness: 8)
‘accumulation surface layer, b) pletion surfuce layer. Arrows indicate the
sease in which the curves move when the surface scattering parameter (p)
o the thickness of the surfaco layer (£) or the reduced surface poteatial
(0 = €Vy/T) incroases and/or the freq mean path (1) decrease. (see
Tuble 1),

From Egs. (8-10) one obtains
“7; = (/L4 2/)(1 =ML+ VTP, 1)
for surface accumulation layers and

2)

b [_‘
o [T=pE)

for surface depletion lagers

We have assumed that the surface layer thidkness corresponds to the region
of band bending which means that L(Andersonindex) = L.

‘Then, inserting , given by B, (6) into Eg. (1) we obtain

1y KT eV, L
o= q.{u[ Mv(exp(ﬁ)—l)—llz}. )
Using expressions (10-13), variation of electrical conductivity (¢") with the film
‘thickness (d) is displayed for accumulation and depletion surface layers in Figs.
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Table 1. Numerical simalation parameters corresponding o the o
‘o{d) depondnces forBlms with sccumulation and depletion ayers presea-
ted in Figs. a and 3b. Here p is the surface scattering poramcer, \
denotes the mean oo path, L s the surfaco layer thickness, v, = eV, /&T
is the reduced sursce potential, d is the il thickness sad oo is the
dlectrical conductiviy cormsponding 10 the bulk semiconductor, *The
diection in which the curves sre shifted with tho incresse of one of the
proviously mentioned parameters

3 and 3, respectively. The lectrical conductivity tends asymptotically towards
the bulk value (o3) with the growth of thickness.

‘We have chosen scveral pazameters t0 calculate the theoretical plots. The
‘parameters used for numerical simulations correspond to Ina0s. The values for
the electrical conductivity and the band gap are those given by Weiber (5,6} and.
Rupprecht [7], The mumerical simulation parameters corresponding to Fig. 3
are listed in Tuble 1

From these representations one observes. that for flms with accomulation
surface layer the lctrical conductivity increases as the film thickness decreases,
reaches & mximum and then decrenses while for fims with depletion surface lay-
ers only an increase of the electrical conductivity with decreasing film thickness
can be observed.

For & semiconductor thin flm the dependence of electrical conductivity on
temperature is assumed to be similar to that for the bulk material (Eq. 2):

e B (14)
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“Table 2. Numerical simulation parameters coresponding to the depend-
ences AE' = AE'(d) for flms with accumulation and depletion layers,
plotted in Fig.da. and 4b. respectively; p devote the surface scattering
parameter, A i the free mean path, [, represeat, the thickness of surfsce
layer, v, = eV, /KT is the raduced surface potential, d s the film thickness,
10 1 the eloctrical conduciivity corresponding 0 the bulk for T — oo,
7 1 the electrial conductivty corresponding o the i, for 7' oo.

Using Egs. (1), (18), and (14), the “effective” activation energy AE" for the film
‘could be expressed as s function of the activation cnergy of the bulk material by

ﬂl} )

s one could expect, the clectrical conductivity and band gap of bulk ma-
terals are approsched 85 d increnses: oo and AE' = AE,. Equation (15)
shows that the activation energy in the intriusic range (equal to the band gap)
is different in thin film and respective bulk material. The plots of dependences
A = f(d) and AE' = J(T) for flms with accunulation and depletion layers
are shown in Fig. 4 (the simulation parameters are given in Table 2) and Fig
5, respectively.

‘As could be seen, the activation energy for films tends to the value of bulk
semiconductor as thickness increases. As the thickness decreases, the band gep
for film decreases for both films with accumulation or depletion surface layer,
the difference being that in the accumulation case AE" reaches & minimum value
(for d = 3) and then increases strongly with decreasing thickness. Concerning
the temperature dependenices of the films band gap, the theoretical calculation
reveals an increase in A" for accumulations layers and a decrease for depletion
ones with the growth of temperature.

- 9 [y (AT
A= AR+ %Tm{a[u (NV‘ (e
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Figure 4. Theoretical dependences of the activation energy on the film
thicknass: 5) accumulation susface ayer, b) deplation surface layer. The
simulation parameters are given in Tuble 2. Arrows indicate the direction
10 which the curves move whe the surface scatering parameter ), ot the
‘surface layer thickness (L), or the reduced surface poteatial (v, = eV, /kT)
ncreases ane/or the mea free path (3) decresses (7' = 300 K).

In the proposed model, we have assumed in the thickness dependence stud-
ies that all semples have identical surface layers. But, the surface layer width
depends upon the surface conditions (surface charge, surface potential) and the
properties of the bulk semiconductor (doping conceatrations, Ferm level posi
tion, intrinsic concentrations).

3. Conclusions

The experimental verification of expressions (1) and (15) consitutes at
present a dificult problem. This is s0 because of uncertaintics in the exact
values of fim thickness (especially for thinner films), mea free path and sat-
tering factor. Conseqently, the electrical conductiviy for very thin flms is not
alsays known. O the other hand there are formidable dificilies in preparing
flms of & compact structure and uniform thickness on sufficiently large areas
of the substrate suriece. However, the o = /(d). AE = /(d) and AE = J(T)
dependences similar to those derive in the present paper have been experiment-
ally obtained for  great mumber of semiconducting material in thin s (see,
for example, Refs. [§-14]). This fact shows that the proposed model could be
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Figure 5. Theorotical depondences of the activation energy o1 the tem-
perature for monocrystallne semiconducting thin flms with: o) accumu-
lation surface layer, b) depletio surfaco layer. The simulation parameters
ares p = 0.5 A= 50 A; L =20 A; v, = 2+ 4 d = 400 A; offop = 1

suitable for the study of electroic transport mechanismn in semiconducting thin
flms.
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