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1. Introduction

The following notes should provide a fairly detailed background
to my lectures at the 1982 Spring College on 'Amorphous Solids and the
Liquid State', In particular most of the diagrams are identical to the
slides and transparencies that will be discussed during the lectures and
this should help students in following the course. The text is partly
based on a recent review article by Spear and LeComber and includes many
relevant references to current work in the amorphous silicon {(a-si) field.

The lectures are cencerned specifically with the preoperties of a=Si
prepared in a radio-frequency (r.f.) glow discharge by decomposing silane
which may contain small amounts of doping gases. The subject has now reached
an important, perhaps even critical stage: the furdamental developments during
the 1970s in the fisld of glow discharge Si have established the considerable
applied potential of this material and we are now beginning to see a rapid
growth of applied developments, in some cases already on an industrizl scale.

It is therefore essential that the course should deal with both these aspects

and should attempt to relate the funcdamental insight into the material properties

with the applied possibilities which kave led %o the present world-
wide activity in the a-8i field.

The lectures are built arcund two aspecis of fundamental impor-ance
to the present developments, both of which arose out of “he work of *he
Dundee group. The first concerns the density of states in the mopility
gap of glow discharge Si, studied by the field effect and more recen®tly hy
other techniques. Already in 1972 our early field effect experiments lsd to
the realisation that a-Si possessed a remarkably lew level of gap states; this
is probably the most important single factor which makes a—Si into an
electronically viable material for fundamental and applied work. A direct
result on the applied side has been the a-Si field effect transistor disg~
cussed in Section 5, which could find application as a switching element in
large area addressable displays and in other devices.

The second crucial development was the discovery in 1975 that the
electronic properties of the glow discharge material could be controlled
very effectively by substitutlional doping from the gas phase; again, this
is closely related to the low gap state density of the material. The
possibility of doping has operned up the rapidly growing field of a-junction
devices, which will be discussed in Section 7 with particular reference to
the materials aspect,

We shall begin with a2 subject common to all following lectures, namely
the glow discharge technigue itself, Deposition systems, on a laboratory
and industrial scale, will be discussed, as well as some of the recent work

on deposition rate and the silane plasma.



2. The Glow Discharge Technigue.

¥With the limited information presently available on the processes
taking place in the glow discharge plasma, it is not surprising that the
techniques Cor the preparation of a-5i from a silane glew discharge were
developed largely on an empirical basis, Accordingly, we shall begin with
a discussion of reactors, techniques and deposition conditions which have
been found to produce electronically viable a-8i specimens, In Sect.2.4
some of the recent work aimed at a more As{ailed understanding of the plasma

will be summarised.

2.1 Radio Frequency Depositien Systems,

Glow discharge preparation units can be divided into two groups,
depending on the method of coupling the radio frequency (r.f.} excitation
inte the plasma. The first glow discharge deposition of a-Si was carried
out in an inductively coupled system by STERLING and his collaborators [1i{2]
at the 5.T.L. Laboratories. The same approach was adopted in the carly work
of the Dundee group on the electronic properties of the material [3j[4]and
inductively coupled reactors are still used as a convenient method for deposit-
ing small area specimens. Figure 1 illustrates the nethead. The gas G,
(silane or an appropriate gas mixture), is passed through a fused silica
reaction tube Q, between 5 and 10 ¢m in diameter. The pressure lies in the
range from 0.1 to ! torr at gas flow rates between 0.1 and 10 cubic centimetres
per minute at S5.7.P, A rotary pump RP, sometimes fitted with a Roots blower,
maintains the gas flow through the system, The substrate S is held op the
heated pedestal H, which is immersed in the lower part of the 2lew discharge
plasma P, The latter is excited by an external coupling coil connected to an

r.f. generator, normally operated at a frequency of 13,55 MHz.

t is important to nete that the film grows in clese centact wilh
the plasma and that its electroniec properties are ¢ritically dependent on
the interacticns taking place at the interface. In spite of the simplicity
of the basic arrangement of Fig.l the reproducibility and quality of the
specimens can be maintained only by careful attention to all the parameters
involved,. Electronic properties as well as hydrogen content are also
dependent on the dimensicns of the system, presunably as a result of floating
petentials on surrounding surfaces. In our experience the heipght of the r.f.
coll above the substrate is a sensitive variable, as are the substrate temp-
erature Td and the r.f, power level. It has generally been found (see Scot.3)
that for the lowest densities of gap states Td-values between 250°C and 330°C
are required, together with a low level of r.f..power (1-10W), just sufficient
to maintain a weak glow discharge.

The second type of deposition system employs capacitative eoupling.
Figure 2 shows a versatile unit of this kind designed by KNIGHTS [53i[(].4n
obvious advantage over the inductive system lies in the relative ease with
which the parallel plate geometry can be scaled up for the uniform deposition
of larger area specimens (see Sect.2.2). It can be seen that the upper
electrode, hclding the substrates, can either be connected to r.f. ground
potential (i,e. that of the surrounding metal box) or to the 'hot' . T,
electrode via the matching network and a coupling capacitor, In the latter
case the substrate surface will acquire a steady negative bias which, as shown
by KNIGHTS [6], can influence the material preoperties, Typical values of
parameters such as pressure, flow rate, substrate temperature and r.fr. power
mentioned above apply equally well to the capacitative system.

Figure 3 is a schematic diagram of a system that has been used in the
Dundee laboratories during the last few years, The main aims of the design

have been to reduce the contaminaticn problem and to achieve optimum versatility,



particularly for the deposition of multi-layer specimens. The stainless
steel specimen holder S and its electrically insulated heater H are mounted
vertically to reduce the deposition of small particles which are difficult
to eliminate completely from a plasma system. S is held in a demcuntable
quartz enclosure @ and the r.f. field is applied between the external elect-
rodes E which are electrically connected together and adjusted parallel to
the surface of S. The whole of the specimen holder assembly is insulated
from ground and can easily be withdrawn from the apparatus for substrate load-
ing. Two thermoccuples are incorporated to monitor the temperature of the
holder and of the substrate surface regpectively. Rotatable 'flaps' F have been
fitted which can be operated during a depositicn run to shade certain regions
of the substrate. Such a facility has proved to be very useful in the davelop-
ment of junctions and other multi-layer devicas. An obvious advantage of the
vertical arrangement over that shown in Fig.2, is that both sides of the helder S
can be used; in our largest unit this gives a total useable area of 200cm? .
R.F. generators, operating at 5.0, 13.56 and 40.88 MHz, can be connected
through a power c¢ontroller PC and a matching netwerk MN between the axternal
plates £ and the holder assembly 3. The gas handling system is made entirely
{rom stainless steel and consists of the five channels indicated in Fig.,3, all
connected to the mixing chamber M. Each channel is fitted with a mass flow=-
meter and a piezoelectric valve for electroniz flow and ratio-gontrol. In
addition severzl i-litre reservoirs such as 3 are cennected to 4, enabling the
Gperator to flow pre-mixed gases through the a¥ysitem. Mitrogen flushing lines,
essential for safe operation, are provided at several parts of the apparatus.
T8 waole system is normally xept uncer Aign vacuum groduced by the
33CO litre s—L cryspunp CF. e believe =hat this nelps sonsiderably in reduc-
ing cross=-contaminatisn from gases that fhave been used in orevioes nes, During a

deposition run CP s shut off and =he zas Tlow 1s maintained 9y the rotary pump RP,

The tubular furnacsz TF mounted in front of the pump decomposes the hydrides,
whiCh reduces contamination of the pump o0il and adds to the safety of the
system. The mass spectrometer MS is a useful part cf the unit, allowing
examination of a gas sample before deposition. Finally, to comply with safety
regulations, the whole apparatus, including the gas supplies, are kept in a
continuously ventilated enclosure which can be completely isolated from tne

laboratory.

2,2 Large Scale Deposition,

The reactors described in the previous section are useful in the research
or development laboratory for preparing a limited batch of specimens, but they
are hardly suitable for industrial production on a larger scale. The rapid
growth during the last few years in the field of a-Si photoveoltaic devices has
stimulated interest in the industrialisation of the glow discharge technique.

At the 198l Grenoble Conference, KUWANO and CHNISHI [7] of the Sanyo laboratories
described the design of what is probably the first industrial plant for the
production of a-Si devices.

As shown schematically in Fig.4, the system consists of five separate
vacuum chambers, connected by wvacuum locks. Trays loaded with substrates are
placed into the first chamber con the right and then pass in a continuous process
through the three central chambers in which boron doped, undoped and phesphorus
doped layers are deposited to form the pw-i-n photovoltaic junction. The main
advantage of separating these stages is that problems arising from dopant
contamination are completely avoided. The latter can partly be overcome in
the smaller systems described earlier, but would sericusly affect reproducibility
in a continucus industrial process. Another important point is that the
central deposition chambers are not exposed to air, except for occasional

maintenance.



In spite of the greater cost and complexity of the Sanyo system over
possible single chamber designs in which the gases are cycled, its advantages
are considerahle and it is likely that future industrial developments will

follow along similar lines.

2.3 The Deposition Rate and the Use of Higher Silanes.
Experience has shown that high quality a-3i films have to be prepared

s ' -1
in the silane glow discharge at deprnsition rates of less than about 33 s

and with the minimum r.f. power. Under these conditions ion and electron ener—

gies in the plasma remain sufficiently low to reduce defect formation at the
growing surface toc an acceptable level. The present limitation imposed by the
deposition rate is not teo sericus in laboratory work involving specimens a
fraction of a micron in thickness. However, for thicker films such as those
discussed in Sect.7.4, deposition times tend to become unacceptably long.

Can this limitation be overcome?  Recently SCOTT et al [8]{S] have
investigalted the deposition and electronic properties of glow discharge a-5i
specimens produced from di-silane (SiEHG) and tri-silane (SiSHB), botn of which
form less stable molecules than the monc-~silane used in the previous work. The
encouraging result was that with a low r.f. power (2W in an inductively coupled
system) the deposition rate from the higher silanes was more than 20 times
larger than that obtainable from Sin. ¥oreover, films up to 20um thick

could we depcsited, prezumably because of reduced film-substrate strain.

According to the information published so far, the electrical and photo-
crnductive propartias of fiims rapidly decosited from 512H6 eppear to be

substantially the some a5 those obtained in gpecimens fron SiH, but produced at
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a much smaller rate.

In view of the comparatively high ccst of commercially available di-
silane, it is tempting to explore the possibility of producing higher silanes
directly within the present experimental set-up. Figure 5 shows the method
adopted by OGAWA et al [10] in their recent study of enhanced deposition rate.
Higher silanes are formed by circulating mecno-silane through an ozoniser
tube connected to a 6kV transformer and condensed into a cold trap. Remain-
ing gaseous prcducts, such as hydrogen or SLHA, are then pumped away. The
mixture of higher silanes is introduced into the glow discharge by allowing the
trap to warm up. OCAWA et al deporited specimens in this apparatus at a rate

exceeding 6ok 5"1 and a substrate temperature of 350°C. Meagurements showed

that the optical gap, the activation energy and the dark-and photo-conductivities

are substantially the same as those obtained from mono-silane at appreciably
lower depos;tion rates.

The recent developments described in this section are most encouraging
and, provided the performance of a-8i devices can be maintained at the hignher
depogition rates, could prove to be of considerable importance in large scale

applications of a-8i.

2.4 Recent Studies cof the Silane Plasma.

In spite of the widespread use of the glow discharge techniques dus-
cribed in the previous secticons, the reactions taking place in the silane
plasma, and particularly at the plasma-substrate interface, are still larpely
unknown. in the following we shall discuss briefly the nature of the pleasma
and summarise some of the present weork aimed at a closer understanding of the
processes involved in the deposition of a-Si.

The weak glow discharge employed here produces a dilute plasma state

which comprises a wide variety of species: electrens, lons, excited neutrals



(both free radicals and ges molecules), and photors. All these participate
in the interactions %o varying degrees. The electrons possess average energies
between 0.5 and SeV, which means that their effentive temperature is 10 to 100

. . . v 10 .3
timzs that of the gas ﬂTd). Electron densities are about 107 en '
epproximately equal to that of the positive ions, The r.f. glow discharge

is maintained by inelastic electron collisions, which in the case of the zilahe

plasma lead to reactive neutral species such as SiH, Sin, SiHB, SiEHa'
H, H2 and ionised species SiH+, Sini, SiH3+ etc. More detailed inform-
aticn on the silane glow discharge is given in the review article by
GRIFFITH [11], who also considers likely electron impact processes which

lead to the above species.

Figure 6 is an example of a typical optical emission spectrum from a
pure silane glow discharge plasma obtained by MATSUDA and TANAKA r12]. The
r.f. power was 20W and, by means of ap optical fibre system, the emission from
a region close %o the substrate could be recorded. The spectrum shows primary
neutral species such as Sid, H2 and the H, and Hﬁ lines of the BALMER series,
The prominent SiH band contributes to the violet appearance of the silane glow

discharge, Species such as SJ'.H2 and SiH3 have no known emission spectrum,

3. Field Effect and the Density of States in a-Si.

The work on a-5i during the last decade has dem6n3trated the critical
dependence of the electronic properties of this material on the density and
distribution of localised states. The independent measurement of the
distribution function gle), defined as the number of states per unit volume

in unit energy interval, is therefore.of considerable importance. In fact

the g(e) measurements on a-Si in the early 1970s,using the field affect tech-
nigue {13}[14][15]{15}, provided a wealth of information on the effect of
preparation technique ang deposition cenditions en gle); this contributed
greatly to the subsequent development of the subject. In spite of the

difficulties of the experiment and particularly the analysis of the data, the

field effect experiment still appears to be the most promising approach to
the determination of g(e¢}, Recently, for example, it has been used to
study the effect of hydrogen evelution and of illumination on the creation of
defects in a-5i, Furthermore, the field effect experiments
on a=5i have led to the development of the thin-film transistor which forms
the subject of section 5.

The aim of this section is to review the principle and 2nalysis of the

field effect experiment, discuss the calculated density of state distribution

and finally compare these with the results from independent measurements.

3.1 Principle and Experimental Details of the Field Effect Experiment.
In the experiment, the localised state distribution is investigatad hy
displacing it with respect to the Fermi level € This is done by means of
an external electric field, applied in a direction normal to the surface of
the film to be studied. The energy range moving past €p @5 the field is
inereased, can be calculated from the measured changes in the specimen conduct-
ivity. The major experimental problem consists of applying as large a fieid
as possible without any significant leakage current into the specimen,
Figure 7 shows two arrangements that have been widely used {14] @5]. In (a) the
a=5i film is deposited directly onte a thin {= 170um) quariz substrate @,
which alsc acts as the dielectric for applying the external field. The other

surface contains the narrow gate electrode G which is carefully aligned with

the gap between the source and drain electrodes, § and D, deposited on the



free surface of the a-5i film. The measurement consisis of applying a
relatively small constant voltage VSD between the source-drain contacts and

recording the specimen current ID as voltages V,, of up to 10-15 KV, are

@
applied between the gate electrode and the free surface of the a-5i, which
will remain essentially at earth potential. lieasurements are made for both
positive and negative VG.

The main disadvantage of using the gquartz substrate as the dielectric
is the necessity for large gate voltages. This can be cvercoma by the
thin-film insulator shown in Fig.7{b; [14][19.4 film {X 1um) of amorphous
silicon nitride (a-Si-M) is deposited by the glow discharge process onto a
substrate which carries the evaporated gate clecirode G. The a-51 is
deposited directly onto this Si-N film znd source and drain electrodes are
then evaporated as befcre. In this way much higher fields can be applieg
with comparatively low voliages, significantly extending the range of meszsure—
ments.

In addition to providing important information on the localised stute

density, the field effect experiment also gives the sign of the majority

carriers in the amorphous sample.

The magnitude of the changes in ID are critically depend-
ent on the magnitude of g(e) in the material, with a low gle) giving the
largest changes, Evidently, useful information about the general features
of gle) ¢3n be obtained directly from the experimental data.

The field effect experiment can, however, suffer from one major
limitation which in extreme cases could invalidate the above general
conclusions. Underlying the interpretation of the data is the basic
assumption that the localised states which screen the field are represent-
ative of a volums distributicn rather than interface states. Little is

known about surface states on amorphous semiconductors and we have always

taken the view that the only reascnable way to test the above assumption
is to assess critically the deduced distribution in the light of measure-
ments of other volume properties [17 ].  We shall return to this point in

Sect.3.5.

3.2 Field Effcst Results on a-Si.
3.2.1 Glow Discharge Samples
Figure B8 shows a number of field effect curves for plow dis-

charge 5i specimens deposited at T, =~ 250°C [14]. The results in Fip.8{a)

d
were ohtained using Si-N as the dielectric, those in Fig.2{(b} with gquartz.
The most obvious‘feature is the large rise in ID when VG increases in the
positive direction. This leads to the conclusion that the overall density
of states is relatively smail and also that the current in thess specimcns
is carried predominantly by electrons, In contrast, samples produced at
Td < B0°C invariably indicated p-type conduction as shown in Fig.9 (a) for

& specimen deposited at T, = 40°C onto a S5i-N dielectric [1a]. In addition,

d

the overall change in ID is minute compared to that in high T, samples,

d
indicating a significantly larger density of states.

Figures 9 (b} and (c¢) illustrate the-effect of annealing the low
Td specimen [ 14 1 After the first stage of annealing at TA = i40°C,

(Fig, 9(b)) the specimen has undoubtedly been converted to predominant electron

conduction and its state density at the Fermi level has been reduced.

Further annealing at TA = 210°C (Fig. 9 (¢)) continues this process very
effectively, as is apparent from the large increase in the range of ID

which now extends over three orders of magnitude.

3.2.2 Evaporated and Sputtered Samples.
In general, field effect experiments on evaporated specimens

either gave no observable change in ID' or a very small p-type response,
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even at the highest gate voltages used, unless the samples were subsequently
annealed or were cvaporated in a peor vacuun [14]. Similar results have
also been obtained on samples prepared by sputtering, However, it is

possible to significantly decrease gi{€) of this material by sputtering in

2 gas mixture centaining hydrogen.tiqj.

The experiments support the suggestion, based on electrical
conductivity, drift mobility and optical data [4][14 ], that evaporated end
sputtered films have a much higher localised state density than glow dis-
charge specimens, leading to significant differences in the optical and
¢lectrical properties,

In the next section we summarise the approaches that have been used

to calculate the density of state distribution from the experimental field

effect data,

3.3 Analysis of the Field Effect Results.,

The calculation of g{e¢) from the experimental field effect data is
a complex problem which has attracted quite a lot of attentiun duripg the
last fow years. All the methods of analysis, discussed in the following,
involve two common assumptions; first, the semiconductor is homogeneous and
secondly, the effect of interface states can be neglected except that they
may, if present, produce band bending at zerc gate voltage, The validity
of these assumptions wiil be discussed in Sec,3.5.

We begin by considering the step-by-step method of analys;s in which

gle! is progressively deducsd from the observed current ID as VG is inereased
Le Comber

in equal steps aV,,. This appreach, developed by Scear and / for the anmalysis
=1

of the early field effect resulis on a-5i 113 ], involved in its original form

three simplifying assuaptions, The first of these was concerned with the

potential profile V{x) in the semlconductor, which was assumed to have the
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form of a Schottky barrier or an exponential barrier; this neglected the
effect of the localised state distribution on the shape of the barrier

{c.f. Sect.7.l1). Poisson's equation can then be solved to relate the band
bending uEkT at the surface, (see Fig.7(c}), with the spatial extent x of

the barrier. By integrating the current contributions throughout the sample
thickness it is possible, at sny step in the experiment, to determine u and A
from the measured ID. Finally, the total excess charge eNs induced in the
semiconductor at the given VG is required. This can readily be calculated
from the known capacitance between gate and semiconductor.

The next problem consists of deducing g(e¢) from eNS. ug and X as the
distribution is moved past e by the AVG steps. A simple solution, adopted
in the earlier work, rested on the assumption that the induced charge carriers
occuplied previously empty states within uSkT of €g over a distance ). This
implied {i) zero temperature statistics and (ii) abrupt band bending’
inconsistent with the above form of Vix). In a subsequent publication 1]
these twe approximations were removad; the simple procedure was initially
used to obtain gle) to first approximation. Based on this solution, the
form of the field effect response curve was calculated by numerical methods.
Small changes in g(e) were then made until agreement between predicted and
experimental curves was achieved. The werk showed that the main quantitative
change produced by this refinement was to increase g{e) by a factor of
between two and three.

Even the refined step-by-step method still relies on an assumed form
of V(x). This limitation was removed by GOODMAN and FRITZSCHE [19] who
started the analysis with a trial solution for g{c), and obtained a numerical
solution of Peisson's equation with a self-congistent Vix). g{e) (and Vix))
were then modified until the predicted and experimental field affect character—

isties agreed. Although more exact than the step-by-step procedure, this
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approach involves considerable computing time and produces results that differ
from the simpler method by less than a factor of two (see for example Fig.3
af ref.[19]). Subsequently, it has been pointsd out and demonstrated by a
number of authors [20]{21][22],that the Goodman-fritzsche method can be
simplified by a change of the independent variable in Poisson's equaticn,
with a significant reductien in computing time.

A basically different approach was followed by GRUNEWALD et al [23]
who published a method for calculating the induced space charge density £(v)
directll frem the experimental data. The density of states has then to be

found by deconvoluting

rm
giv) = °j gle) [fle—eV) = f(g)] de - (3)

where f{ ) isthe Fermi distribution function.

We mentioned earlier that all the methods of analysis assume that
the only effaect of interface states might be to produce some band bending
at zero gate voltage. The calculated values of g{e), at least near e

are sensitive (within a factor of 2 to 3) to the choice of the flat-band

positicn on the V¥ ~axis. This value can not be determined unambiguously from

G

field effect data at a single temperature. However, it can be deduged, at
least in principle, from experiments at different temperatures 1 ]fez].

In summary the detcrminzation of gle) from field effect data is a

complex problem that can only be solved either Ly making a number of simplify-

ing assumptions, as in the step-by-step method, or by numerical techniques
involving a trial solution for g{e) which is then adjusted until agreenent
between the calculated and experimental field effect conductance is obtained.

Generally, these two approaches lead to similar results, although small

features in g(s))sometimes found by the former,are not always uniquely determinegd

by the latter,
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Finelly, before discussing some of the calculated g{e¢) results, it is worth
noting that the neglect of interface states and the difficulties associatcd
with the choice of the flat-band voltage, probably introduce larger
uncertainties in g{c) than those produced by the different methods of

analysis!

3.4 Discussion of Calculated g{e¢) Data.

Figure 10 shows the caiculated density of states [14][15] for a
mumber of glow discharge a-5i filma, deposited at the indicated values of
Td' g(e) is plotted against the energy nermalised to the electron mobility
edge at cc; the positicn of the Fermi level for each sample is indicated
by the arrow. The full-line portions were calculated from the experimental
data and the dotted parts were based cn an extrapolation procedure. The
results range from L% situated about 0.2eV below €ar to almost Ey which was
previously associated with hale hopping transport [ 4 I- The curves in
Fig.!0 lead to a number of important conclusions [1ta}: (i) the overall

level of the localised state density, at least between €y and ¢,, Is a

A
strong function of the depesition temperature; (ii) a minimum in ale) exists
c¢lose to the centre of the gap; (iii) g{c) increases as ¢.~¢ approaches e,
which, in agreement with conductivity and photoconductivity resulis [24], is
situated at ccvgy:z 1.2eV; (iv} between €4 and < there i3 a rapid increase
in g(e), which has been identified with a range of electron tail states,
about 0.2eV wide. Sample 1 in Fig.,0, deposited at Td = 300°C, is repres~
entative of the high-Td specimens. It is clearly n-type and the density

of states near the centre of the gap is remarkably low, £ 1017cm—3ev_l

.« As
the deposition temperature is lowered, the generai level of gl(e) increases
and £y moves closer towards the centre of the gap, Eventually for specimens
deposited at Td < 350K (sample 6a for example), the Ferami level has moved so

close to gy)that the dominant conduction mechanism is now by heles hopping at

this energy.



Substitutional doping in a-51 {see Secw.3} has made it possible to
shift er throughout sost of the mobility AP, so that g(c) can' be determined
for high-Td spacimens over a larpe. mrergy range than covered in Fig. 1a
Figure i1 ineludes the results for a number of uncdoped and comparatively
lightly doped samples. The gle) data in the centre of the gap were deterw
mined as before on undoped material, The Fermi level positions denoted by

Ergt Erg and L refer to specimens deoped with an increasing level of P, and

ﬁhe results give more infor - “sn on glz) in the region of the =slectron tail

states, On the other hand, light B~doping moves Ep towards the valance band

and extends the g(e) range to energies of over 1.2eV below €. It must, however,
be emphasised that the results obtained in Fig.1l with the doped specimens give
no informaticn on the effect of doping on g{e) in the central region of tie £ap.

It is pessible that moderate or heavy doping can produce an increase of glc) in

this energy range.

3.5 Comparison of the Deduced g(¢) with other Measurements,
The calculation of g{g) from the field effect experiment rests on
the basic assumptions that the effect is representative of a homogeneous
bulk preoperty of the a-5i and is not dominated by interface states at the
gate insulator. In our view the best test of this assumption is to compare
the gle) data with independent measurements of the bulk properties {13][24]
[ 18] 18- The evidence from extensive electrical and optical measursments

has been reviewed in geome detail praviously [17] and we shall therefore

refar here only briefly to this work,

Measurements of electrical conductivity [ 4 ], optical apsorptien (24}
]

photoconductivity [25] and drift mobility [3][4]all provide independent
sSupport for the general features in g{e) shown in Figs. 10 and 11

Further-

more the effect of doping, either from the gas phaseéﬁl&iﬁr by lon

implantationfgaljr_zg]Jalso provides evidence for the broad minimum in g(e)

near the centre of the gap and the rise in gle) near €, and <y It can
thersfore be concluded that,in spite of the difficulties assocciated with
the field effect and its analysis, it does provide us in a-5i with a
density of states distribution that is consistent with independent measure-
ments of bulk properties.

The technique of deep level transient spectroscopy (DLTS) has
recently been applied to a~Si [30][31][32] and the results were used to
deduce the density of localised states. As with the field effect, certain
assumptions had to be made in order to calculate bath the magnitude of gle)}
and the energy scale. However, the above authors stress as a major
advantage of DLTS over the fiaeld effect technique the fact that it leads
to a true bulk density of states, unaffected by interface or surface states.
In their original paper COHEN et al [30] deduced g{ec) values for two samples
in which the conductivity was considerably higher than normal, although
these films were not intenticnally doped. Values of g(e) as low as

14cm~3ev_l were reported, but these values were increased in a sub-

2 x 10
sequent publicatien {32], and are represented in Figiz by the line markesd
DLTS. Comparison with a typical field effect g(e) denoted by F.E. in
Fig. 12, shows that as well as giving significantly lower g(e) values, the
DLTS technique alsc suggests a widely different distribution with a deep
minimum in gf{e), 0.4 to 0.5 eV below o

The analysis of space charge limited current flow in a-5i provides
an independent alternative approach to the g{e) problem. It is particularly
relevant in the present contreoversy, because there is no doubt that the

space charge limited current (SCLC) is determined by the volume distribution

of localised states. Extensive weork on 3CLCs in a-Si has recently been




carried out by DEH BOER [33] and by MACKENZIE et al {34] in our labzratory.
A typical current-voltage characteristic for the highly injecting n+—i—n+
structures used is shown in Fig.zo (Sect.7.2). Yith relatively minor
approximations these measurements lead ts the bulk g(€} values shown by

the peints and the dashed line in Fig.is f3a].  The full line marked D.B.
represents the average of DEN BOER'S [32] results. Clearly, there is
satisfactory agreement between the results obtained in the two laboratories
on different specimens, Furthermore ° . values of g(e) in the range

16/ 10]7cm-3ev_1 and follow the shape of the

investigated lie between 2 x 10
field effect data rather than that from the DLTS studies, On this basis
it would appear that the DLTS technique considerably underestimates the
density of states in a-Si. In view of the uncertainty by a factor of two
%o three in the precise magnitude of g{e) from field effect and the some-
what smaller uncertainty in the data from SCLC, it also appears from Fig.12

that interface states can have relatively little effect on the field effect

results.

4. The Transpoert Properties of Glow Discharpe a-5i.

As the transport properties and mechanisms in a-semiconductors have
been dealt with in previous lecture courses we shall confine ourselves in
this section to a brief summary of these properties for a-3i prepared by

the glow discharge process,

4.1 Conductivity and Drift Mobility

The electronie transport in undoped a-Si has been studied extensively
during the early 1970s by the Dundee group. In particular the combination
of conductivity and drift mebility experiments has led to important conclusions
which have stcod the test of time. As shown in the previous section, the
density of state distribution depends ¢ritically on preparation conditiens and
the same applied to the transport properties, Unless otherwise stated, the
following results refer to specimens deposited under optimised plasma conditions
(see sect,2.1) and at a depositicn temperature of TD = 300°C,

(i) The temperature dependence of conductivity and drift mobility

o
[3]1[4] shows that at T ¥ 250K electrons propogate in the extended electron

States at ¢ with a mobility-uc between 1 and lOcm'V”ls-l. Below that
———————

temperature, phonon-assisted hopping through the localised tail state

distribution near»eA {gee Fig.11) begins to predominmate. The hopping

mobility is about 10 “emv lsl,

(ii} The observed conductivity activation energy for undoped specimens
is 0.70 - 0.75eV, which represents LR extrapolated to T = 0. 4s discussed
in the paper by Anderson and Spear [35] the Fermi level position is likely to
be determined by the overlap of two distributions of states. Although the

hole mobility v, in the extended states at s, is believed to be similar to oo
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holes contribute little to the observed thermal equilibrium conductivity
in undoped specimens. The reason is the asymmetry of ef in the mobility

gap which makes Epme, S Q.95eV,

(iii) The measured drift mobility of excess electrons and holes is
controlled by a multi-trapping process. During transit, excess electrens
interact by trapping and thermal release with states near s [31[4]: excess
heles interact with states near the &y maximum [36] which makes the hole

drift mobility about 1/100th of that of the electrons.

(iv) Decreasing TD moves €r into the centre of the mobility gap:
electron transport predominates up to €-Fp T 0.85eV. But in specimens
prepared at TD ¢ s0¢ec, € lies in the lower half of the mobility gap and the

predominant transport mechanism is by hopping, probably in the region of

Ey [15}].

(v) In phosphorus doped specimens, drift mcbility experiments show
that a fraction of the excess electrons propagate by hopping through the donor
states [37]{38]. From the dependence of the hopping mobility on the average
denor separaticon it is deduced that the donor wave functions in a-5i extend

about 228 around the phosphorus donor.

4,2 THermo-electric power

The thermo-electric power, S, is determined by the weighted
average over the energy difference between € and the various current
paths through the snergy spectrum, The sign of S gives unambiguous
information on the predeminant charge carrier, As shown by the extensive
work at Marburg [39] and at Jundee [40][387, measurement of S provides an
extremely sensitive and ¢lear-cut method for the study of the electronic

properties of a-Si and other a-semiconductors. It is of interes* <o compare
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the value of ec-cf deduced from thermo-electric power with that from
conductivity measurements, Small differences (0,05-0.1eV) are cbserved
at room temperature which disappear at higher T in carefully prepared

specimens. The effect has been ascribed to long-range potential fluctuations

[41) in the current path at € -

4.3 Hall Effect.

Hall Effect measurements in a-materials are no leonger the useful and
interpretable approach to transport studies which they were in crystalline
semiconductors, Nevertheless,the theory of the Hall Effect in non-
crystalline solids, where long-range order is absent, provides interesting
fundamental problems [42][43], One of these is the double reversal in the
sign of the Hall coefficient for n- and p-type a-Si, first demonstrated by the
Dundee work [44][38]. It is significant that this effect disappears as soon
as a very limited amount of long range order is established, as is clearly

shown by the results described in section- 8.3.

4.4  Photoconductivity

The high phetoconductivity of glow discharge a~-35i is of considerable
fundamentzl and applied interest. Qur early work an this subject was
concerned with the spectral dependence and with the lifetime of photogensrated
carriers as a function of deposition temperature [241[15]. A subsequent
paper ,25] dealt with the temperature dependence of photcconductivity, the
recombination process and its relation to the density of state distribution.
In a good undoped specimen the recombination lifetime of the photogenerated
aelectrons approached 10_55. As shown in/égge recent study of the effect of

doping on photoconductivity {35], light phosphorus deping leads to a remark-
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able sensitisation of the photoresponse. This cccurs when €Fr is
reduced to values below 0.6eV and £, moves through the 'tail' of positively
charged states, filling these centres, The lifetime of the photo-electrons
then increases to values above 10_43.

In summary, the most signitficant transpert property of glow discharge
Si discussed in this section iz the existence of predominant extended state
conduction at reom temperature and below, a feature which is of course

directly related to the low overall g(e) that can be achieved.

5. The a-5i Field Effect Transister and its Possible Avnlications.

The field effect experiments deacribed in gsection 2
demenstrated that a-Si deposited by the slow discharge process has a remark-
ably low density of gap states, which i3 a basic requirement for most
electronic applications. Another advantage of the glow discharge technique
is that it can be used to deposit scauentially thin layers of different mat-
erials, simply by chanzing the gas composition. This procedure has found
increasing use in the development of the a-Si field effect transister (to be
referred to as FET in the following} which forms the subject of this section.
The possibility of this application was originally suggested by the field

Ld
effect studies in the 1970s 113Ji14]L”hiCh showed that large current changes
could be obtained for moderats fields produced by the gate electrode,

In 1978 the Dundee group and colleagues at BERET, Halvern, jointly
proposed the use of a-51 field efTect devices in the addressing of liguid
crystal matrix disnlays 2s an aiternative to the thin film Cd3e transistors
which had been developed by BRODY and co-workers {as]. They rcasoned that
an elemental covalently bonded material such as a-Si should have distinct

advantages over the more complex II-VI cempounds as far as ease of preparation,
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reproducibility and stability are concerned. The design and characteristies
of an a-5i insulated gate FET suitable for driving liquid crystal displays were
published by LE COMBER et al [4g], and experiments at RSRE showed that such a
device could switeh liquid crystal elements satisfactorily,

In the following we shall consider the design, characteristics and
fabrication of a-Si FETs and discuss their possible applications in address-

able liquid crystal displays, logic circuits and image sensors [47].

5.1 Design and Characteristics of Elementary Device.

The basic design of the a-Si FET element i5 shown schematically in
the insert to Fig.13. It represents a direct development of the arrangement
originally used in the fleld effect experiments described in Sect.3.1. a
metal electrode, typically SOum wide, is first evaporated cnte a glass
substrate to form the gate electrode. A tchin insulating layer, Q.4um or
less, of amorphous silicoen nitride (Si-N), is thern deposited by the glow
discharge technique te form the gate dielectric. This is followed by an
a-81 layer, alsoc a2 few tenths of a um thick. The final step consists in
depositing the required pattern of source and drain centacts on to the a-Si
surface. It is an essential point for any future application of these
devices that large area arrays can be produced reproduceably and cheaply,

In this connection it is most important that conventional photolithographic
technigues nave been succeastully applied to the fabrication of arrays of a-Si/
Si-N FETS [487,

The de performance of an elementary device with a 40pm channel length
and a S00um channel width, produced by photolithographic tecnniques, is
illustrated by the transfer characteristics shown in Fig.13, The source-
drain current ID is plotted logarithmically a2gainst the gate voltage VG far
drain potentials of 2V, 1ov, and 20v, It can be seen that with +15v on tha

gate, drain currents in excess of luA can be achieved for drain voltages as
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The radiation hardness of a-5i FETs could be significant in some

applications. Preliminary results obtainad with y-radiaticn froam Cobalt 60

indicate that doses up te 11 trads, the maxinum used, have relatively little

effect on the dc characteristics of the devices.[ag]_

5.2 Application ©  Audressable Liguid Crystal Displays.

Liguid crystal displays are potentially very attractive for large-
area applications as they are low power devices and have pood vigibility in
high ambient light conditions. However, the difficulty of multiplexing
large arrays of sﬁch devices has so far limited their use. If a small non-
linear device, such as an FET, is used to control sach display element, much
larger arrays could in principle be addressed. Liquid crystal devices
typically require an oo drive signal of 3-6V without de component, as the
latter tends to degrade the material, The device responds to the rms value
of the ac signal, and has a threshold of 1-2V rms, Voltages below this level
will net turn on the display.

In the following we shall begin by lecking at the fabrication of tha
a-51 FET array and then review its dynamic behaviour in a liquid crystal
display. A more extensive discussion is given in references [47] and {48 j.

Figure 14 shows a schematic diagram of a number of elements in the
display panel. A transistor is incorporated in a corner of each element
of the array. The FETs are interconnected by means of ¥ and Y buses, Gl'
G2... and Sl' 82..., linking gate and source contacts, respectively. The
drain contact of each transistor is connected to the ITO squares, D. From
the section through the panel in Fig.14bit can be seern that the liguid crystal
material is sandwiched between the substrate carrying the FETs and an ITO

coated glass top plate which is noramally returred to ground. The liquid

crystal element is thsrefore in series with the drain circuit and behaves
electrically as a capacitor CLc wifh some leakage resistance R

Figure 154) . shows 3 section *hrough an individual a-5i device and
Fig.igyillustrates the design of the FET in part of the matrix array 48 ;.

As stressed above, all processing is carried out by standard pnotolitho-
graphic techniques and with conventional etches.

The transient behaviour of an FET in the matrix is mainly determined
by the capacitative loading of the liquid crystal element. (CLC in Fig.14{9j).
This aspect has been investigated with CLC = 10pf, corresponding to ITQ
elements of lmm sidelength. when the FET was switched on, the required drive
potential across CLc of 3V was reached in 30-40ys. On the other hand, the
charge retention on the elementary capacitor in the off-state of the FET is
limited by leakage through the liquid crystal material to about 40ms. It is
therefore possible, even with the present devices, to address about 1000 lines
in this time [48],

We are presently assessing the performance of panels containing 20 x 25
elements, each lmm’ in area. The good uniformity of the transfer character-
istics of elements within a panel and their reproducibility in different
depositions is encouraging. 3¢ far, the information on long term stability
of the a-3i devices is still scmewhat limited. In a test an element has
now been run at 100 Hz with Vs = + 10V and VG = 15V for 18 months, i.e. for
about S x 109 switching operations. There has been no sign of deterioration
or change in transfer characteristics of this device, whigh is unpassivated

and unencapsulated.

5.3 Application of a-$i FETs in Logie Circuits,

Recently, MATSUMURA, HAYAMA and co-workersshowed that an integrated
inverter circuit [50] and an image senmsor {51] can be fabricated from a-Si
FETs. The devices used in their work were made from a-31 deposited in a de

glow discharge and with low pressure CVD 5102 as the gate insulator {8 ).



Although these FZms were relavively leaxy and had a slow turn-on they
demonstrated the feasibility of using the a-%i techrology in these circuits,
At the same time work in our laboratory has bLee- cengerned with similar
applications {527, initially aimed at providing integrated a-Si drive circuits
far the liguid crystal display panels discussed above.

Fig.18a shows a section through an integrated invertor and also its lay-
out in plan view. The input voltage is applied to the gate of the FET, the
sourcg 15 connected to ground and the oo we- taken from the drain connection.
To obtain the apprepriate value of load resistance z doped a-Si layer, about
2504 thick and about 3 X 108 243 , was deposited. This was etched away fronm
the source-drain gap of the FET after the top Al metallisation, leaving doped

a-51 under the source and drain, which had the added advantage of improving

the electrical contact at these electrodes.

The dashed curve in Fig.leb shows the transfer characteristics of such
a device having a load of approximately 3010 and messured with a supply
potential of 15V, The inverter logic is clearly seen: the output chsarges
from about 14.5 to 2V as the input swings from atout § ta 15V, The full line
in Fig. wh shows the characteristics of three such devices connected in sari=s,
As well as sharpening the characteristics this demonstrates the important peint
that the output from one device can he successfully used as the input for

successive stages,

By simple extension of the above basic design, logic circuits
such as NAND and NOR gates as well asbi-stable maltivibrators have been
produced [47][52]. As mentioned previgusly, one of the primary aims of
our present work is to investigate the pessibility of drive circuits for
the liguid crystal panecls, Of particular importance in this respact is the
fabrication of a shift register to address sequentially the gate buses Gi’
G2,..... in Fig.14, Recently a four stage shift register using a-$i FETs

has been made [47](52) in which each stags can shift & 20ms pulse by 10ms.

All the circuits menticned in this section are slow Ly erystalline standards.
At present they are iimited to the kHz range, although it must be empnasized
that the expleratory a-S5i devices described were in no way optimised for spzed

of response.

5.4 Addressable Image Sensing Elements.

In this section we review the work of FATSUAURA et al [51] and our resul ts
on the a-5i image sensors [52]. The circuit used by both groups is shown in the
top part of Fig.17 and is that originally suggested by WEIMER et al®3 ] . Light
incident on thc a-5i photocenductor charges up the capacitor whilst the FCT is
off. The FET is ther pulsed on and the capaciter discharges rapidly, providing
an output current pulse the magnitude of which is a function of the light intens-—
ity, Figure 17 shows the magnitude of the output current pulse as a function of
light intensity for gate pulse frequencies of 2, 20 and 40 Hz (521. The output
current at 20 Hz, for example, varies by over an order of magnitude as the light
intensity is varied from 10 to 1000 1lux. These relatively large changes in
eutput current sugpest that operation with a grey scale should be feagible.

Further work on this potentially important application is presently being

carried out in a number of laboratories througheut the world,

6. Doping in the Amorphous Phase.

This section is concerned with substitutional doping of a-Si in the
glow discharge plasma and also by ieon implantation. The possibility of
adP.G LeComber
efficient doping in the a-phase was demcnstrated by the author /in 1975
[26]1{2771 and led to the first a-5i p-n junction [54]. This development has

removed cne of the main limitations of a-semiconductors and opened up exciting

possibilities for both Tundamental and applied work,
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6.1 Control of Electrical Properties cf a--Si by Gas Phase Doping
The mechanism of subkstitutional doping in an a-semiconductor differs
basically from that in the crystalline material, bocause chanpes in electrieal

properties are brought about primarily by changes in the gap state occupation.

]

£, for example, ND substitutional donors are incorporated, practically all the
excess electrons will condense into empty gap states near the Fermi lewvel,

displacing the latter towards €, by an amount Ae For sensitive doping

£
Begs which is of the order of ND/g(ef), should be as large as possible; a

low level of gap states is therefore an essential condition. The field effect
measursments discussed in Sect.3 suggest that preparation by the glow discharge
technique should be a rmost promising approach. It was in fact on the basis of
these results that we started the first doping experiments in 1975. Reference
to Sect.3.3 explains the reason for the insensitivity to doping of evaporated a-
semiconductors, Although it may be possible to incorpeorate donors or acceptors
into the material, the overall g{e) is toc high to allow much change in the Fermi
level pesition and consequently in the electrical properties.

Gas phase doping in glow discharge Si or Ge is carried cut by introducing
small but accurately controlled amounts of phosphine (PH3) or diborane (BZHS)
into the reactor by means of the gas handling system shown in Fig.3 (Sect.zd)

The gascous doping ratio D is defined as the ratio of the number of phosphine

(or diborane) to silare molecules in the mixture. Ratios as low as 10’6

can be obtained by pre-mixing in the reservoir R (Fig.3), whereas for D
values exceeding 3 x lo_d, direct electronically controlled mixing during the
deposition run is sufficiently accurate.

Figure 18 sunmarises the doping dependence of the roem temperature
conductivity Tar in glow discharge $i, 9ap is plotted against the deping
ratic~- on the right side of the diagram for phosphorus doping and on the left

for boron doping; the centre refers to the undoped material, The results

illustrate the remarkable control of the conductivity that can be achieved in

a0

carefully prepared specimens. Curve {(a) represents the typical dependence of
specimens prepared in the deposition unit shown in Fig.3. With D = 10'5,
Gpp O the n-side has been increased by an order of magnitude over that of the
undoped specimen, and the highest doping ratio of 10-2 leads to
Opp 3 2 x 10—2(Qcm)-1.

Light boron deping first meoves L inte the centre af the mobility gzap,

- -1 :
where ¢ . reaches its 'intrinsic' value of about 10 1z(nc:n) . The specimen

RT
then turns p-type and the rapid rise of Tgm with further boron doping indicates
that hole conduction has taken over, which is alsc confirmed by the =zign of
the thermoelectric power and by the field affect.
From measursments of the temperature dependence of g it is concluded
that, by doping, the Fermi level position can be contrelled over about 1.2 oV,
essentially between the onset of the electron and hole tail states. This has
alsoc been confirmed by photcemission measurements [55]. The information
summarised in Fig. 18 leaves little doubt that systematic control of the elect-
ronic properties of glow discharge Si by P or B doping is a very real possibility.
Curve (b} included in Fig. 18 shows the originally published daping
results [27] obtained with specimens from a smaller capacitatively coupled

system. Comparison with (a) suggests that doping in the larger deposition

unit fFig.3 is more effective, particularly on the n-side.

Figure 18 also inc¢ludes results for microcrystalline 5i specimens prepared
directly in the glow discharge (curves c,d and e). These will be discussed

in Sar . 8.2.
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6.2 Deping by Ion Implantatioen.

In the field of crystalline semiconductors ion implantatien has become
an important doping technique. It appeared, therefors, of fundamental and
applied interest to explore the feasibility of this technique in the doping of
an amorphous semiconductor. In a paper presented at the 1977 Zdinburgh
Conference [28)we were able to shcw (in ecollaberation with colleagues at the
dax-Planck Institute in Heidelberg) zhat substitutional doping cf a-Si by
boron and phosphorus implantation is indeed possible, Figure 197 summarises
the results of more recent work [ 20}, It shows tne dependence of URT of
glow discharge a-31 on the implantsd densities of phosphorus-, beron- and
alkali- ions (curves PI’ SI and AI respectively). For comparison,curves
PG and BG’ representing gas-phase doping, have been included. Evidently, ion
implantation can be used to contral the electrical properties of a-5i over thae
same range as gas-pnase doping, although Fig.!9 indicates that the latter is
congiderably more efficient. Similar results have been ob*tained with other
group III and V ions [29]).

The curve denotsd by AI represents the results of interstitial doping
by the alkali ions Na, X, Rb and Cs [§6]. It is interesting to note that in
spite of the different ionic masses the conductivity changes produced by these
Lons are pra;tically identical. Interstitial doping by Li ions and by in-
diffusiun.of an evaporated Li layer have been investigated by BEYER and
FISCHER [ETT. The major disadventage of Li as an interstitional donor lies
in the limived thermal stability of the electrical properties of the doped
specimen. This is gvercome Ty trhe use of the heavier alkali ions which lead
Zo stable properties up tc 40C°C {56,

Compensation experiments using ion implantation have led to encouraging
results and it has been shown that viable a-5i p-n junctions can be made by

this technique [29°. Recent work on the use of implantation doping in the
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production of a-5i solar cells has been repcrted in a paper at thas 1881
Grenoble Conference [58]. The problem of implantation damage in a-5i is
discussed in Ref.| 29] and has also been investigated by MULLER and LECONBER 59 |

using irradiation with chemically inactive specles.

7. The Amorphous Silicen Junction and its Applications.

The effactive doping of a-Si discussed in the last section has opened
up interesting possibilities for the application of this material in a-junction
devices, A particular attraction lies in cheap, large-area devices and it is
this aspect which has stimulated world-wide developments in the a-Si field. In
this section we shall begin with an introduction to the basic properties of the
a-barrier and junction and then go on to discuss some of the junction devices

that have been investigated during the last few years.

7.1  Pormation and Electronic Properties of the Metal/ﬁ-Si Barrier and

the a-Junction,

The a-parcier differs basically from its crystalline countarparts because
the net space charge in the barrier regicn is determined not only by ionised
impurities, but also by %the density of state distribution in the mobility gap.
Useful insight intc the formation and properties of the metal/a-Si barrier and
their dependence on doping levels, has been gained from model calculations 60;
based on the experimentally determined density of state distribution discussed
in Sect.3, Knowing the net charge in lccalised states in addition to that in
jionised donors and acceptors, the overall space charge distribution could be
obtained ag a function of electron energy. A atep-by-step solution of

Poisson's equation then led %o the spatial profile :b(x) of the barrier.



In undoped or weakly doped material,where the ret space charve is

mainly determined by the localised state contribution, e, (%) differs con-

b
siderably from the parabolic shepe often considered in the crystalline case,
assumning a constant chargs distributicanN; The barrier on undeped a-5i is
characterised by a lengz, shallow initial part (as seen from the specimen
volume], going over into a sharply rising profile near the metal contact.

This is a direct consequence of the increase in gle) towards the ¢ -peak {see

b
Fig. 11). In medium and highly doped material, the contribution of *he ionised
impurities becomes the dominant “a: _r in the space charge distributian and
:b(x)rapproaches the parabolic profile. The model calculations have also been
extended to a-8i p-n junctions for various doping levels [60].

The differential capacitance C of the metal/a-Si barrier and its bias~
and frequency- dependence can be calculated from the mrhove space charge
distributions, Measurement of C then provides an interesting check of the model

caleulations and alsc of the underlying density of state distribution. This

approach has been used by SNELL et al [61] who showed that the observed features

of the capacitance measurements on Au/a-S5i barriers can be explained satisfactoril:

in terms of the analysis. A similar investigzation of Pt/a-Si barriers has been
described by Beichler et al s2]. This work confirms the strong frequency
dependence of C, associated with the contribution to the barrier space charge of
deep lying localised states. But unlike SNELL et a{,the above authors do not
find an increase of C in reverse bias at very low frequencies, where most of

the deep states can reach their steady state occupation.

7.2 Junction Configurations and High Current Diodes.

The work during the last feyw years has shown that the most promising a-S8i
junction cenfigurations are those in which the main part of the device consists
of an undeped or lightly doped n-type layer, 0.5 - lum in thickness. The
junction is formed by thin (mlOOR),highly doped n* and p+ films ceposited cn

: . + .
either side of the central layer to form structures such as n -1-p+.

n’-u-ph or p*—i—n+. In this notation 'i' and 'u' refer to undoped
and lightly phospho;us doped central layers respectively; the sequence is in
the order of deposition of the multi-layer film.

The operation of such devices is eritically dependent on the lifetime of
excess carriers)injected into the low cenductivity central region from the highly
doped layers,or produced by photogeneration. In this ssction we shall be con-
cerned with the first mechanism, Fig. 20 for a symmetric n*-i-n* structure,
used in the study of S.C.L. current flew (Sect.3.5)[34],illustrates the remark-
able injecting properties of thin n' contacts on undoped a-3i. It can be segen
that the current density J is  inereased by four orders of magnitude when a
few volta are applied across the device, Also the properties of the injecting
contacts are accurately reproducible, as shown by the symmetry of the character-
istics,

In n+—i--p+ or related configurations strong double injection takes place
into the central region under forward bias and the density of excess carriers
greatly exceeds the thermal equilibrium densities. We have investigated the common
lifetime 1 of excess carriers under these condi‘ions (#3;764] using a junction
reccvery method, similar to that ofen employed for corresponding crystalline
devices, The results show that at high injecticn levels t is about lus for the
above mentioned a-Si configurations. At a reduced current lavel of 10-2Acm—2,
T approaches values between 20 and 30us. It must, however, be stresased that
t does not represent the 'free' lifetime, because the injected carriers interact
through trapping and thermal release with the band tail states. The latter are
in guasi-thermal equilibrium with the extended elactran states and the measured
lifetime includes therefore the integrated localisation time in these states.
Exactly the same conditons apply to drift mobility measurements on excess carriers,
S0 that the two measured quantities t and u,should be combined in ccns;stent

estimates of drift and diffusion lengths.



One of the attractive features of the amorphous junctions lies in the
fact that their profile can pe controlled continuously during deposition froa
the gas phase, This may eventually prove . he an important factor in eptim-
ising junction porformance fer particular applications. The approach has heen
used in an attempt to improve and optimisce the forward current in a-Si Junctions
[55]. Some of the most prouising results were obtained from structures of the
n+—u—p+ type, about 0,75pm thick and deposited on stainless steel foil.

Figure 21 shows a series of character Lios plotted on a semi-logarithmic

graph of the current density J against the applied potential ¥. It can be
seen that the current carrying capacity of the n+—v-p+ devices in the forward
direction increases systematically with the doping level of the central region;
v = 0O represents a n+—i~p+ Junction. The d.c. characteristics terminate at
the loading where thermal runaway sets in, For v = 40 vppm this is over

20 A c:rn“2 and steady current densities of up to 40 A c:m_2 have been observed.
The reverse characteristic for the v = 40 vppm specimen shows that the rectif=
ication ratio at V = 1V (the approximate barrier height) is about 5 x lOd.

A transition to Zener breakdown is observed at reverse voltages which depend
on the doping level, Tdeality factors of about 1.5 were found both from the
dark characteristics and from photovoltaic experiments. These results are
encouraging and suggest that cheap a~3i junction devices may find applications

in cases where some relaxatien in electrical characteristics from those of

crystalline junctions will be acceptable,

7.3 The a-Si Photoveltaic Junction.
At the present time the development of photoveoltaic devices for solar
energy conversion is a challenging problem. Tt is likely that a stable thin-

film material will ultimately provide the best solution to the larpe-scale

preduction of cheap, reasonably efficient photovoltaic Junctions for use as a

supplementary energy source.  CARLSON and WRONSXI (46) showed in 1975
that glow discharge a-Si could e successfully applied in photovoltaic cells.
Since that time many industrial laboratories have entered the a-S5i solar cell

field, which has become highly competitive.

In the following we shall confine ourselves to two basic material
aspects which have important implicationa for the developmen®t of viable
p‘-i-n+ photovoltaic junctions. Figure 22 shows a desirable electronic struct-—
ure through the thickness of a good a-Si p+—i—n* cell. The device is deposited
on the stainless steel substrate 5 and the light enters through the conducting
indium-tin oxide (ITO)} film, (~ sock thick),which also acts as a simple anti-
reflection coating.

In the extraction of the photogenerated carriers both diffusion and drift
in the built-in field play a part. It is therefore relevant to consider the

diffusion length L and the drift length § of the excess carriers. These

quantities are given by

kT ) —_— &)
L= (% re)

and {y _

Botk involve the carrier mobility; with a drift mobility of sxcess holes

lying betwsen 107 and 1072 cmEV-ls‘l, about twe orders of magnitude smaller

pTE - (5)

than for electrons, it is likely that Lh and sh are critical parameters in
the performance of photovoltais devices. Dire¢t measurements of Lh were made
by STAEBLER [67] who investigated the collection of photogenerated holes as a
function of intrinsic layer thickness on a wedge shaped specimen. He estimated
an upper limit to Lh of SEOR. This appears to be rather loew in view of more
recent measurements by the P.E.M, effect {68] and by the surface voltage

technique [69 ], which gave values of about O.lum and O.4ym respectively,

The hole diffusion length can also be obtained from mopility and lifetime
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measuremsnts, using Eqn.{4). For example, if it is assumed that the

junction recovery results, menticned in Sect.7.2,can alsc be applied te
photogenerated carriers in the i-region then, at the appropriate current
density (1OmA cm—z), v lies between 20 and 30 us.

an average hole drift mobility of S x107% e v"la™d gives v = 1.3 x 1078wt v

Combining this with

end L = G.2ym. Finally, the recent work of ABELES et al [70] on a-5i
Schottky barriers leads to Lh values between 0.1 and 0.2pm (for 4 < lpm).
1t appears therefore that on the basis of presently available information,
hole diffusion lengths are afraction of the thickness of the intrinsic regien
in present photovoltaic devices.

As both Lh and 5h are determined by the W, T product, it is important
to keep a close check on this quantity in optimising material properties. A
useful transient method has recently been described g8 ], whereby Byt and Ea
of the p+-i—n+ junction can be determined under operating conditions.
Figure 23 shows the arrangement. A short light flash from an Ar spark source
is used to probe the steady state existing in the device without appreciably
perturbing it. The metal bottom electrode B of the cell is connected to the
lcad resistor RL, the ITO top contact T to the potential VT. The external
potential V across the cell can be changed by pesitive or negative VT'

To a reasonable degree of

and/or

by steady illumination, which increases IVBi.

approximation, the average field in the i-region is given by

| * V|~ 1V,
¢ d' o 1.
[

In the experiment, highly absorbed blue or green probe flashes are used
to generate electron-hole pairs near the electrode T. Electrons are rapidly
extracted and excess holes drift through the i-region in the internal field E.
By making RL sufficiently large (> 0.51.LL} the integrated charge displace-

ment Q@ of the holes can be measured directly on the oscilloscope connected

r..;lvu re G,fq_!:

across RL and investigated as a function of E. The ratio Q/0 represents

sat
the tctal extracted charge as E+co, is given by the well-known Hecht-
formula [14]
Q
_— = 1M"—T’—E—— | = e.x[)(— "CLE ) —{7)
Cgsat CL }JkL

Thig relation is based on a simple model in which the range of the generated

holes is limited by deep trapping. 1t should be applicable to the primary
transient photocurrent observed hsre; the small excess carrier densities
used and the low pulse repetition rate ensures that any trapped space charge
does not perturb E to any extent.

The experimental points in Fig.2#4 represent measurements of the
integrated pulse height as a function of V/d (see Egn.& ); the solid line iz a
computer fit of Eqn. 7 to the experimental data, which determines the O/Qsat

scale and the u t value, 1.0 x 10'ch'v'l in this case. Also, from the inter-

cept of the fitted curve with the V/d axis we obtain a value of Eo a 13 chm_l.
As a check by, T and Eo were alse determined from time resolved transient
measurements [$8] on the same series of solar cells. For the above junction,
w,t was found to e 1.l x 1073cn%v™! and Eouil chm-lJin good agreement with
the experimentally simpler pulse height experiments.

The results suggest that in a reasonably efficient p+—i-n+ photo=
voltaic cell, with a fill factor approaching 0.8, the field Ec lies between
10 and 20 chm'l. Under short-circuit conditions, the drift distance uthc,
is therefore 1-2um, appreciably longer than the diffusion length. However, as
the external load connected across the illuminated cell is increased, the
internal field is reduced below its maximum value_EO and range limitation for
holes will set in as § approaches the specimen thickness d. It is impertant,

particularly for a satisfactory fill factor, that the limiting condition § =d

should correspond to as low a field as possible. When the conversion efficiency
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for a batch of solar cells is correlated with the device thickness, it

has been found by several groups that with the presently available material there
is an optimum value at d ~ O.SFm. We believe that this is a direct conscquence
of the ranpe limitaticon for heles and suppgests that material icprovements in

this direclion should be of importance in the a-8i solar cell development.

The second topic in this section concerns the problem of geminate
recenbination in 2-3i and its possible fondamental limitation of solar cell
performance, In a geminate recombination preocess, the photogenerated electron
thermalises and then recombines with ihe hole {rom which it was excited. Such
pairs do not contribute to photoconducticn and therefore reduce the overall
generation efficiency per absorbed photon, which will be denoted by n The
most detailed theory of geminate recombination and its dependence on applied
field was originally given by CUZAGER [72] and the results were used to inter-

pret photogeneration in a-Se {73}, anthracenc [7%] and other organic photo-
conducteors, The theory considers the vhotoexcited electron in the Coulomb
field of the hole. The spatial extent of ths interaction between the charges
is defined in terms of the Cculomb radius r. at which the potential energy in
the well equals kT. In a—Si,rc = GCR. The excited electron thermalises
within a distance r, and the relative values of r. and r.,as well as E, determine
whether saparation or geminate recoabination of the pair is most likely %o
gccur. Figure 25 (2) shows the characteristic field dependence of w predicted
by the Onsager theory for a-%i with rc - 508, The curves refer to r_ values

of 30,40,90 and 200%, which give low-field efficiencies between 0.2 and 0.9.

Reeently, WORT and his collaborators have investigated geminate and non-
geminate rccombiration in a-81, by combining xerographic discharge measurements

and delayed-collection field techniques [75][76:(777. The results show that,
depending on specimen praogaraticn, n renges from G.44 vo 0.55 and that the

field dependence of n fits the Onsager curves, such as those in Fig.287a),
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suggesting r, values from 458 to 80R. In a subsequent paper, CHEN and

HORT {8} reached the somewhat controversial conclusicns that (1) geminate
recombination presents a fundamental limitation to pheotogeneration in a-Si
and (ii) that carrier lifetime limitations are unimportant in present photo-
voltaic cells.

The first conclusion is not supported by results on photovoltaic cells
obtained in several laboratories working on such devices. (e=.g. [79}[80]
Collection efficiencies of .8 or abaove are commenly observed in the gresn
part of the spectrum, substantially larger than the maxinum value of about
0.65 calculated by Chen and Mert from n = 0.55. This discrepancy implies
that the generation efficiency in a-3i should generally be much closer to
unity than is suggested by the Xerox experiments.

Further evidence, pcinting in the same direction, is provided in
Fig.Z5(b) from some of our recent work [$]}. The curves show the snape of
tiie field dependence of the primary pheotocurrent in p+-i-n* Junctiens under
steady illunination with photon energies cleose to and above the optical gap
of a—-5i. iph was measured under short-circuit conditions and the built-in
field Eo was increased or decreased by an applied potential as described above
(Zqn. &), The iph scale is in arbitrary unitas and the curves have beaﬁ
separated veprtically teo show conclusively tihe absence of any measurabls fileld
dependence for E > 20kV cm-l. At smailer fields, the lifetime limitation of
the holes, discussed earlier, iz the most likely cause for the decrease in
iph' The quantum efficiency measured independently on these devices, lies
between 0.9 and 1 and is therefore consistent with the cbserved saturation
of iph' These and other results strongly suggest that there is little or
no evidence for geminate recombination in a-5i devices prepared in several lab-

oratories. It appears therefore unlikely that this mechanism should present

a serious limitation in the photovoltaic efficiencies ultimately achievable.



7.4 Application to Electrophotography and Imacc Tubes.

The high photos.nsitivity of a-5i throughout most of the visisle
spectral region has stimulated explorztory work, particularly in Japan,
on its application in electrophotography and in image tubes of ths Vidicen
type. An essential requirement for the operation of heth these devices is
good photoconductivity, combined with a hipgh dark resistance which sheuld
normally be larger than the lOlzucm bulk resistivity measured for 'intrinsic'
a-8i. (See Fig. 18,

B3 14 ]

SHIMIZU and his collaborators [SZ]Lhavc investigated the use of roverse
biased p-i {or n-i} juncticns for /:;gigcations as well as thin, insulating
dielectric blocking layers. Some of the main rasults will now briefly be
summarised. Starting with the work on a phetoreceptor for electrophstography,
the upper diagram in Fig. 26 illustrates the specimen configuration for use
with positive corona charging. A p- type 2-3i layer, about 0.2ym thick, is
deposited from 350 vppm of diborane in silane on te the grounded Hi-Cr film.
For the given electric field, this doped layer prevents the injection of excess

electrons from the substrate. It is followad by Gum of 'intrinsic' a-8:,

which is deposited with a small diborane content {10 vppm) to move £ to the
intrinsic position in the cenire of the mobility gap (see Fig.18). The

dependence of the surface potential Vs on time is alsc shown in Fig.zg.

The rate of dark decay is now acceptable for electrorhotegraphic application
and Lhe photodischarge curves obiained with 800 nm light at the given
intensities show that no residual éharge remains after illumination. 1In
recent experiments [82) the surfece potential at t = o has been increased to
about 400V in a 10pm a-Si layer, which alleows developnent with a conventional

toner.

These results are crcouraging and sumgest that a-Si may find application
as a highly sensitive photorecentor in electrophotogranhy. Further attrastive

Teatures in this connecticn are the mechanical hardness and the non-toxicity ef

the material.

In a Vidicon imzge tube the uneleciroded surface of the photosonductiive
layer is scanned by a low eénergy electron beam which stabilises it to cathode
potential, Fig. 27 illustrates tie structure of an a-5i Vidicon tarpet
investigated by SHINIZU et al [82]84]. The image is focussed on to tie giass
disc which carries a positive biased transparent ITO film. A n-type blocking
layer (doped with 50 voppm of phesphine) prevenis injection
of heles from the ITO. As an alternative solution, a blocking layer consist-—
ing of 3008 of glow discharge silicon nitride was found to be successTul. The
main part of the target consists of lightly B-doped 'intrinsic' a-81i, up to
4um in thickness {to reduce capacitative lag). Finally, the scanned surface

is covered with a thin (= 1000R) ‘electron blocking' layer of 3Sb {or other

o
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chalcogenide), which tends to improve the resolution of the picture. The a-5i
Vidicon performance compares favourably with that of the more cenventional
tubes: the resolution is better than 800 TV lines for the 1" a-Si tube and

the decay lag in the picturz from a 4um thick tfarget is about 5% after S0ms

(3 fields).

7.9 Application to a Hemory Device.

In this seczion we should lixe to discuss briefly a new a-3i memory
device [551 developed jointly by the Edinburgh and Jundee groups. It is
an electrically programmable, non-volatile memory element which in terms
of speed, retention time, operating veliages and stability compares very
favourably with crystalline MNGS (metal-nitride-oxide~semiconductor) ar
FAMOS {floating-gate-avalanche-metal-oxide-semicenductor} devices currently
used for non-volatile pregrammable storage.

The most promising configuration investigated so far is of the p-n-i
type. Tnae layers are deposited on a stainless steal substrate, giving a
total device thickness of between 0.5 and l.0um. A series of Au or Al dots

18 then eveporated onto the surface to form The top contautas.



After an initial {orning step the structurs drerates parmanently as
a nen-volatile memory. Figzure 29 shows a typical se: of staric (d.e.)
current/appliied veltage characceriziics. Inmediataly ar+ap formingJ:he
device is in i%s on-state so ~hat small pozitive ang negative wvoltages
Erace out curvs A3, on-state currsnzs of 10 ma or more are generally observed,
On increasing tha reversea potential (i.e, a negative volzage applied to the
p—doged rezionl a raverse thrashold volitage VThR 1s reached beyond which the

device switches Lo an off-siats #ith 2 risistance of the orier of Mo

representsd Oy ths charac<eristic CD. .he reverse threshold VT,ﬂ > 1V
and the ofl-ssata is stabls rfar voltage suings of + 4av, Ir the forward
nawl
potential is[increased neyord a valus of VTH?, the forward threshold voltage,
Thf

“he device switches back ints its high conductivity stats A3, in some cases
thArsugh an intermediste s—ats such as © or T,

- 4 ; E

The above :tvels has nean repeatad up to 107 times withou~ observable
changes in characharistics ar threshold veoltages. Devices zet in on-

and cff-sTates nave been noni‘orad for several weeks without detesctapls

change in gither characteristic, Uperation at temperatures aof up to 13Q°¢

shows litile change in the threshold voltages,

The dynamic characteristics of the Pun-i devices has been investig-

a2%ed with 10V forward and reverse pulses of 100 ns duration. The experim-

ents demonstrate the important result that both the en-off and off-on
transitions are completed within 100 ng and that there appears to be ne

observable time delay in the switching resgponse. It is estimated that the

energy absorbed during either transitieon is extremely low, typically in the

range 107° o qusJ.

The mechanisnsunderlying the switching phencmena described avove are

unknewn at present, it wi \
L t However it will be useful to draw Some comparisons

“ith other related devices, #uch attention has haen given over the past

PR . i s . )
10-13 vsars to memory switching devices fabricated from multi-compenent

chalcogenide glasses in wnich the reversidbls memory action is associatsd
#ith the greowsh and destruction of a crystalline filament 8687 ].
switching ophenomenon in the a-3i structurss reported here is c¢learly ver
diffzrent, ac leas*: operaticnally. The wost cbvicus difference i3 the

completely non~polar character of switching in chalcogenide glass deavicss,
in ceontrast to the marked polarity-dependence of the 2-Si menory switches.

liore importantly perhaps, the switehing times for the a-5i device are much

fagter compared with those in chalcogenide devices, which are at least several millisesends larg.

In addition the energy involved in the a-Si switching process is considerably lower

8. Micro-crystalline $i Produced in the Glow Discharge Plasma.

During the last two years the posaibility of depositing thin films
of microcrystalline (uc) 8i directly in the glow discharge has aroused con-
siderable intarest. On the fundamental side this material, which we shall
denote by gduc Si, permits an extensicn in the study of the electronic prop-
erties just beyond the a-phase, The films possess very limited long range
order, with crystallite sizes of up to 602; the latter can be controlled to
some extent by the preparation c¢onditions. On the applied side, the attract-
ive feature is that Simply by turning a tap during an a-Si deposition run
ona can praduce a highly conductive gduc surface layer which could be most
useful  for example,in the photovoltaic development.

In the following sections we shall summarise and discuss some of the
recent work in this new field.

8.1  Preparation and Structure of gducw3i.

The possibility of depositing a microcrystalline semiconductor specimen
in a glow discharge plasma was first recognised by VEPgEK and MARAEEK in

1968 [88]lusing chemical transport in a hydrogen plasma. This method offers a
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versatile approach for the study of the kinetics of the silicen-hydrogen
system {89 | and of the conditions for the direct deposition of a pc film. The

work of the ZUrich group suggested that stable nuclei for u¢ growth are likely

to be formed under plasma conditions whereby a chemical equilibrium is approached

at the plasma-gelid interface {80)([21].

This condition is expressed by the reactions [90;

Sin(g)e—l‘Si(s) + xH {plasma) —_— (B)

The forward reaction (left to right} represents the deposition of the gaseous
S5i-H fragments to form the a-S5i film and add gasecus hydrogen tc the surround-

ing plasma. In the reverse direction the interaction of the plasma with the

solid Si film leads toc erosion. MNormal deposition conditions for a-Si
are such as to make the forward reacticn the deminant one, so that the system
is far from chemical equilibrium.

Work by several Japanese groups (92 (93 ]{94 ] showed that pc Si specimens

can also be produced in the silane glow discharge reactors described in

Sect.2. In this case chemical equilibrium is approached by streong hydregen
dilution and an increase in the normal level of r.f. power. Evidently the
former will enhance the reverse reactiocn in Eqn.{ 8 ); the observed depesition

. -1 ;
rate is slowed down to 0.1—0.23 s ~, in spite cof the increased r.f. power,
indicating that .the system is fairly close to a dynamic equilibrium.
Under these conditions stable nuclei are formed which stimulate the

growth of a gdpuc-5i layer.

3.2 Conductivity,

In this and the following sections we shall present the results cobtained
on a series of undoped and n-type gduc Si specimens [og]. They ware deposited
in the system shown in Fig.3, with an excitation frequency of 40KHz and an r.f.

power of 20-30w, The gas mixture contained 2-3% of silane in hydiogen with

a6

tine regquired addition of phesphine for the n-type films. The average cryst-
allite size § was determined for each deposition run from the half-width of
the (111) electron diffraction ring hy means of the Scherrer formula.

The g.. vs. doping level curve for thesc specimens has been included

RT
in Fig. 18 (Sect.6). The curve, denoted by {c}, refers to specimens with

§ v 503; smaller & values give conductivities lying below (ci[as] . It can
be seen that for undoped gdpc Si apn = lD—a(ncm)_l. although lower values,alss
corresponding to & = 502, have been observed in some deposition runs. In
phesphorus doped specimens, GRT lies over two orders of magnitude higher than
in a-8i and reaches values arcund 20(:1.crn)“1 at the higher D.

Boron doped pc specimens are more difficult to prepare in the glow dis—

charge plasma. Curve (d}, from the work of MATSUDA et al [96] refers to

p-type pc material prepared at an r.f. powsr of 80W, appreciably higher
than for n-type specimens. Curve {c) recently obtained by HAMASAKI

et al [97] increases the 9qp TANgE further, approaching values of a(ﬂcm)-l

T
on the p-side at the highest doping ratioes. It may be significant that
these authors used a magnetic field to confine the glow discharge plasma.
Before leaving the subject of conductivity we should like to add a
brief comment about the use of SiF4 in the glow discharge, instead of the
Si.l-l4 considaered so far. The presence of fluorine, a well-known plasma
etchant, will enhance the reverse reaction (ercsion) im Eqn.(8 ) and is likely
to lead towards chemical equilibrium and a uc structure with little hydrogen
dilution and probably at lower power levels, The x-ray and conductivity
results of MATSUDA et al [93]show that this is indeed the case. These results
also suggest that the high {apparent) doping efficiency claimed in specimens
deposited from 5iF, + 10% H, [e8] on the basis of conductivity measurements, is
mainly due to their microcrystallinity. This throws consideranle deoubt on
the conclusien by MADAN et al [987] that these resulzs refer to a-35i, but with

an appreciably lower density of states than in specimens prepared from a silane

glow discharge.
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a3 The Hall Effect.

The work of LECOMBER et al [44 ] showed that in a-5i the sign of the
Hall effect is ancmalous - n-type specimens gave a positive Hall constant and
a negative sign was observed for p-type a-éi. Clearly, the crystalline
interpratation of the Hall affect can no longer be applied to transport in the
random phase region of an a-semiconductor where the mean free path of the
charge carriers has been reduced to a few atomic spacings by the disorder.
The theories that have been developed *take account of the 'microscopic' details
of the transport and show that the magnitude and sign of the Hall constant will
depend on the local geometry in the sites invelved [42 | and also on the nature
of the local electronic states [43 ).

In the present work on undoped and n-type gdpc Si it was found
without exception that the Hall constant had the negative sign expected from
crystalline transport theory, even in specimens with the smallest & values.
This suggests that with the limited long range order intreoduced, the mean
frea path of the electrons becomes sufficiently long for the description in
terms of classicel electrodynamics to be applicable. Ve have therefore used
the simple formula RH = (ne)_l to cbtain an appreximate value for the carrier
density n from the erxperimental Hall constant RH.

In Fig.29 nhes been plobted as a function of the doping ratio D for
gdyc Si specimens and several thermally crystallised a-Si films (thuc) fs }.

. Edﬁﬁ

U refers to nominally undopedispecimens. n rises almost linearly with the
density of PH3 molecules in the gas phase and is independent of the method of
crystallisation and also, within the limited range investigated, ef Lhe
crystallite size. If one compares the gaseous doping ratie D with n/NSi
in the zolid, caes finds about 0.5D for thz latter, indicating that doping

in pdyc 81 must be reascnably efficient.
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From the values of n and the corresponding conductivities the Hall
mobility py can be deduced. For the gdyc S1 specimens the roon temperature

-1 and are largely independent of

-1
values of y, generally lie below lem’ V s
the doping lewvel. However, Wy depends on crystallite size, as shown by
the upper part of Fig.so(RH - negative), In spiteof the scatier in the present

results, extrapolates to zero at a critical grain size of about 20 8.

a1
Below by = 0, the open circle denctes a typical result for a lightly
phosphorus doped a-5i specimen [42], correspending to an anomalous positive RH.
The magnitude of wy for the a-specimen is in agreement with the predictions of
the FRIEDYAN theory [42], but no physical significance should be attached to
thé corresponding crystallite size of about 128. It may perhaps be relevant
that & values between 10 and 12g are generally found when the Scherrer corr-
elation graph is extrapolated to the diffraction line width observed with a-3i
specimens.

The results given in Fig.® are of considerable interest: they suggast
a limiting size of the ordered regions, 20-302, for which the transport at the
mobility edge of the material can be described in terms of the normal crystall-

ine theory. Once the extent of the ordered regions falls below that limit,

then the above microscopic theories, become applicable.

What is the fundamental reason for the greatly increasad carrier density
in the yc¢ phase? We originally suggested [95] that the order introduced is
sufficient to affect the extent of the localised electron tail states. In
a-31 this is about 0.18eV* field effect measurements near the
mobility edge of gduc Si suggest that the width of the tail states has been
considerably reduced, or that they may have been removed altogether.

If the interpretation of these results

is correct, the increase in n can be understood, Whereas the rapidly rising

tail state distribution in a-Si limited €mgg te about 0.15eV even at the



highest doping levels, the svagested 'delccalisation’ in the pe material allows
€p to move eclose to the current path st € witi phosphorus doping. This is
clearly shown by the experimental results in Fig. 33 and fully

explains the observed increase in n and @,

8.4  Thermoclectric Power.

A systematic study of the temperature— and doping-dependence of tha
thermoelectric power 3 in gduc Si has recently been carried out f1oal. Ong
of its aims has been to deterrne whether a consistent interpretation of the
fesults can be given in terms of crystalline semiconducteor theory. Figure 31
summarises the experimental results on a graph of S vs., 10°/T. The soiid
lines represent calculated S-curves which will be discussed below, The numbers
refer to the specimens used: 1 is an undoped gdee 8i film and in specimens 2
to 6 the doping ratio is increased from 5 x 10> te 1077, Specimen 7 is a
doped thermally crystallised film and 8 an a-Si specimen included for comparison.

The main point brought out by Fig.3l1is that all the pc specimens show a
similar temperature dependence which varies systematically with the doping
ratio. However, camparison with a typical cuwve for a=5i (specimen 8} shows that thae
is a basic difference betwéen the temperature dependence of S in the two cases.

The thermoelectric power for a non~degenerate semiconductor is Eiven
by the well-known expression:

! e,
S=- o [Ln(-—vf) - Ac] (10)

where Nc is the effactive density of states near the bottem of the conduction

band and Ac the heat of transpoert. The latter, normally taken as temperature
independent, accounts for the contribution to S of electrons distributed in
states above the conduction band edge e and will depend both on state
distribution and transpart.

As recognised in earlier work on thermally crystallised a-Si [ag ],
it is essepntial in the interpretation of the thermcelectric power data to take

account of the temperature dependence of Nc. Clearly, if n does not vary

greatly with T, which is the case for the doped uc specimens, then according
to Een.{1®), S(T) should reflect NC(T). This is not normally evident in She
results for a-5i, because there n is more strongly activated, obscuring the
smaller temperature dependence of Nc.

3/2

For crystalline Si, Nc is proportional to T . In the present

analysis we shall begin with the more general expression
Ne = 5T — v
and determine the value of 3y from the experimental data.

A stringent test of the consistency of the experimental results in
terms of Eqn.((Q) consists in plotting -{|e|S/k) against la{n) at a given
temperature, using the value of n determined from the Hall effect. This has
been done at different T throughout the range investigated and Fig.32 shows
an example at T = 30CK. The points define a line having the expected slepe
of -1; the intercept on the abscissa gives a value for ln(Nc) + Ac, which
according to Eqn. (!l ) equals wInT 4+ i1mb < A Frem the temperature
dependence of the intercept a value of ¥= 2 is deduced.

Unfortunatély, the analysis cannot separate the terms lnb and Ac; for
reasons discussed in Ref, (104, Ac values between 2 and 3 are most likely.

At 300K and with A =3, N, =3.5x lolgcm—a, close to the value of

2.8 x lOlgcm—S for crystalline Si., As a consistency check of the analysis
the temperature dependence of S for the pe-specimens has been calculated

from Egns.(16) and (11), using AC = 3 and the experimentally determined n-
values, The results are shown by the solid lines 1 to 7 in Fig.31which
successfully reproduce both the temperature andg doping dependence of §.

This leads to the conclusion that a consistent interpretation of the Hall ang
thermoelectric power data can be given by conventional semiconductor theory.
The only difference lies in the temperature dependence of Nc which could be
associated with different state distributions above ec in pe and single

crystal Si.



Finally, the thermoeleciric power deta provide reiiable information on

i ultimately a=3Si may approach the industrial importance of its crystalline
the temperature and doping dependence of the Fermi level position. Using non- Y Y

caunterpart. However, the history of electronic device developments
degenerate statistics, Eqn.{1¢) can be written as

during the last two decades teaches the need for considerable caution in
Ce EF =T (@H? N Al—) e speculating abpout the future extent and range of the a-3i develepment.
Figure 33 shous the room temperature value of =€ 48 a function of the doping We believe that cne of the decisive factors will be the continued zrogress
ratio (expressed in vppn) for A, = 3. e e, vanishes at a doping ratic between in solving the problems of industrialising the giow discharge preparation
1 x 10 and 2 x 10° vppm, corresponding to an estimated donor density of about technique.
3 x lolgcm_3. This is somewhat higher than the limiting density originally

determined by PEARSON and BARDEEN. w91} for phosphorus doped polycrystzlline Si.

9. Concluding Remarks.

In these notes we have attemﬁted to survey significant develop-
ments in the field of glow discharge Si, over as wide a range as possible.
The close relation between the fundamental studies of the material and the
applications has been stressed throughout, because it is this aspect which
has largely contributed to the rapid growth of the a-Si field during recent
years. It applies in particular ta the two major developments considered

above 3 ‘the a=5i FET and the a-S$i juncticn, both of which have
opened up a wide range of new and exciting possibilities for application.
The common features underlying these developments are the unique properties
of glow discharge Si, particularly the low overall density of gap states
which at the present time makes it into the most viable a-semiconductor for
electronic applications.

As to the future, there is little doubt that with the electronic
contrel achievable, glow discharge Si will remain a2 useful model material
in studies of the fundamental properties of a-semiconductors. The applied

developments discussed here are very promising and raise the hepe that
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