Y

#
E _—

uﬂ.i- h:ﬂbv_u_hnm Sciences), Volurme 20 B, No. 3, 1993

_/ﬂb |

Dirasat, Vol. 20 B, No. 3, 1993 M.N. Makadsi, M.F. Alias and

A -

n_-.m-m.nu of Conductivity aa.m '{Jptical Energy Gap of Pure and
Uovo._ Amorphous Silicon .:-E Films Versus .u.nn.va:::-.o

and Hall mobility were obtained at 3% impurity for both boro
phosphorous as dopant materials. The density-of-state N(E;) obtaines

. . low conductivity measurements for 3% B-a-5i was 4.69x10® ¢Vm™
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doping percentages for both n- and p-type films. Our experimental data s

that a-Si prepared by thermal evaporation could be doped provided tk
deposition parameters are controlled,

-

e . 4 R
s-d..\_na._.o. LTy aladl (F-%G._.Lﬁr&h-_ .Uu.\h.__ felpp g et 43 Introduction

CoVA) Syl Gt alaia¥l e ISy cpa :

dﬁ,f.uué. b he ) Iyl sk &Mr :.,_ " by sk cu ) TR . Amorphous silicon (a-8i) thin films apparently domir

J.&u_\.._. N gl i agnally dndluclly L5 (2 - 51 Gty 2al) e . - advanced technical fileds because of theeir interesting? appl

«ﬁ rFe P 5iily B 0,3 Slye o sy s B 0y uq...v_ ol m.c . B x ovnn._n_nm:.o:mnu, n_nn:.w:mnm and vronoco:m.mn mocmnnuua_.k.o.n. I

f Doy ol s sl o Jpatl - fascinating new material. However the optical and electrical pr

M.OQ 1) s B Usn By Slens? o i -MPLS ) . a-Si as a function of annealing and depositing temperature are

o tpl._.u c...¢.= ol A wide investigation in order to explore the possibility of new ap

B r...Gr.... .Ewﬂ% t«m C.zaifsf__ S o) oy A . . Indeed the pioneer works of Chittick et al,® Le Comber a

A e 4,69 S? v Y gils s 0 wad £ € ” and Carlson and Wronski® in hydrogenerated amorphous silic

2 St h S : prepared by glow discharge decomposition of SiH, opened a w

.MYL_ el e b 1 ¥ F A e inp Ty c.._h__ 20 4o oy o " investigations in a-Si:H. On the ocher hand the research into a-S

b 3l b YUY o il Pl pelaaV i c_ By LY, 3, - @y _v—“.ovw_.oa by :..2“”5_ nﬁ.vo_,w:ﬂn has u_o_wc_nn down v_nnn:.“o. expe:

wig - - WY : T b ~ their properties have not yet shown stability and a low density «
it - 5 %289 o BT 3T A Bl ds 0o h..t_.tu * bonds, which is required to allow doping.®*™

4 e.-.r.cn.h.wu_.‘..__ e Gl el Gyl 0S4 cﬁ.trtm..r!c : . " We have devoted some time in our laboratory to a-Si pi

flc.__ Jls e laedl b . : thermal evaporation to see whether its properties could be cont

3, ; : . to produce a low dangling bond density so that it would be ar

. q . : - _ . ..:_w &r b doping.

" The electrical conductivity in the temperature range 300—650 K and the o In the first attempt, Makadsi and Robace!" showed
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ariation of Conductivity and Optical Energy Gap...
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n is used as dopant during evaporation. The charge carrier concentrations
rere about 7x10** and 1x10* m™ and the conductivities were 4.5x10"2 !
m™! and 1.2x107* Q7! em™ for n-type and p-type a-Si respectively. The
“ ptical energy gap (Eg) was observed to increase with increasing T, and
ecrease with increasing T_-— the range of variation of mo_: was 1.39-1.78
V with T, inthe range 303—873 K. The mobility of the charge carriers
as been studed as well. It has been shown that the mobility of p-type
-Si is tempenture dependent, and there was an infection in the graphs
f temperatun versus mobility at about 453 K for n-type and at about 423

< for p-type #8i.

Abbas!*® mc__oso.}m.mrn.m same procedure as Haddad"* but used
hosphorous s the dopafit for n-type and horon as dc pyatfor p-1/pe 4-8i, »
nd obtained hehighest conductivity for both n‘anc 5. e $:5i at 2.5%
npurity. The £, was also increasing with increasing 1), bu: decreasing

. ith increasing T,. The interpretation for such results were as follows: on
anealing up tv ~ 600K (x-ray examjnation showed that all samples were
ill amorphows), the degree of amorphousness decreases. Consequently
1¢ density oflocalised states near the edges of the energy gap (tail states)
screases hesce the maximum absorption shifts toward higher energy
hotons and F,,, appean as if it is increasing. On the other hand the higher

", increases he density and coordination number with lower (depends on
1¢ value o' T,) bond-angle distortions in the As-deposited a-Si thin film
ructure.ndeed the higher the T, the nearer the amorphous configuration
ould beto the crystaliine (C) configuration, the E_. of which in general
smaltr than E_ of the a-state. Thus it may be that E,, decreases as T,
cre-»es. A decrease in E_, against increasing T, for a-Si has also been
»iv£d out by several workers."*'® Our p—n junction solar cells"¥ gave
.+ficiency of about 2,23% for 50 mW/cm? illumination intensity. These
rly resusits were encouraging, and this has motivated the present research
which a nitrogen atmosphere is provided for the evaporation process -
«d different T, values were investigated. Furthermore low temperature
nductivity measurements down to liquid nitrogen (LN) have been
vestigated and the localised densjty of states was calculated.

cperimental | y -
eparation of Films

Thin films of silicon were prepared by vacupm cvapors*' ~n from
apltite or boron nitride boats in a Balzer’s coating unit Fw 514 .o which

sk
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is attached BP 100 with mini-computer to control the rate of ¢
(R}, power supplied to the boat, substratc temperature (T,), thi
and glow discharge time (for cleaning the chamber just before de
etc. It should be noted that we used to flush the chamber witl
gas in order to have our evaporation in a nitrogen atmosphere
the oxygen contamination, however low, could not be excluded.
pressure was ~ 107 torr rising to ~ 107° torr during the thermal e
process. Glass slides were used for the substrates and were t
cleaned in a series of well-known steps before use. Following
procedure in our laboratory, Abbo!'® found that infrared spe
examination of the As-deposited a-Si thin films showed no an
8i—O or 8i~H bond. For p- and n-type films, boron and phospho
accurately weighed and evaporated on to the pure a-Si thin fil
molybdenum boat. During this evporation the temperature of the
was kept well above 130°C for about 1 hour and this was e
-homogeneous diffusion of the dopants, It may be worth mentic
the evaporation of both Si and dopants was carried out withou
_the vacuum.

! A radiant heater is incorporated into the bell jar assembly
for baking out the system and improving the final vacuum, an
substrate heating as well as for annealing treatments. The
temperature is controlled automatically from outside. The annes
was 30 minutes for all the films.

Electrical and Optical Measurements

For electrical and Hall effect measurements, Al and Ag electr
ohmic contacts and were deposited on to the substrates prior to d
the silicon films. Substrate temperature ranging from R.T. up
were used. At T, = 473 K it was better to evporate a-Si films
deposit the electrodes. For the electrical measurements, a Kie
digital electrometer and Nanovoltmeter 190 were used. The meas
of the fundamental optical absorption edge were taken at room ten
using a Pye-Unicam UV/visible SP 8-200 spectrophotometer.

Although the thicknesses of films were controlled by a
minicomputer they were also checked and calibrated with a multi
interferometer using Fizeau fringes of equal thickness. X-ray inves
using a Phillips X-ray diffractometer have been carried out for the
that were annealed or prepared at high temperatures to asce
amorphous natnre of the gtructure.
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Viriatlon of Conducitvity and Optical Energy Gap...

Resclts uza_ Discussion
Enu.nﬂ Conduction

Figure 1 shows the temperature dependence of dc conductivity of
pure -Si thin films and it is in accordance with Stuke’s equation®™

L, £xp (—E/KT) 4 i

‘ e L)

where o, constant, E_ is the activation energy uw_m. ndsiction, k is
Boltzmann’s constant and T is absolute Hoavon»m:.no. ._.u.mmw film was
deposited at 313 K and annealed at 650 K, and the thickness of the film
was 500 nm. We should point out that the graph of Fig. 1 and all the
similar graphs in this paper have been plotted actording to the obtained
data without convoluting the curves, i.c. we did not subtract the low
temperature activation energy curve from the points obtained at higher
temperatures. This is because the aim of our work is to show how a-8i thin
films behave through oyt the working temperature range. It can be seen
from this graph that it is characterised by three stages of conductivity.

through out the heating temperature range 300—600 K. We belicve the

three stages of conductivity are not'necessarily due to impurities, but most
likely due to the fact that the pre-cxponential factor o, was not constant
throughout our working range of temperature because ¢, depends on the
fluctuations in the potential wells arising from the lack of long range order
and because not all the coordination numbers are saturated, Fritzsche®”
in 1971 stated that g, is strongly influenced by the temperature dependence
of the band-edge and the activation energy. Very recently Stuke™ pointed
out that the pre-exponential factor o, is important and unless the defect
densities are high, it is a functicn of the shift in Fermi level on annealing
for both evaporated and hydigénated a-Si. Three different mechanisms
of conduction are not unfamiliar in amorphous materials and have been

discussed in details by Mott and Davis.”™ The first stage is_within the -

temperature range 300—350 K with E, ecauals 0.496 eV the mechanism of
this stage may be due to carrier transport (o localised states near the band
edges. In the temperature range 350—450 K, E, is 0.563 eV, which may
be due to carriers excited into the localised tail states at the edge of the
valence band, since our experimental results showed that the charge cariers
of our pure a-Si thin films arc holes. The third stage, where m-a is 0.633
eV, the conduction is considered to be due to carriers excited into non-
localised (extended) states beyond the mobility edge. We speculate from
such conduction mechanisms and the values of E_that there is density of
states at the Fermi level extending at both sides of it for about 0.137 eV,

similar to what has been suggested by Davis and Mott.®%
»
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Fig. I. The temperature dependence of the D.C. conductivity of pure a-silicon thin
nm} deposited at 313 K and annealed st 650 K.

In Fig. 2 we observe also three conduction mechanisms but
a-Si doped with boron, and with lower activation energies, nam
0.4 and 0.52 eV. Obviously the Fermi level has moved towards tl
band on doping by about 0.26 eV, which is the difference betwee
first stages of E_ in Figs. 1 and 2. Fer the second and third
differences between E_ in Figs. 1 and 2 are smaller, namely 0.163
eV respectively. It becomes clear that due to the shift of Ferm
doping, E,, and E,, of Fig. 2 could be attributed to deeper trs
charge carriers at the top and extended states of the vale
respectively. It should be pointed out that the decreasing of E
a-Si as comparted with pure a-Si is a result of decreasing of <»ow
dangling bonds by the dopant and the formation of an impuri
the gap and the associated shift in Fermi level. Although in sin,
a-8i:H each active donor or acceptor site introduces additional
bonds, the doping mechanism in unhydrogenated a-Si may
complex, simply because thermally evaporated a-Si thin film
dangling bonds and defects as compared with a-Si:H. Th
@ercentages in - - work are high compared with the conventi®n
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ariation of Cenductivity and Optical Energy Gap...

_ ) thus the assumption here is that most of the impurity atoms
“Mnﬂ”%a”wo#azinw to fill aﬂn vacant sites EE. voids resulting in a
onsiderable reduction in the number of :—o. dangling bonds. It _um.oo.:nu
ecessary to attribute two roles to the impurity atoms, first annealing out
langling bonds and defects and secondly E:.o&._m:.w free charges (as in
he conventional doping mechanism) leaving _.un_::n_ each ?om nrwnnm a
langling bond. The resultant is doped a-Si with fewer dangling bonds.

viore evidence for doping complexes in a-Si is in the work of Spear et

1L, where they argued that in compensated a-Sij the dangling bond density
ﬂh.w remain constant. We should also state that our measurements were
eproducible to an accepted experimental level.

. % a-Si.i ®/eB
lw... -viv & ._.muuawx
: - % Ta:850K
- _LF oL
| m .
Y o
.M.. -5 o
Im lm- mﬂNHON-OO(- ]
M Eg 202 &
-8L .
8 27 22 24 26 28 3 132
3 %
109, -
..|q..:A )

Fig. 2. The D.C. conductivity versus reciprocal tempersture of a-Si doped with 1% horon deposited
T, =SS Kand T, =650 K

The n-type a-Si is of similar behaviour, as we observe in Fig. 3 _.o..ww
sample prepared at T, equals 423 K and annealed at two temperatures, 3
-H&-Mwovﬂa The nonqwnoa energy is much lower than the pure 2-8i. This
may be due to its high doping density (2.5% pj and high T,.
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Fig. 3. Showing the effect of anaealing temperature oo Ia o ve. T-! plot for 2-8i
phosphorus deposited at T, =423 K.

Figs. 4 and 5 and Figs. 6 and 7 show similar graphs for pur
a-Si samples prepared at different T, but at T, equals 650 K
of which are listed in Table 1. We see that E, for pure a-Si di
considerably in the second and first stages but it did for the 1

. temperature quite far from room temperature, This implies the

of the thermal history of the a-state. The interesting results
P-type a-Si, doped with 1% B, where we observe a continuous
E, with increasing T, for all three stages. This, we believe, i
following: in addition to the fact that some of the impurity
incorporated the vacancies, anncaling out dangling bonds, the
T, the less dense will be the vacancies that' need compensation
atoms, thus leading to lower E_values and higher conductivil
the low value- of E, af E, in Fig. 2 may be due to a hoppipg

® process. Tt « .Id s__..: he .M.s.:!.... Frnen Tloan ¥
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Varistion of Conductivity and Optical Energy Gap...

Assuming that (a')™' = 10 'ﬁgﬁgs,tmms for the region where Mott’s
relation (In o proportional to T,*%%)"is valid, the density of states at the
Fermi level N(E,) can be evaluated. Fig. 8 presents such data for 3% B-
—doped a-Si film prepared at T, = 523 K and T, = 650 K with N(E;) =
4.69x10% eV~ m~*. This value, however, is within the values obtained
for hydrogenated a-Si films.®

We now turn our attention to the variation of conductivity of a-Si films
vs.B or P as impurities: The results are presented in Figs. 9 and 10
respectively. The highest cconductivitiés for both n- and p-type are obtained
at 3% impurities. From the figures, the conductivity of a-Si:B at T, = 623
K was 85x10~* cm"lwlﬁ;}hﬁi‘s higher than for a-Si:P, i.e. 16.5x107* (™'

R

cm™ at the same T, .
i

Tl
90} a;s_i B
Ta=623K

3%,

80}t
70} 25%,
—
£ R
X3 ;
— S0+
Vo |
8 -
30
™o 2%/6
201
1]
ol 1%/0
Za—ePure
373 {73 S73 673

s(K)

Fig. 9. The variation of conductivity va.B% as impurities for a-Si thia films prepared »t different
substrate temperntures sood spmralod st 623 K.
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We believe that the impurities at uus level Play two roles: first
occupying thé’ vacancies (as mentioned above) and secondly being
incorporated éubstitutionally into the random network. At higher
percentages the dopant atoms distort the presumably nearly perfect random
network structure, which creates a new localisation to become scattering

centres. Those results agree qualitatively with those of the Asand In doped
a-5i films published elsewhere (%

Hall Effect Measurements
Hall effect studies are standard tools in understanding the transport
Properties in conducting materials where the mean free path is sufficiently

long; in the case of amorphous semiconductors the mean free path appears
to be comparable to the interatomic distances.

—6Y —




Variation of Conductivity and Optical Energy Gap.-

The Hall mobility could be a guide to the transport mechanism at the
mobility edge or between the localised states.® Indeed in some amorphous
semiconductors the Hall coefficient is found to the negative for both n-
and p-type materials, in contrast to thermopower, which shows a positive
sign for p-type.™* However this is not universal, and as Nagel®” pointed
out, Hall coefficient measurements have been made on a limited number
of amorphous semiconductors due to the high resistivities and the low
carrier mobilities. Mott and Davis™ stated that a reverse of sign of Hall
coefficient takes place for matcrials of odd-site configuration while for
even-site configuraiion amorphous semiconductors the coefficient has a
normal sign. Thus if the resistivity of amorphous matenal is not too high
on one hand and it has even-site configuration on the other, as is the case
with 2-Si, the reverse in sign may not occur. However in our works we were
very cautious in performing this experiment, and the results were normal
sign. In a previous work Makadsi and Hadda!"” prepared doped a-%.thin
films using methods similar to this work, and examined them by Hall. =
experiment. The As-doped a-Si was n-type and the In-doped a-5i was

p-type. The confirmation for that was a p—n junction solar cell ugn
b SEMA

aelika &
hl N o

accordance to Hall effect measurements. INEA .'g.‘j
e :
In this experiment a magnetic field of 0.257 T was appi{&l‘
perpendicular to the current flow and the resulting defiection of the current &
was observed. The mecasured quantity was R, the Hall coefficient. The' . 43} .
Hall mobility p, is ) S ;j
_ en
“'I'l_aRH'- N (3) s 3

Physically the Hall mobility is proportionfal to the transverse_current
induced by the Lorentz force.® For free electrons p, = i, where K;‘is the
conduction mobility. We have used the Hall effect to inve'stigattéaihi: type
of carriers as well as calculating its concentration at different substrate
temperatures. Pure a-5i thin films are p-type. Doped a-Si films with B are
p-type and with P are n-type. By varying the dopant percentages different
values of charge carrier concentrations were obtained and are listed in
“Table 2. From Table 2 we deduce that increasing T leads to increasing
carrier concentrations. It is not quite as casy to find out the correlation
between the change in various defect densities in a-Si with T, and the
charge carrier concentration. We refer to the recent paper of Stuke,® who

stated that more work is needed to clarify the complicated correlation
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between the density of carriers in the band tails, the dangling band density
and the effective donor/acceptor concentration.

However, we suggest the following explana;i_f;n: the increase in T, is
accempanied by a reduction in the random fieldsdvising from the dangling
bonds, voids and bond-angle dislbrtions.‘”bThu;s_ the number of trapping
centres of the charge carriers decreases. This ms:i} icad directly or indirectly
to an increase in carrier concentrations. Or alternatively, at least for pure
a-Si, we can assume that the electronic density of states for the dangling
bond defects, in accordance to Mott’s®™ band structure model, consist of
two bands of localised states in the gap, donor states (D*) and acceptor
states (D7), If on increasing T, the D¥ states decrease more than D™ states
then the hole concentration appears, indirectly, as if it were increasing and
vice versa. : : '

wiey
Table 2: Some values of can;icr‘_i‘}':lr!;entration for
pure and doped a-Si films (t = 550 + 10

nm) deposited at diffémat T, .

TX®) | Pure | %B | %P | Nam™)-

313 ~ ~ = .. ]359x107
423 ~ - ~-  |664x10%
623 | - — e = [272x10M
313 - legd - |369x108 |
423, - 2 | - [s86x102

623 - 2 - [255x10%
313 = .= 1.t [essx0®] "’
423 - [ - 1 1.51 x 102
623 = - 2 [3.55x102

Several measurements have been carried out of Hall mobility versus
temperature for different impurity percentages. These measurements were
for sample thicknesses of 550 + 10 nm deposited at a deposition rate of
~ 3.0 nm sec™ and at T, ~ 350 K. It could be seen from this set of graphs,
Fig. 11, that the mobility for both p- and n-type is increasing with impurity
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percentage but in general our results indicate that the Hall mobility of

holes is higher than that of electrons. Such findings disagree with previous ‘

results;'*' this may be due to the anomalous nature of the Hall effect.
experimental data for amorphous semiconductors.®™, More reliable

confirmation for the results is in progress usinga thermopog-iér experiment.
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Optical Absorption Edge
For many amorphous semiconductors an exponential dependence of

absorption coefficient a () at angular frequency of radiation » on photon
energy i w is found to hold over several decades and may take™*? the form:

() = a.,exp‘;:—"’ , ©)
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where o, is a constant, 4 is the reduced Planck constant and E_is an energy
which is sometimes interpreted as the width of the tail of localised states
in the normally forbidden band gap, which are associated with the
amorphous nature of the materials. A relation (equation 6) was first
proposed by Urbach®™ to describe the absorption edge in alkali halide
crystals at high absorption levels when a {®) 2 10* cm™'. This relation
has also been found to hold for inany amorphous or glassy materials®™¥
at the lower range of the absoiption edge, while at higher absorption a
relationship proposed by Tauc et al.* and derived in more general form
by Davis and Mott™ is found to describe the experimental data:

B r
)= —Ee-Ey) , (7

e
and to yicld values of the optical energy gap E__ where B is a constant
and r is an index which can assume values of 1, 2‘3, 172 and 3/2 depending
on the nature of the electronic transitions responsible for the absorption.

Equation 7 with r = 2 is found to represent our experimental results
and this case applies to non-direct transitions in a-Si when the electron
wave vector k is no longer a good quantum number.

Figures 12 and 13 show the dependence of the room temperature (303
K) optical absorption edge on T, for 2.5% a-Si:B; a-Si:P from which we
observe an Urbach spectruin in accordance with what we may call the
spectral Urbach rule arising from the effect of T, above 313 K. The values
of E_ obtained froin the exponential part of the curves are found within
the éxpected range (0.05—0.08 ¢V);*” our E . values were, such that 0.05
< 0.07 eV; E_ does not vary significantly with dopants. The plausible
interpretation for the exponential absoption part (linear) of the curves is
based on the electronic transitions between localised states in the band-edge

tails.™*® Obviously Tauc’s model,®™ which is based on the assumption

that the density of states in the band-edge tails falls off exponentially with
energy is highly unlikely in our results, where we observe the linear part
of the curves is valid for @ 2 10’ cm™ below which the distribution of
states is no longer exponential. Similar results have been pointed out by
Mott and Davis,® who mentioned that the exponential behaviour is up
to & = 10? crh™' in some materials and upto 10* ¢cm™' in others. This means
the band-edge tail absorption does not fade exponentially to zero absorption
but there are fairly discrete defect states, which are responsible for the
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weak absorption region. The absorption behaviour of our doped a-5i films
is not unfamiliar in 2-Si thin films. Spear ct al.,”® studying the hopping
mobility in doped a-Si, deduced that such a transport mechanism could
not be explained on a purely exponential tail states distribution, but rather
on long-range fluctuations which give rise toan r.m.s. fluctuation amplitude
of 0.1 eV. .

A convincing interpretation for such band-edge tailing is a lack of
long-range order, which gives rise to static spatial fluctuations in the
potential in such a way that the state waiiing density does not fall off
exponentially to zero absorption but rather toa fluctuating weak absorption
region, the width of which decreases from 0.2 to 1.6 eV as T, goes up from
313 to 423 K; but the decrease becomes small when T, increased to 623
K (see Figs. 12 and 13).

2r 303K

L] =313 K
x 423K i
«=523K
+2623K

—

=]

L

-]
o »2

-1

inet{ cm)

el

o
T
L

97 2 6 8 2 22 24
hw {eV)

Fig. 12. The Urboch behavioar of the opticsl sbeorption data for -5:2.5% B filme prepared at
diﬁerut‘l‘.andl: = 303 K. .
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12
o Ts=313K
X =423K
e =523K . o
» =823l_( ..
11} 5 !_. .
T"g“ . aﬁ .
3 ‘63 ,
c -
- ol 2 K
s
° [ 4
o, ‘:‘:(,:E"‘"
9 Ry ut
12 “ 16 8 2 22 2% ..
Aw{eV) '

Fig. 15. The Urbach behaviour of the optical sbeorption Ascx for -Si:2.5% P films prepared st
different T, and T, = 808 X. _

The significance of the exponential absoprtion edge in Figs: 12 and
I3 (dependence on T)) is the displacement towards lower photon energy
absorption as T, increases above room temperature, although not
systematic. Thermally evaporated doped a-Si is associated with narrowing
Eq,', as we can sec in figures 14 and 15, which exhibit the variation of
afi o ' vsh w, in accordance with eq. 7 for a-Si: 2.5% B and a-§i:2.5%
P films respectively, deposited at T, = 313, 423, and 523 K. Obviously the
extrapolation of the linear portion to (a1 w )" = yields values of Egpee

These results contradict many similar studies; for example, Mass,
Flynn and Bauer,"” Hasegawa, Yazaki and Shimizu*" and Mott and
Davis® and the references cited there. However many studies are in
agreement with our results; for example, Makadsi,"*® Demichelis et al."?
and Takano et al. '
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Variation of Conductivity and Optical Energy ¢ Gap...

In fact,there are abundant inconsistencies in the literature concemning
the conductivity and optical absorption edge, which is still an outstanding
important problem.m‘ Thus it would be very useful to review some selected
works, \I\\L

Frccr m and Paul* parpared a-Si:H by rf sputtering at different T,
(298, 427, 523 and 723 K.) They observed a shift in the abmptmn edge in
the opposits way. A significant shift to larger photon energies occurred
between T, = 298 K and 473 K, but the edge shifted continuously back to
lower energies when T, further increased to 523 and 723 K. Esquivias et
al. @ rcﬁortcd that the absorption coefficient of evaporatated a-Si film
dicreases is T, increases, saturating towards a curve of higher values than
those of crys.allmc Si. However,our optncal results on Urbach edges go to
higher values of absoption coefficient as T, is increased, hence such results
are ii"'t‘li'sagreement with them.

"TT“

Esquilv:as et al.*¥ artributed the changes of optical properties to the
mcrc.mng denslty‘ of microcrystallites in the films as T, increases.

Brodsky et al.“ attempted earlier to discuss low conduction and the
high annealing process of the optical absorption in a-Si films in terms of

the exlstcnu.. ‘of submicrocrystallites in the amorphous structure; the

transfer 5¢ carriers will be enhanced between the submicrocrystallites by
the dangling bonds.s The sizes of these submicrocrystallites are in the

.-, *DgE, 10 to 15 angstroms and their size do not increase bcyond 15 angstroms

-

.t upon annealing.

The same authors state that the optical absorption measurements

depend on the surface effects, mostly strains, leading to tailing of these
latge numbers of submicroscopic surfaces and resulting in a decrease of

about 0.4 ¢V in the onset of the observed optical absorption as compared

with othét studies.*” Upon annealing the strains decrease, leading to a
ghift of the tail to higher energics. There are many references in the
literatyre (sec for example Makadsi® and the references cited there) to
the amorphous structure being a2 random network model of completely

bonded atoms, in the ideal state, with no single crystalline unit cell. On

the other hand, x-ray analysis of our samples in the range of the temperature
under study revealed no any single aggregate of atoms. Thus we exclude
in our analysis the submicrocrystallite structure of a-Si.
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The work of Cody et al.*” on the optical absorption edge of a-Si:H is
a good example concerning the contradictions in the results coming from
different laboratories. They showed that the absorption edge shifts towards
a higher absorption constant as T, increases. These data are quite
inconsistent with the concept that anncahng out.,;thc dangling bonds on
increasing ‘the temperature™ results in mcreasmg E_.® Their
interpretation is based on a model assuming a hoinogencous distribution
of toplogical disorder. Abadou et al.*® prepared hydrogenated Si films by
glow discharge in amorphous and microcrystalline states. They observed
that E_  decrease continuously and nearly linearly with increasing T,
throughout the amorphous and microcrystallinc states.

Hence there are no consensual experimental data concerning the effect
of T, or T, on the Eqn of a-Si. We should therefore like to suggest an
alternative cxplanatlon for theidecrease of E. on T, and to show later on
that E,, increasés with T . '.; et

The a-structure is characterised by vanatw‘dp‘bond lengths and angles
and the existence of dangling bonds, botk: of wlﬁgh decrease as T or T,
increases. ™™ Thus we suggest that the “degree. of amorphicity” dcpcnds
on T, or/and T, and preparation conditions.

Usually the electron diffraction pattern of ti:s A3 deposited a-Si at

- room temperature has a structure which exhibits | broad rings (two or three).

We say it has a “higt degree of amdrphicity”. These rings becom narrower
as ecither T, or T, increases. In the following we will explain the role of T,
and later the eﬁ'ect of T, because their eﬁ'ec(.s in our results are different.

In fact at some clevated T, (~ 700°C)‘"’ the structure o:' Si will be
polycrystalline. One can oonclude that a continuous increase in T, will
lead to a continuous decrease in dangling bonds and bond-angle dutumon
This implies the deposited atoms of the filra will have more energy to sit
in sites of less strain and defccts (depends on T ), leading to a change in
the coupling energy between the allowed energy levels of the conduction
and valence bands. Presumably the atomic sites arc homogeneously
distributed and the sites approach saturation (fully occupied) as T,
approaches the crystallisation T, (~ 700°C) and consequently higher
coordination density.

Thus we could speak of a continuous lwering in the degree of
amorphicity as T, increases, and consequently a continuous decrease in

M.N. Makadsi, M.F. Alias and S.K,J. Al-Ani -




Varation of Conductivity and Optical Energy Gap...

E _ and tail state density. In fact E__ decreases and tends asymptotically
towards some limiting value. At this clevated T, the Si film’s state will be
crystalline which we call of “zero degree of amorphicity”. The E_ of the
c-Si is 1.1 ¢V or a bit more if it is polycrystailine.

Support for our argument comes from the work of Loveland et al.#"

. They prepared 13 specimens of a-5i thin films by glow cischarge at different

i

T, and tabled their EoPl values, from which one concludes in general Ewt
decreses with increasing T,. Very recently Agarwal e al.®” pointed out
that the energy band gap of most amorphous semiconductors decreases
- withincreasing temperature and hence the associated absorption edge shift.

In Figs. 14b and 15b we observe the absorption behaviour for the
specimens of Figs. 14a and 15a after annealing at 650 K. The indicant

~values of Eopl in Figs. 14a,b and 15a,b imply that a shiit towards higher

Eop‘ occured on annealing. .

. T
Increasing E_ on annealing is apparently. axiversal.® However there
are some data that do not support this new. L~vis®) showed that E_ 6f
a-As, Se, decreases on anncaling and, as we have mentioncd before, recent
data of Cody et al.*” showed that the absorption ‘ConZtant increases as T,
increases, associated with a decrease in E . o
*  Thus we feel ourselves obliged to deduce tha: there is still neither
universal behaviour of the shift in the exponential absorption edge versus
temperature nor a unique explanation of:ij_:f_-,oﬁgin.‘”‘

n explaining previously similar resiits of a-Si doped with As and In,
Makadsi wmind Haddad"? and Haddad"" attributed the increase in Lop ,upon
annealing to the decreased density of tail states, while the mobility edges
are assumed to be nea-ly independent of T,. We assume here, a3 inferred
from Figs. 12 and 13, that the ta’:iilth also ‘decreases. Consequently the
Eopl appears as if increasing. In other words the band edges become sharper
and the onset of E_, shifts towards higher photon energies. We-can not
come to the end of this discussion without refferring: to the recent work
performed by Makadsi and Alias® on the effect of doping percentages on
E e They showed that that E_, decreases with increasing doping
percentages in the range 0—3% for both B and P doped a-Si-prepared by
thermal evaporation. Thus one may deduce that'}.‘lopl of evap'oratcd a-Si

could be ccontrolled by varying doping percentages andfor T,.
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Conclusions

It has been shown that the electrical and optical properties of a-Si
thin films prepared by thermal evaporation depend on - substrate
temperature and doping percentages. The optical gap tends to saturate at
T, = 650 K and the hlgheﬁ conductivities are obtained at 3% boron or
phosphorus dopant lcvels .

We can infer from the Hiscrepanc:cs in the reviewed data on the E |
dependence on T or T, that'more experimental and theoretical works are
needed to calnfy a complex problem.
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