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SPECIALITY OF POISSON EQUATION SOLUTION AND
CALCULATION OF BARRIER PROFILE ON THE INTERFACE
TO NON-CRYSTALLINE SEMICONDUCTOR
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The Poisson equation is sol ved for obta ning space charge distribution and € ectrostatic poten-
tial profile depending upon location in depletion layer on the interface between metal and non-
crystalline semiconductor. The calculation is performed taking into account the peculiarities
of the electronic structure the non-crystalline semi conductor. The difference between the non-
crystalline barrier and crystal barrier evidenced and discussed.
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1. Introduction

Non-crystalline semiconductors are widely used in different fields of eectronics. However,
until now there is not a generally accepted theory of metal — non-crysta line semiconductors contact
phenomena. At present mathematical tools for crystalline semiconductors with empiricad correction
factor are used for cd culations of device and d ectron processes. It does not account for the peculiar
e ectronic properties of disordered materials.

The difference between the non-crystalline semi conductor and the crystdline one is the pres-
ence of deep localized states (DLS) in the mobility gap. It is a consequence of translation symmetry
violation in crystal matrix. It determines difference between dectro-physical properties of disordered
semiconductors and crystals [1].

Non-crystalline semiconductors are similars to insulator if the crysta theory is used for the
description of contact phenomena. However, it is in conflict with the experimental data [2,3]. This
inconsistency between theoretical and experimentd results is explained by the peculiarity of €ec-
tronic properties of disordered materials.

Usually the internal field profile is obtained from experiments in the form of an exponentia
curve F(X) = Ry exp(=yx), where y is determined from the approximation of experimental results.

The coefficient y changes from one sample to ancther. It does not contain information about material
parameters, and, therefore, does not allow for the analysis of the corrdation between processing pa
rameters and the characteristics of the semiconductor.

A different way of getting the space charge distribution, eectrostatic potential and internal
fidd profileis the resolving of the Poisson equation. As arule, some assumptions and ca culus of ap-
proximations are used. In contrast to early works we consider that DLS are photo- and eectricd ac-
tive. DLS are distributed exponentially in the mobility gap (assumptions 2 and 6). We also count the
coordinate from internal border of depletion layer to interface (boundary condition 1*).
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The am of thiswork isto get the analytical expression for dectrostatic potentia distribution,
which takes into account the semiconductor characteristics (distribution of DLS). It permits to solve
both a direct problem — obtaining the potential profile from the known parameters of the semiconduc-
tor, and the reverse one — finding the characteristics of material from experimental measured data.

Solving is carried out for amorphous hydrogenated silicon (a-Si:H) as typical representative
of non-crystalline semiconductors.

2. Assumptions and boundary conditions

The following assumptions are used for calculation.

1. In view of mobility edge uncertainty, the energy in band modd is counted from vacuum
level Eo= 0 (Fig. 1).

2. DLS near Fermi leve are photo- and dectrical active. It may be either as n-type dopant (in
the condition that energy be situated between Fermi energy and valence band ceiling) or as p-type
dopant (in case that energy is situated between the bottom of the conduction band and Fermi energy)
[4].

3. Theinfluence of surface states in cd culationsis not taken into account.

4. Conductivity is monopolar n-type as hole mobility is two orders less than € ectron one[5].

5. The work function from metal is higher than that from aSi:H, i.e. there is a depletion layer
on theinterface

6. The density of DLS is so high that Fermi quasileve couldn't change its position considera-
bly. It permits to use exponential approximation of DL S distribution in the mobility gap:

9(E) = gro exp(B(E - Erp)) - @
where gr is the density of DLS near Fermi leve, B is the slope of approximating line in semiloga-
rithmical coordinates; [B] = eV (Fig. 1) [4].

7. The modd of complete depletion is used.

The following boundary conditions are used for cal culation.

1*. Coordinate in depl etion layer is counted from Me/a-Si:H interface deep into semiconduc-

tor. Inauxiliary calculations [6] it is counted from internal border of space charge region (SCR).
2*. The Fermi function for eectrons has the form [7]:

~E+edp(x) |
KT )} ’

where Ery — Fermi energy in bulk of aSi:H, ep(x) — band bending depends upon location in depletion
layer, KT —thermal energy, €V.

3*. The vdues of dectrostatic potentia ¢ and internal dectric fiedd F; on internal border of
SCR are zero in the asence of the external voltage; on interface Me/a-Si:H they are, — ¢ and F, re-
spectivey.
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Fig. 1. Distribution of DLSin mobility gap of a-Si:H [4].
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3. Calculation details

The Poisson equation establishes the corrdation between density of space charge (DSC) p(X)
and d ectrostatic potential profilein SCR:

d2¢(2x) _p(x) )
d)( 880

DSC depends upon location in depletion layer (or eectrostatic potentia). It is defined by
difference between mobile charges (el ectrons) and fixed ones (DL S):

p(x) =eN(x) -en(x) )
or

p($) =eN(9) —en(¢). ®)

where eis dectron charge, N(x) or N(¢) — distribution of ionized n-type dopant states concentration,
n(x) or n(p) - eectrons ones.

The concentration of ionized states is evaluated within an exponentia approximation of DLS
distribution:

E E
N(E)= [G(E)IE= [groexp(B(E - Epo))dE: ©
Ero Ero

Integration by energy in (6) is converted into € ectrostatic potentia integration:

dE = E'(¢)d¢ = (Ef, +ep)'dd =edd. )

Then formula (6), considering (7) becomes:

o o
N(®) = oo exp(Bep)edy = EEexp(pet) = “lep(pet) -1 @
0
The concentration of free eectronsin SCRis:
() =" exp(=2). ©

where ny is the concentration of free eectrons in bulk of aSi:H. Then, the expression (5) iswritten in
the following way:

0(0) :{ggo (exp(Bep) -1) _noeXp(_Ej).)}- (10

Thisisthe basi ¢ expression for solving the Poisson equation. It is worked out in two stages as
afunction of band bending.

A. The case of small band bending

L et us take up SCR near inner boundary of the depletion layer. We suppose that band bending

is negligible here, i.e. we postulate ep ~ KT. The exponential is decomposed into Taylor series, and
only two first two terms are retained [8]:

exp(Bed) =1+ Bed; (11)
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exp(—?i) =1- I?Ii . 12)

In this case Poisson equati on (3) could be written as:

d’p _ €°ge , _eng 13)
2 - ¢ ’
dx €€, €€,

The solution of this differential equation with boundary conditions consideration leads to the

result:
d(x) =0 {1—ch(w_xﬂ, (14)
eJro Lp

where W isthe width of the quasi-neutra region, Lp is Debye length near inner boundary of SCR:

W = 88oza,rcch(1+“TLFOG), (15)
Jro€ No
Lp = | 280 . (16)
€0ro

B. The case of strong band bending

Let us make an analysis of SCR in strong band bending condition, i.e. let us assume
ep >> KT. In this case exp(Bed) >> 1; exp(-ed/KT) — 0. Then the Poisson equation (3) could be re-
written as.

a0 _ egr . (17)
o et exp(Bed)

This differential equation is solved by separating the variabl es taking into account the boundary
conditions. The d ectrostati ¢ potential depends on distance in SCR, and, therefore:
W - X

, (18)
cos( T2, )

__2
o(xX) = I3eIn

where W is defined from (19), Lp — from (16):

W = 22880 arcco{exp(—m’)] (19)
€ Oro 2

4. Results and discussion

The analysis of (14) shows that SCR width in typical undoped a-Si:H films extend more than
2 — 3 um (Fig. 2). It overcomes the films thickness, commonly used. Therefore, in case of contact
phenomena in non-crystalline semiconductors we have to say about quasi-neutral region instead of
neutral one. The d ectrostatic potential profile depends on the density of DLS near Fermi level g and
on the concentration of free eectrons, ng.



Specidity of Poisson equation solution and calculation of barrier profile...

1253

—~ ~0.026

> !

N l

< -

= @ 0.02

Z ]

w -

'é )

O ) 2

o001

5 :

g |

) o T
%0 0.2 0.4 0.6 0.8 1
|

Fig. 2. Distribution of eectrostatic potentia in quasi-neutral region. Approxi mated parame-
ters: 1-geo = 10" cm®eV: B = 576 eV’ 2 - g = 10" cm®V?t B = 518eV
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3-gro=10%cmeVv?, B=4.32eV*[9].

Analysis of (18) shows that eectrostatic potentia profile is more “abrupt” than early data
(Fig. 3) [2, 3]. It is determined by value of gro and approximate parameter f.

The results differ substantialy from the calculations for crysta semi conductors [8] and from
the data on a-Si:H [2,3]. They are characterized by high accuracy. This follows from the following
reasons. Firdtly, the approximate curve is based on Fermi energy instead band tail asin [7]. Secondly,
the terms in (14 — 16) and (18, 19) are defined by the dectronic structure of disordered materia. It
determines the dectro-physical parameters of the semiconductor. Thirdly, the mathematica simula
tion curves are in good agreement with the experimental data [6,10], and the theory of barrier forma:
tion between metal and non-crystal line semi conductor [4].
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Fig. 3. The distribution of the electrostatic potential in SCR. Approximated parameters for
curvesland 2 are like those in Fig. 2. Curves 3 and 4 arecalculated by [3] for the same

N
\\\
\ N
NN
AN
N
N ~N
NN
\\ \\\
\ ~_ "~ 3
~ =~
2 N
\\\q.\
0 0.1 0.2 0.3

DISTANCE (um)

aoproximated parameters.



1254 S. P. Vikhrov, N. V. Vishnyakov, V. G. Mishustin, A. A. Popov

5. Conclusions

The internal dectrica fidd profile in non-crystalline semiconductors differs from the linear
one specific to crystals with uniform distribution of shallow dopant. Thisis explained by the partici-
pation of DL S in the process of formation of contact barrier between metal and semiconductor.

The potentia profile differs from commonly accepted exponentid curve. It is interconnected
with the imperfection of the experimental methods. At the first examination of transient photocurrent
the influence of contacts is not taken account [2]. The modified time of flight technique neglects
charge loss during drift process [3]. The consideration of these weaknesses allows for getting more
precise results [6].

However, divergences between theoretical and experimental results till are present. These are
due to several reasons. Firstly, everything methods are physically limited [10]. Secondly, we use the
assumptions of negligible and strong band bending. If the va ue of potential is between 0.26 V and
0.026 V the cal culation becomes inaccurate. But this does not reduce the importance of this work. The
potentia profile near interface is more unable for the analysis of contact characteristics.

Thefidd is concentrated near the interface between metal and non-crystalline semiconductor.
In connection with such fidd distribution the effective height of barrier may be lower than that cal cu-
lated. As aresult of contact fields overlapping in thin films, the displacement of Fermi energy at the
borders of the mobility gap can be observed [9].

The findings have to be considered in subsequent calculations of current-voltage and capac-
ity-voltage diagrams of contact metal — disordered semiconductor. Also, it must be taken into account
the simulation of dectronic devices like thin-film transistors, solar cells, optod ectronic sensors, etc.

Acknowledgement

The work was performed with the support of the Ministry of Education of the Russian Federa-
tion.

References

[1] A. A. Aivazov, B. G. Budagyan, S. P. Vikhrov, A. |. Popov, Disordered Semiconductors,
Moscow, p. 352, 1995.

[2] R. A. Street, M. J. Thompson, N. M. Johnson, Phil. Mag. B 51(1), 1(1985).

[3] G. B. Juska, E. A. Montrimas, Litov. Fiz. Sh. 90(4), 247 (1987).

[4] S. P. Vikhrov, N. V. Vishnyakov, A. A. Maslov, Izv. Vyssh. Uchebn. Zaved., Electron., No. 3,
48 (2000).

[5] Amorphous semiconductors, ed. by M. H. Brodsky, Moscow, p. 419, 1982.

[6] S. P. Vikhrov, N. V. Vishnyakov, V. G. Mishustin, A. A. Maslov, J. Optod ectron. Adv. Mater.
3(2), 407 (2001).

[7]1 V.V. lichenko, V. I. Strikha, Fiz. Tekh. Poluprovodn. 18(5), 873 (1984).

[8] S. M. Sze, Physics of semiconductor devices, New Y ork, Toronto, Singapore, 1981.

[9] O. A. Golikova, Fiz. Tekh. Poluprovodn. 31(3), 281 (1997), [ Semiconductors, 31(3),
281 (1997)].

[10] S. P. Vikhrov, N. V. Vishnyakov, V. G. Mishustin, A. A. Maslov, Fiz. Tekh. Poluprovodn.,

36(4), 433(2002) [ Semiconductors 36(4), 433 (2002)].



