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| IBSTRACT

. 7\\-. :

In this thesis AC (and DC).bulk characteristics of
amorphous silicon films are 1nvest1gated The films were
prepared by electron gun evaporatlon in a conventional vacuum
system. Ohmic contacts were established between the silicon
films and the aluminium electrodes. I-V 'and I-T measurements
"were performed in the temperatUIe range,r77oK to 400°K. Room
temperature measurements showed that the preparation conditions
such as evaporatibn rate and subsequent annealing affect the
electrical properties of the films. Conductivity versus fre-
guency measurements ‘were performed in the frequency range,
100 Hz to 1 MHz. In the low temperature range, the data
analyzed with the. ex1st1ng AC and DC models of am orph ous
seniconductors and the den81ty of states near the Fermi level
was calculated. The high temperature data were used to calcu
late the mobility gap of the amorphous silicon films. The
resxlus were then compared with.the previously published mork




OZETGE -

Bu ¢aligmada, vakumda bvharlagtirma yontemiyle hazir-
lanan amorf silisyum filmlerin alternatif akim (ve dogru akaim)
govde karakteristikleri incelenmistir. Alml:myim elektrodlar .
ile sn_'l.lsyum fnlmler ‘arasindaki- konuagln ~0m:k oldugu gozlen—
ml$'t11‘. Filmlerin I-V ve I-T Ol¢lmleri 77" %k ile 400% sicaklaik
 aralifinda alinmis olup, oda sicakligi dolayindaki olgimlerde
‘hazirlama kogullarinin filmlerin elektriksel tzelliklerini

nasil etkiledigi arag,tnr11m1§t1r. Iletkenlifin- frekansa baiim-

11115;1 olcimleri 100 Hz ile 1 KHz frekans araliginda yap:L]Jnlég,-
tir.Didi k Sicakliklarda elde edilen veriler var olan amorf
silisyuwm modellerinin 1$1g1 altinda incelenmig ve Ferml sevi-
sindeki durum yogfunlugu hesaplammigtar. Yul«:sek sicakliklardaki
verilerden ise smorf silisywm filmlerin iletkenlik bandi hesap-
Jdanmigtir, Elde edilen sonvgler difer aragtirmacilarin sonug-
lara ile kargilagtiralmagtar. | |
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INTRODUCTIQN

Since 19605s amorphous semiconductors have become
one of the major research topics of both theoretical and
experimental solid state physics. The rapid development in
the semiconductor technology duvuring the last two-decades with
the hope that crystalline semiconductors wouvld be replaced
by amorphous semiconduvctors, which are chéaper'to produce,
have attracted the interest of many‘fesearchers and the number
of articles published on this sub ject has ;ncreased at an

enormous rate.

_ The term amorphous is used for materials prepared in
the form of a thin film on a:relétively cold substrate to
prevent crystallization. :

‘The aim of this work is fo'investigate;the AC (and DC)
characteristics of amorphous silicon films prepared by evapo-
ratioh in order -to gain a better understanding of the bulk

préperties. ‘ | |

In the first chapter, a general theory abovt the
structure of amorphous silicon and the temperature and fre-
guvency dependences of the conductivity are given. The second
chapter gives the technique of preparatibn of the films and
the set-up vsed in £C and DC measure:énts. In the third chap-
‘ter the results are given and . are anzlyzed in terms of the
electrical properties of the films. The resvlts are discussed
in comparison with thé results of other researchers.



I. = THEORY

1.1 STRUCTURE OF AMORPHOUS SOLIDS

With'cryétalline materiaks, one first characteriées
the ideal periodic structure with a determination of the
short-range coordination and through & knowledge of the trans-
lational symmetry the 1ong§range order. Further characteri-
zation then involves the determination of the concentration -
various types of defects and. impurities as deviations from
the ideal structure. : , - L s

X-ray diffraction experiments have shown that an
amorphous material has a good short range order; the positions
of the nearest neighbours being essentially the same as in
the crystalline materials. But an amorphous material unlike
a drystal has no longrange order so at a distance far.from .
the atom in question the other atoms appear to be randomly
distribuvted. This type of disorder is a positional disorder.
Thereé are also strvctural disorders in amorphous semiconduvctor
films and these are voids and dangling bonds. In fact, in the
amorphous materials there is no ideal Stfucture which,cén be

. «
accepted with full confidence.

The previouvs research on amorphous materials shovs,
that the electrical and optical propert;es of amorphovs fllms
depend strongly on the preparation methods. (1, 2) There are
three nasic préparation methods for amorphous silicon films.
"These are:

1l- Vacuvum evaporation .
2 Sputtering

'3 - Glow-disCharge decomp051u10n of 31lane (SIH4)

The specimens preba.ed by glow-discharge decompos1t10n of
silane have fewer voids and dangilng‘bonds compared to those
prepared by evaporation or sputter1ng.techn1ques.(3,4)



This is assumed fo be'caused by the presence of hydrbgen
during depoSitibn tending to saturate the dangling bonds. The
films are structurally hetéregeneouSWWhen they are deposited

" on a cold substrate, by évaporation«or~sputtering. They contain
~a network of internal voids and dangl ing bonds. |

e
-

\ - ,
Becavse of the extensive disorder present, the Bloch

theorem, does not hold for amorphous-semiéonductors and hence
many of the results derived for crystals do not apply directly
to amorphous solids. In particular, the .concept of the wave
vector iz characterizing the’ electron wave function, is no
longer meaningful. This is alsc’truéffor the k¥ ~ space and
Brillouin zones.'These“conceﬁts, vhich are directly conse-
quences of the translational periodicity of a crystal lattice,
have 1o be discarded vhen we consider an gporphous'solid.
Other concepts used in connection with crystals remain useful
however, even in disorderpd&states. |

In crystalline semicquuctors; the impurity atoms form
~the impurity enérgyAbaﬁds in the forbidden energy gap. These
impurity energy levels constitute a narrow and eontinvous band.
They constitute localized erergy states like donor and acceptor
energy levels closer to conduction band and valence band
respectively., In the amorphbus semicénductors, howvever, the
lack of long-range order and structural defects cause a con -
tinuous distribuvtion of localized states throuzhout energy gzp.

Davis and kKott (1970) and Cohen, Fritzche and
Ovshinsky (CFO) (1969) surzested models for tie distribution
of the density of localized states in order to explain the
‘conduction mechanisms in amorphous semicondbctofs. (1. 5)

These two models are illustrated in Figure 1.1 where the
shaded regions represent the localized states. In contrast

~to the crystal, the density of states does not vanish anyvhere
in the entire range of the energy gap. The density of states
extends into the gap from both the conduction band (CB) and
valence band (VB). The localized electron states near. the
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FIGIRE 1.1
‘Hodels for the Distribution of the Den51ty of Locallzea States

a) Cohen, Fritzche, Ovshlnsky Model
(b) Dav1s and Nott Model



A

band edges.aré due t0 the-lack of 1ong3range50rder;‘The,local;A,u~?

ized states near the middle of the gap are assumed to origi-
nate from the dangling bonds.

In the CFO model, tails of localized states extend
from the valence: énd\?onduction bands far into the energy gap.
Near the center of the gap, these states overlap. When such
- an overlap takes place‘repopulatlon occurs, with electrons
transferring from the higher region of the valence band tail

into the lower region of the conduction bamnd tail. Since the
states are localized, this resvlts in the creation of large
concentratidns'of positively and negatively charged centers or
traps. These charged states (donor-like ahdkaccqptor_like
states ) effectively pin the fermi level. ‘

In the Davis and Mott model, the tails of,localized
states do not overlap. Thé position of the Fermi level is
determined by the band ‘of the 1ocallzed states near the mlddle
of the gap which reaches a maximum at»the center and then
‘decreases on both sides.. i

A common feature of these density of state models is
_that there is a finite densify,of'localized states at the

Fermi energy.

Due to the different character of electron states,
above and below condvction band edge (n ) and valence band
edge (E ), different conduction mechanisms are to be expectea.
Whereas in the extended states, charged carriers are assumed
to move with an almost normal mobility of about 1 to
10 cmz/v;sec, the transport in localized states can,only‘dcéﬁr
by phonon assisted tunneling, (6) This is why at the transition
from the extended to localized states at E, and E ¥ the mobil-
- ity drops sharply by some orders of magnltude giving rise to
mobility edges. As a consequence, a pseudo gap, called the

mobility gap, E, - E, arises.



‘1.2 ELECTRICAL PRCPERTIES OF AMORPHOUS SEMICONDUCTORS

The‘distributioniof 1eca1ized states in the mobiiity
gap of amorphoﬁs semiconductors is of fundamental importance
~in the interpretation of their tfensport»properties. Yet our
knowledge of the state distribution N(E),.even in widely stud-
ied materials is still very limited., There are various methods
like field-effect, C-V, DLTS(deep level transient spectroscopy)
employed in the determination of the distribition of density
of states. The reliability of these methods-is still controver-
sial. (7) However, for characterizing»énd-eqmparing.the proper-
ties ‘of series of amorphOuslepecimens'it isloften sufficient
. ‘ £ There
are two comparatively straightforward transport measurements

to kndw the density of states at the Fermi-level N(E

vhich should in principle provide this information : determi-
nation of the AC conductivity, (o » 2nd measurement of the

temperature dependence of the DC conductivity 05 “in the

C ?
variable range hopping regime. "Frequent doubts have, hovever,
been expressed by workers in the field as to the validity of

the N(Ef) values deduced from either of these experiments (8).

1.21 DC Conductivity

‘There are two different conduvctivity mechanisms in
eamorphous semiconductors. In the extended state conduction .
at high temperatures; the electrons are excited to‘the conduc-
tion band and holes to the valenee band. At low temperatures
the conductivity mechznism is dominated by phonon assisted
hopping in the regions of localized states. '

Using the models described for the density of states
in the previous section and the concept of the mobility edges
in an-amorphovs semiconductor, one would expect'three:mecha_
nisms of conduction withiﬁ the mobility gap. '




1. Transport'by carrlers excited beyond the moblllty
’edges at E, and E , into extended states. The conductivity

fm-ﬂﬁwmms1&

.CT’::Y OHmin exp

where (7‘.n is the minimum metallic conductivity given by

2 . Ny \
Q< 610 Q- cm)’l

I

Tnin = 0'026; - N

vwhere, a is the interatomic spacing and Efrand E, are the
Ferml energy and conductlon band edge energy resoectlvely

(1, 6,9).

2. Transport by carriers excited into the localized
states at the band edges and hopping at energies (El)' For
this process, assuning again conduction by electrons, the

conductivity is given as,

By - Ep- Wy
KT

OJ. - 'O..l.exp -

where E, is the energy level in the local.ized state region
near the conduction band edge, W, is the activation energy for
hopping at energy'Ei, and (7i is the pre-exponential factor.

3, 1t the den51ty of states at Ef is flnlte, then |

S
o e
s

 there will be a contributlon from carrlers wlth energles R



near Ef, Wthh can hop between locallzed states. We may wrlte
for this conurlbutlon '

UJ _‘.0-2 exp‘u\_ 1.3

- where LD is the activation energy for hopping near the Fermi
energy and O'Z is the pre-exponential factor.

: According to I-Iott at very low temneratures, suth. as
kT less than the bandwidth of the Fermi energy and for a finite
density of states near the Fermi energy, the hopplng will not
be between nearest neighbour, ‘but-variable range hdpping will
take place (1,9). For this mechanism of variable range hopping
the ’conductivi’cy varies as,

.
\7 ‘
| . |1/ |
Oz0, e |- TO S 1.4
-
vhere
18X
T, = —— 1.5

and X is the reciprocal of the attenuation distance ‘of the
localized wavefunction ; N(Ef) is the density of locallzed
states at Ef and, k is ‘bhe Boltzmann constant.
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FIGURE 1.2
Temperature Dependence of the DC Conductivity
Activation E:nergies: 1- Band to Band Conduction
' ° 2 Eand Tail Conduction o
3 Conduction Due to Hopping to the
Keignhbour : :
¥ Conductlon Due to the Variable Range
Hoppmg. '
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In the temperature range vhere thls equa‘blon is
valid, 1n(" versus T -1/4
this graph one can obtain N,(Ef) by using a proper valuve ofcX.

graph is linear. From “the- slopetof_

A general graph of temperature dependence of the DC -
conductivity is shown in Figure 1.2 ‘

1. 2 2 AC  Conductivity

As explained in the pfe—vious section there are three
mechanisms of charge transport that can contribute to a direct
current in amorphous semiconductors. They can all contribute
to the AC conductivity as follows. -’ | ‘

1. Transport by carriers excited into the extended
states near E, or E . For this, it is expected that the fre-
quency dependent conductivity (L)) is given by a formula of

W)z —= o 1.6
g W) e | |

vhere Tis the relaxation time being of the order of ~lO"158ec
4 decrease in O (W)) is not expected until a freguency~ lOlEHz
is reached., In any case, hov\ever -this formula is hardly h
applicable for such small values of C. It is sufficient to
state here that in the electrlcal range of :frequenCLes (vp to
‘say, 107Hz) no freguency dependence of the conductivity asso-

ciated with carriers in extended states is expected..

2. Transport by carriers excited into the localized
"states at the edges of the valence or conduction band:

o400 o



No complete theoretical treatments of O’((,u) for "_ TREEEN
hopping under this condition are knowm, but ve might expéc‘t a
similar dependence on frequenCy to that derived u_nder degene
rate conditions (see 3 below), and thms as Wiln (\)P /UU)

This varies approximatel’, as() ® , vaere s.1 vhen u)<\)Ph
In order to estimate the frequenCy at which such an increase .
is expected, a comparison with the magnitude of the DC hopping
conduction would be required. The temperature dependence of
this component of the AC conductivity should be the same as -
that of the carrier concentration at the band edge, so that
for the conduction band it- shouvld inp;eas’e as exp -(EA—Ef)/kT. K

3. Hopping trahsport Iby electrons with energies near
the Fermi level, provided N(Ef) is finite. . | ‘

There have been several theoretical treatments of
()"(LU) for this mode of c.b"nduction(B,lOv, 11,12). O0'(W) should
i_ncrease with frequéiicy in a manner éimilar_ to that for
process (2). However, the expoﬁen‘bial dependence on the tempe-
‘rature will be absent, and J(W) shouvld be proportional to T
if kT is small com'p.'ared with the energy range over wvhich L(Ef)
may be taken as constant.

Us ing the formula given by Austin and 1Lott(1969) (1)
1 > _5 4 o
O“<LL)> = -7—3—}_1 e % E\E(Ef)] A "W ln(\l)?h/w):l 1.7

wvhere hbpping is assuned to be betvween independent. pairs of
cén‘tres, i. e mﬁltiple hopping can be neglected, and also that

f_ there is no correlation between the hop energy and the hop
‘disi:ance.



The frequencj dependence pre‘dicrtegd'by‘ equat jon 1.7 .
can be written as O’A(w)“’: Aw® , vhere s is a weak function
‘Vof“frequency if : A0 <<\)ph :

Equation' 1.7 is rewritten as,

0 W) = iw gnwh/w)]

b

taking the logarithm of both sides,
1n0” (W) = 1nA+ In|Win"{ \)ph/w) o 1.8
The slepe s is given by,

d fln [wln (\] /w)j

' d(lnu))

ln(-\)ph/w) , 1.9

revriting the eguation 1.8 in the form,
In0 (W) = 1InA+ slnWV N

~taking the inverse logarithm of both sides,




The pléf of'lnﬁ‘ﬂ») versus 1lnWis therefore approxi -
mately linear with slope s gi%en by EQuatiOn>l,9.

At a particular freguency, for instance w = 10% &1,
s varies from 0.4 to 0.8 for \) in the range »107_-
lO13 Hz and values of s outside thls range are therefore
unlikely.

The Austin-Mott formula yields O(w) = at w= o.

Other treatments of AC hopping conduction include the DC .
limit- (11,12). It will be sufficient here to note that the
‘DC conductivity due to hopping is finite (if T 3& 0) and a -

smooth tramsition to a frequency - independent’ conduvctivity is

expected at sufficiently low frecuencies.3A condition for (W)

to exceed O (0) is that the AC hopping.length should be less

than the DC hopping length (1). For variable range hopping,
" the latter is given by equation,

H
Bl

o ———— [ 3/ 2T[AN (Ef)kT] 1.10 .
4 - ,

and the AC hopping length,

1

ro= — ln(\)ph/w) 111
20X !

The freguency dependence of the conductivity expected for
the three conduction mechanisms ovtlined above are schemat-
ically ijllustrated in Figure 1.3



(a)

(b)

(c)

InW

FIGURE 1.3

Schematic Illustration of the Er'equency Dependence of

‘Conductivity for the Three odes of Conduction .

a) ‘Extended State Conduction b) Band Tail Conduction
b) Hopping Conduction around the Fermi Level.



JII. EXPERIMENTAL TECHNIQUES
2.1 PREPARATION OF THE FIIMS = °

The emorphous silicon films and metal electrodes are
evaporated in a coplanar geometry on microscope slides, by
25 x 4.5 cm in length, produced by Fisher Scientific Co.
The masks used in the evaporation process for silicon films
and the metal electrodes are shown in Figure 2.1. The evapo-
ration masks are m de of: aluminiﬁm'metal ‘plate of 0.55 mm
thickness. Wwires of 0.22 ma, 0.3 mm and O. 37 mm dlameters
are placed in the rectangular space (1.5 x ‘25 cm) of the
metal electrode masks to produce a coplanar geometry.

Fiicroscope slides are first cut t0 the desired dimen-
sions and then cleaned with alconox detergent in an ultrasonic
vibrator.. They are then rinsed with distilled water, methanol

and aceton

The vacuvm system is VARIAN Vl - 422 type. The system
is pumped down to 10~ 3 torr pressure vith a cryopump. In order
to achileve a lover: pressure ion pumps are used. The punplng
time of the cryopump is apnrox1matelr one hour. Ion pumps
operate continvously for 12 hours to drop the base pressuvre to

—7 -8
10
pressure 'gage down to 10~ g torr and below that valve with an

torr. The pressuvre is measuvred with a thermocouple

ion gauge. The glass substrates are placed on a substrate
holder, produced by VARIAN, on vhich three different masks cean

be prepared at a time.

‘The evaporation system used'chSists of'an»électron”_

~ gun and fhree crucibles produced by VARIAK. The evaporant is
a pure polycrystal lump obtained from Matheson Coleman and .
Bell laboratories. The distance between the evaporant and the
glass substrate is 25 cm. To avoid the risk of impurity atoms

conteminating the film, the base pree$ure must be kept as low i



e sle——— Aluminum electrode

»gg\‘QS&S?SS}%QSSiiQ;;\ng\ Amorphous silicon film

— .
' : Glass substrate

'.E"p‘g' s v
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FIGURE 21

Iasks Used in the TJrepcxradzwon of Anorphous Silicon Films

" (a) Silicon lask

- (b) Electrode liask Prepared in Coplanar ueaneury

(c) Cross-Section. of the Prepared Fllm_ln Coplanar Geomet:y_



as possible, The base pressure before- evaporatlon is decreased
to 10~ -9 torr,- whlle durlng evaporatlon it ‘is kept constant at
5- 7 x 107 =7 torr. Tis is achieved by circulating liquid
nitrogen through a jacket around the vacuvm chember. The film’
thicknessess are between O.BQ/4m and 0.69/4m. The evaporation
" of the silicon films takes between two to four hours. After
the deposition of the silicon films, the vacuum system is
allowed to cool in order to prevent the formation of an oxide
layer on the film. Then the system is opened and prepared for
the evaporation of aluminium electrodes. The thickness of the
electrodes is around 1/4m. and they are evaporated in 1-2 min. -
The thickness of the evaporated films is measured Vlth an

AO scope 1nterformeter produced by VARLAN A quartz crystal
digital thlckness monitor produced by SLOAN is vsed to adjust
the»evaporatlon~rate. However, it could not be used to deter-
mine the thickness of the fllms elnce the density of the films
is not known.

2. 2. EXPERIMENTAL SE-W
2. 21 Thermostatic Chamber

During the AC and DC measvrements the samples are kept
in a thermostatic chamber. The schematic diagram of the ther-

mostatic chamber is shown in Figvre 2 2

The temperature of the saﬁple holder can be lowered
to - 190°% by filling the reservoir undervthe sample holder
ﬁiﬁh liguid nitrOgen and with the'aid of a heater can be
ralsed vp to 600°C. An electronic control uvnit is used to
'keep the temperature constant within 0. 50 °c deviations. . At
lower temperatures, to avoid the condensation of vapor of
water on the sample and to-prevent ‘heat transfer between the

thermostatic chamber and its environment, the’ air 1n31de the

thermostatic room is continuously pumped out.
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2,22 DC Measurements

- DC measurements incluvde I-V measurements at room temp-
erature and I-T measurements at constant electric field. The.
block diagram of the apparatus vsed in these measwrements is
given in Figure 2 3. ' 4

In order to take the I-V measurements the applied
voltage is changed manually in 5 volt steps to achieve elec-..
tric fields of 10° V/em to 10° V/cm. The current for each set-
ting is recorded after it stabilizes in order to avoid any
capacitive effect. Applied _voltage"'is measured with a digi‘tél
voltmeter connected across the DC power supply so that the
ammeter indicates the current that passes through the sample.
Since the internal resistance of the voltmeter is compei'able
with the sample resistivity thej_‘total current is much greater
“bhan. that flowing through the sample.

The major difficulty ericount_ered during the measure-
ments is the environmental noise ﬁhich increases with the
increase in sample resistivity as the temperaﬁure is lowered.
Thus, every connection has to be shielded in order to avoid
this problem. '

2.5 AC 1ieasuvrements

AC measvrenents inclwde frequency-depenaenu COI\O.'L)C-
tivity measurements under constant temperature and I-T mea -

suremnents at several different freguencies.

AC measurements were made in the freguency range of"
lOOHz - 1¥Hz and in the temperature range of 77 - 300 °. A
Hewlett - Packard 41924 mpedance analyzer was used for
frequency dependent condvetivity measurements.'

The AC signal leirel was kept at a level of 0.7V -~
1.1V, in order to prevent the effect of the fleld on the con-
ductivity of the sample. ~ T



Again, the major difficulty encountered with the
high resistivity samples is énvironmental noise, and to
overcome this problem evéry connection was shielded. _We‘
therefore used ‘50l coaxial cables.

In order to make sure that there was no residval
condvctance, open circuit conductance measuréments were made
throughout the entire frequency range (up to 1 MHz) employed
in‘ the sample measurements and 0. OOO/M S were obtained.
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FIGURE 2. 3

The Block Diagram of the Appardtus Used in DC Measurements




III. EXPERIMENTAL RESULTS -

3,1 DC MEASUREMENTS

The I-V characteristic of the films are obtained
using the set-up in Figure 2 3 at room temper_'atvure and under
a DC voltage of 5V - 50V corresponding to electric fields of
:LO2 - lO3 V/cm. Philips PE 1520 was used as the DG’ power
~8 _ 10
amperes a Cary 401 vibrating Reed electrometer vas used and

supply. In order to measure the currents around 10~ -14

for larger values of current at higher temperatures a
Keithley Digital Electrometer was used. . ’ , o

DC measvrements are done for two purposes,

1) I~V measurements at room temperature are performed
to verify vhether the contact hetween the metal electrode and
the amorphous semiconductor is chmic or not and also to have
a first-hand idea of the effects of the preparation condi-

tions on the structure ‘of the film.

ii)  Temperature dependent condvctivity measure:ergc
vere performed to determine the conductivity mechanism and

the density of localized states near the Fermi level.
%1.1 I-V lieasvrements at Room Temperature

The I-V measurenents of the samples show that the I-V
graph is symmetric with respect to the polarity of the voltage
applied, implying that the aluminium electrodes form an ohmic
contact with the amorphous semiconduvctor film which implies
that there is no contact barrier and the conductivity oﬁ the
surface states is negligible compared to the condvctivity of

pulk states.




4s seen from Figure 3.1 there is an chmic region,
which goes wp to ILO3 V/cn in most samples. The ohmic behav‘
iour disappears after this region and the current increases
exponentially at higher electric fields: Accordlng to the

Poole-Frenkel theory (6) this may be dve to the presence of. e

high electric field effects on the coulombic potential barrier.
The potential barrier can be lowered such that the thermal
energy, vhich is not enough'tb release the trapped electron

in the absence of the field, becomes sufficient to emit the
electron in the presence of the electric field E. In this case
the free electron with the help of the electric field, will
junp to the conduction band where its contribution to the.

conduction is considerable. The current will therefore be
of the form, '

pEt/ 2 | -
I = A(T) E® exp | —— ,. 3l
KT '

wnére B is the Poole renkel ponstant ‘e is the electron
cha:rge a is an exponent of the order of 1 or 2 and A(T) is

a fﬁnction of temperztuvre. Since the dominant field dependence
is through the exponential term, the E? factor has a relatively
weak contribution.

3,.1. 2 Temperature Dependence

Current versus tezmera‘bure (I—T) measvrenents wvere
'perforued between 7T7°K to 430 °k at 10 ° or 20°% temperature '
1nterva¢s under a constant electric field. The resuvlts obtained
for two samples are shown in FlgUI‘eS 3.5 and 3 6 (labelled

" 0 Hz curves). . -

In the higher temperature range, the conauct1v1‘ty
mechanism involved is band to band conductlon.




24
The activation energies obtained from the slopes of

1n0° versus T 1 graphs above 400°% are around O. 5~ 0.6 ev, -
which are nearly the haif of the energy gap according to
Equation 1.1 assuming that Er is in the middle of the gap.
These values show that the mobility gap of amorphous silicon
lies around 1.1 eV. These values agree with the values -
.obtalned by other researchers (13). Therefore at temperatures
above 400°K the conductlon mechanlsm is a band to band

\

conducti ion.

In the temperature range between 400°K and 289K a
different ‘conduction mecharxism exist since the curve is not
linear any more. In this temperature-range, electrons hop to
tail states closer to the conduction band. " The activation»
energles for this range are 0.35 eV and 0. 44 eV for two
samples as shown in the flgures._ -

The activation energies obtained from the slopes of
1n0" versus T"l grephs between 289 °k and 200°K are between
0. 27 eV and O 18 eV.: This -shows us that the conduction
mechanism involved is preferrably hopplng conductlon betveen
the nearest nelgﬂ.bours (14)

Lt varisble range.hopping region the activation
eﬁergies are around 0,10 e¥.

3,2 AC hLEASUKEIERT

A4C condvctivity measurenents vere performed with a
Hewlett-Packard 41924 LF impedance analyzer, in th_e freope’nCy
range 100 Hz - 1 IHz end in the temperature range 77 °%- 300 °&.

AC conductivity yas-measured as a function of fregquency
at a constant temperature and the measurements vere repeated
at dlfferent temperatures 0’ (W) Versus "" -graphs at constant
freqvency vere constructed using this data.



Frequency dependent measurements at varlable range
hopping region are used to calculate the dens1ty of states
at the Fermi level. The DC data (i.e DC conductlvrty versus
temperatm*e measur enents) ’were“ used to determine the temperature
range where variable range hopping is the dominant conduction
mechanism, and the above mentidned AC measurements were taken
at a correspondlng temperature. Temperature dependent AC mea-
svrements were used in comparison with temperature dependent
DC measvrements (Fig. %5 - 3. 6)

3. 21 Frequency Dependent 'MeSurem‘erits

Conductance versus frequency measmvements were taken
in the frequency range 100 Hz - 1 MHz. The results obtained
for the samples are shown in Figures 3.9 and 3 10. SJlIlllaI‘
results are found by other workers (8,11,12,15)

For sample 17.11. 85 -I, measurements taken at 16 2°k
and 77°K (Fig. 3.9) correspond to variable }amge hopping
conduction since there is no frequency independent region in
these curves. I1f one takes a look at the I--T':L curve of the .
same sample (Fig. 3. 5) it can be seen that there is a kink
around 162°% indicating a change in the dominant conduction
mechanism which is interpreted as a chenge from variable range

hopping to nearest neighbour hopping.

The ssme sittation -is also observed for the sample
27.111.86 ~I. In this case, one can easily see that on the
I—’.‘L"l curve of the same sample,'a different conduction

mechanism occurs after 180 °K.

In both samples, in the variable range hopping region,
the slope of the frequency VErsus AC conductivity curves, s
has the same value of 0.87 in agreement with the results of
other researchers. Their results vary between O.5- 1.0, the ‘
most common results being 0.8 - 0.9 (8,11,15,16,17).



In both samples, frequenc:y dependent conductlv:d:y
measurements taken at higher temperatures, each showstwo
distinct reglons s+ first, a frequency independent reglon whlch~
becomes larger ‘with increasing ‘bemperature. At room tempe—
rature the region ends around 102- lOBHz. Second, a fre-
guency dependent and weakly temperature dependent region, in
accordance with the AC conductivity theory mentioned in
1.2 2 and schematically shown in Figure 1. 3

3. 2 2. Temperature Dependence of AC Conductivity

g In Figures 3.5 and 3.6 temperature dependence of AC
-conductivity is shown. As is observed in both graphs, the -
higher the frequency the weaker the temperature depend_e‘nce;‘
Both the DC curves (labelled OHz) and the AC curves are in
agreenent with -the respective Ath_eoriets explained in the
previous chapter. o

The DC curve is complefely temperatf»re dependent:
wnereas in the AC curves the temperature dependence decreases
~as the freq’uency increaseés. At higher temperatures all the -
curves approach the DC curve (Fig. 3.5 - 3 6).

55 HEASUREMENT OF DENSITY OF STATES

The density of states at the Ferzi level can be’
determined from the DC measurements using liott's formula
(Equation 1.4 and 1.5) and also from the AC measurements

using Austin-lott's formula (Equation 1.7).

Yor the former case,‘ in the low tengerature range
below 200 K and at constant electric field of 102 - 10 V/cm
the conductivity versus T. l/4graphs of the two samples are
plotted. These graphs are shown in Figures 3.7 and 3.8. In

this ‘bempe'rature range there is a lineer relation in accordance



:L’ch the Varlable range hopping conduct1v11:y proposed by Nott
Equation 1.4 can be rewritten as,

In0" = In0, - (To/f)~l/4
\ G
Therefore, the density of localized states around the
Fermi-level N(Ef) can be calculated from the slope of the 1n0"
versus T'1/4 graph. By taking o - = 10 A° as proposed by Mott
(1) for evaporated Si films, ‘the l\'l(E ) values were calculated
for the two samples (Eq. 1. 5) The results are as follows;

S

Sample ' | N(Ef) Lcm}_ ey) -1
17.11.85-1 | 7.57 x 1087

27.II1.86-T | 6.65 x 10+/

. The Austin-Mott formula (Eg. 1.7) was used 4o calcu -
late N(Ef), from the AC deta. If this model is valid, log0"
should have a linear dependence on logWw in the varisble range
hopplng reglom ts mentioned earlier, low temperature curves,
in Figures 3.9 and 3 10, show this behaviour and thus'vaiues
taken from these curves were used in the calcuvlation of I\T(Ef).
Teking T = 77°K, f = 104HZ', \%ﬁ = lOlBHz, and the corres-
ponding AC conductivity value, N(Ef) was calculated. The

results are as follows,

Sample : R(E cn” - ey)" L
17.11.85-1 . | 4.74 x 1019
21.111.86-1 - 2.74 x 1077

The I\(E ) values deduced from AC measurements are A
hlgler ‘bhan 'those obtained from DC measurements. o



This sitvation has been also observed by other researchers
(l 8).

The calculated N(Ef) valves ~(from variable range
hopplng DC measvrements and from AC conductlvrby measurenents)
are plotted as a function of the DC COndUC'thl'ty in Figure 3. 1l.
As predicted by both AC and DC theories I\A(Ef) must increase .
with increasing conductivity at varisble range hopping region.
This systemetic variation is more clearly evident from AC
results, '

The 1\(Ef) values calculated by some workers using
dlfferent technigues for evaporated amorphous SlllCOIl f_lms
are as follows,

i) K.P. Chick and K. C. Koon(l986) calculated N(Ef)
6 x 1019 (cm - ev)” 1 vsing direct measuvrement of electron
spin density. (14).

ii) K.Balkan, P.N.Butcher, V. R.Hogg,. A R.Iong and
S, Summerfield (1985) measured T = 266 x 107/ °z (18)
giving N(Ef) = 7.86 x 1018 (cm” - eV)"l (according to-the
Equation 1.5). V '
These results imly that the N(E ) valves calcul ated

from AC data are more realistic.

3,4 TEE EFfECT OF PREPARATION CORDITIOKS

It is well known that electrical end optical proper-
" ties of amorphous semiconductors depend on the preparation
conditions (1, 2, 4).
The resistivity of the amorphous silicon films .can be
changed by changing the deposition rate. Decreasing the depo-

sition rate mcreases the resistivity of the f:les. This is




believed to be due to pi‘r'even‘bion"ofthe voids. _occuringv’ during. - -
deposition. ¥hen the deposition rate is kept low, the atoms
find time to arrange themselves. before they are covered by
“other atoms. P .'

Ageing is another effect on the resistivity of the
~films. This attributed to the saturation of dangling bonds in
time.

The anneal ing effect is more _pronounced for the samples
deposited at relatively low temperatures. For example, the
resistivity of Sample 17.11.85-1 was increased by a factor
of 100 by annealing at 30090 for two hours (Fig. 3.3 and 3 4),
wnereas Sample 27, II1.86-T was deposited at about 300°C and
its resistivity was increased only by a factor of 2 by annea-
ling at 200°C for two hours (Fig. 3.1 and 3 2)

The resistivities of the films are as follows, (at room
temperature) - '

Sample Resistivity (fi.cm)
1711, 851 2 x10° o
27, 111.86-1 | | 1.13 x 107

The resistivities of the amorphous Si films prepared
with the electron gun evaporation method by other researchers
are as follows (19, 20, 1),

Researchers - B . Resistivity (L. cm)
Yeng, John and Wong- 10" - 10

: ~ , : 5 6
Dey and Fong 10 - 10

Dellaferra, _La‘ousch
and Roscher: S © 10+~ 10



5amp|éi No:27.m.86-1

. i n It

~50 -L5 -40 -35 -30 =25 -20 -I5 -I0 -5 e V(Volt)
— _u.J. 5 10 15 20 25 30 35 LO 45 50
-8 ]
12
16
~20
o ]
J28 |

A\

FIGUKL 3.1 : . |
I-V Curve of a Sample .at Room Temperature (Before Annealing)




oJ

‘Toampl.'c No:21.36-1 I I.(nl\)'
LB
L
r’bﬁ.

FIGURE 3. 2
. . . . 0
I-V Curve of a Samplec at Rooms Temperature (ATter Annealing)

B

T -



o¢

(JuTteouuy oxojot) oanjuaoduo], E.oom 1¢ aTdumg B JOo aaan)d A =T
. ¢ MNDTI

-

F 0057 ~
ooy —
F 0uGE -~
te . " ooceE -
| F 0057~
" r Cc:.ﬂl :
" 0051 -
y r.EEl

. _ . h toos-
5¢€ oe ‘st or 51 ol s

) 2 | J ] 1 L

SN 205
0001
00517 ‘
0001
006t 7
ooﬁ#

oonaL

coon 7l

A<c:” ,oon.l 1-Gg 11'tl: O Em.rc_um




’br’\
. A
» 24 .I(n )

o
r2
F18
Hi5
- 12
+9
b6

‘Sample Not 12.11.85-1

" r3

VIV O\,{) ‘

U]—w
°
!
"
Q
».
N

0

A

35

FIGURE 3.4

-V Curve_of a Sample at Room Temperature (Aj”tér Annealing)

£




500 333 250 20 167 143 125 111 100 91 83 17"

[ 3 )

""" seample No: 17.11. 8'§-‘I
’ 1x 106 -

107 .

10}

\O}

“oF

‘10

. \;éa ’ , 't bl |. 1A L - L 1 Ji ’L , =
2. 5 4 57 6 7 8 9 - 10 117 1213
 FIGURE 3. 4
omE 30 1 » - L 109/ (%l
‘The Conductivity versus T~ graph of a sample '™ .
 at Several Different Frequencies.- '

4 1

k3
AR o



500 333 250 200 167 143 125 lll

lOO 91

77

520,51 Semple oi |

27. III.86-I

S :_O’; 35

\0 |

{0

.-.\',‘3

10

)

bl

10

1

At

Lo +— : = e - L

e

17 2 3 4 5 .6 7T 8 9

FIGURE 3.6 .
‘The Conduct1v1ty Versus 7t graph of a Sample
‘at Several Different Frequenc:Les., ‘

10

1077 (%t

11

12 -



oo 1 256 219 188 163 141 123 3108 K
Lno~ (X2, cm) T v ¥ A L TR
. Sample No; -17,11.85.1

10°

1077 | )
10019 4

10” 1]

0.240.25 0,26 0.27 0.8 0.9 0.2 0.721
FIGUKE 3.7 ,

The Variation of Conductivity as a Function of T'l/4 of
Sample 17,111,851 ‘

56



(o)

; _ v ‘ K
o %017 256 219 188 163 141 123 10
ani ~  Sample Nos 27.II1I.86-1
(L, o) L |
1078}
1009
10719
10-11 " . A I 1 - A—
0.25 0.24 025 026 027 028 029 03X
FIGURE 3.8
The variation of Conductivity as a Function of‘T.-l/A’ of

Sample 27.111.86-1




lo éO”

™ " T (pa— ™ T —
(L. em)Y| semple No: 17.11.85-1
107 ° |
107° | - i
--1‘9’9’, //, /, // / ! .
[m 7 ’ 7 ! / .
290)( - 4 ;! !
—_____,_’ /’ / ’I II
< 7 1
j_:’.iK/’ /, " /l
- - // " II ’
' 7 ) ,// .I’IIII . .
- lo- o 25’.’&‘11 ,,l / : . R
- )
- A I,
!
’
Il ,l,
P
/1
ll /II .
-8 e 7 . ) .
1007t ! : . _
P A . e )
P : .
¢/ .
¢ ! N
;! /
rot
II / -
4 ,l
1
]
/o
:L‘O—g ] L L 1. 1. | —— ’
S ¢ 2° 3 45 6 7 log f (Hz).-
FIGURE 3.9
Frequency Dependence of the Conductivity at the Indlcated
. \
Temperatures. ' S



10~}
_1

10

1071

10™

e

- LI

85%= | ‘Sample No: 27, IIT.B6 T

FIGURE 3.10

Frequency Dependence of the Conductivity at the Indicated |

Temperatures.

7

log £’ (Hz)



O g (a8 T7°R)
(0L, cm)"l

(ar)

17.11.85.1 ]
27.111.86-T
2n10'%. w? o 197 , ,
N(EQ) (em?,.ev)~L

FIGUKLE 3,11
DC Conduction (at "/701();/_Plotted Apainst the Density of States at

the Fermi Level Determined a) Trom Variable Range Topping OC Data

and b) TFrom AC Conduction Mensuroments on the Snme Sanples




IV.  CONCLUSION

In order to mvestlcate such electrlcal cropertles of
amnorpnovs 31llcon as the room temperature conductivity, bas:Lc'f
transport mechanisms, and activati'on energies; DC and AC mea- |
surements were performed in the temperature range from 77 K
to 400 °%. I- 7V measuvrements at room te:noerature show that' the
contacts are ohmic up to an electric field of lO3 V/cm. At

high electric fields the I-V»curve obeys the Poole-TFre nkel
 law, so that the conductivity increases exponentially.

The pC_ conductnlties of films are around 5 x 10~ '
and 8.88 xz 10~ (_Q cm) at roon températur and 3 3B x 10”10
and 7.78 x 10~ 14 (Q.cen)t at 77%. |

In the higher temperature range above 400°K the con-
'ductlon mechanism is band to band conductlon. The actlvatlon «
energies obtalned from the slope of 1n0" versus ‘l" graphs |
above 400° K are around 0.5 - 0.6 eV glVlnD‘ approxmately a
mobility gap of 1.0 eV - 1.1 eV.

_ In the temperature range between 400°K and 289OK the
dominant conduction mechanism is different. In this téemperatur
range electrons jump to tailfstates closer to the conduction
b and. | R | | T

At temperatures between 289OK to 2OOOK, the conductiw:
ity mechanism involved is hopping conduction between the
nearest neighbours around the Fermi level.

In the low temoerature range, below 200 °% and at small
electrlc fields between 102 - 10° V/cm, the conductivity of
these films obey the T 1/4 law as proposed by Mott. These-
low temperature varlable range hopping measurement results

are then used to calculate the denS1ty of states arOund the

Fermi level which gives a value of the order of ~ 10

'.,(°m3 ev)"l. The reSUlts show that the dens:v.ty qf dangllng




T =

bonds in these films is simjlar to those prepared by rf sput—

tering and much higher than those prepared by glow-dlscharge
decomoosnzlon of 31lane (Sim

4)
C measurenents us1ng small electric fields have also
the advantage that effects such as field assisted tunneling

are avoided. For this reason we nave used amnlltudes of 1.1 -
0.7vV. : '

according to the gquantum-mechanical tunneling model (Austin-

ve tried to interpret our experimental AC results :
iMott), predicted to be of the form,
. ' . |

0 ) = Awin? 1(\')9}1/00)
which for constant \)ph , has the form, R '
o) = AWS

|

|
with s independent of temperatui'e in a certain température
range. Experimental re_sxilts have sh‘o_wn‘th_at s 1is temperature
dependent above appr_o:cimately»l60‘°K: .

The Austin-Mott formula(Eq. 1.7) predicts s values
of 0.83 t0 0.75 from 100 Hz to lO5 Hz respectively. Experimen-
tal errors such as stray capacitances and lead resistances = |
affect this theoretical value. Qur s value .is nearly in -~
agreement with the - . value of 0.87. Other workers '
have obtained similar s ~values varyimg from unity to 0.5. o

It is also neceseary to realize that at low frequen-
cies and high temperatures a departure from the relation
R Aws,?f“ occurs for the followmg reason: The magnitude of
U Aw falls below the e conduct1v1ty.- This is- ascrlbed to a




quite different mode of conduction, namely, transport by carri-
ers excited into the conduction band. The frequency dependence _7‘
of this mode of conduction is expected to be very small unless
the excited carriers move by hooping between localized stfates
in the conduction band edge. In this latter case a dependence
on frequency is expectéd, but t‘he process should be éasi_ly ‘
distinguishable from the band edge hopping, which has an actiw= ‘l
ation energy equal to roughly heﬂ_fvthe .‘oandgap.‘
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