ELECTRICAL PROPERTIES OF SILICON FILMS ON SAPPHIRE SUBSTRATES

A thesis presented for the degree of Doctor of Philosophy in the

University of London
by

ALEXANDER BELL MARR ELLIOT

Department of Electrical Engineering, Imperial College of

Science and Technology

and Post Office Research Centre

Martlesham Heath, Ipswich

January 1976



To Jan, Karen and Fraser



ACKNOWLEDGEMENTS

The author is grateful to Mr R E Hines and Mr J W Woodward for assistance
in the preparation of the test specimens and to his supervisor,

Professor J C Anderson for his advice and encouragement.

The work reported in this thesis was carried out at the Post Office
Research Department and acknowledgement is made to the Director of

Research for permission to publish this work.



ABSTRACT

A critical evaluation of published information on the properties of
heteroepitaxial silicon layers on sapphire substrates is givén, including
a detailed comparative study of all the available data on the electrical
properties of these layers. This review is followed by an account of

an investigation of the electrical properties of thin layers as a function
of depth in the film using two independent techniques, both of which
employ the progressive penetration of a depletion region to vary the

thickness of the layer measured.

The first technique uses a deep depletion MIS Hall effect structure

to measure the variation in cafrier concentration and mobility through
the epitaxial layer. Additional information is also obtained on the
properties of the silicon-silicon dioxide and the silicon-sapphire
interfaces, Because the MIS techniques is not capable of measuring the
properties of all the films through to the sapphire interface a second
technique, using a junction field-effect structure, is also used to
obtain further carrier concentration and mobility in formation., The Junction
field-effect technique is not capable of ﬁeasuring the properties of the
region adjacent to the silicon dioxide interface and is therefore
complementary to the MIS technique. It also provides information oﬁ the

variation of carrier lifetime through the thickness of the film,

A concise discussion of the effect of variations in electrical properties

on the performance, yield and reliability of MOS circuits fabricated in

silicon-on-sapphire is given in the conclusions.
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CHAPTER 1

INTRODUCTICH

In conventional monolithic semiconductor integrated circuit technology the
individual components in a circuit are isolated from each other by the
depletion region surrounding a reverse-biased p-n junction. Whereas this
isolation technique has been adequate for a large number of applications there
is a requirement, particularly in the higher frequency applications, for an
alternative isolatién method which avoids the parasitic capacitance associated
with the reverse-bizsed p-n Junction. A variety of tdielectric isolation!
processes have been investigated and one of the simplest and most promising
approaches has been to deposit a thin heterocepitaxial film'of silicon on a
suitable insulating substrate. Single-crystal e- alumina, (hereafter referred
to as sapphire,) has been the most commonly used substrate material,

(Allison et al 1969) although some work has also been done using magnesium

aluminate spinel, (Cullen et al 1969).

Most of the circuits fabricated in silicon on sapphire have been of the M0OS
type because they are more tolerant than bipolar circuits to the crjstalline
defects which inevitably occur in an imperfectly matched heterocepitaxial
system. The silicon-on sapphire system has a number of advantages far MOS
circuits. Firstly, althoughvthe individual transistors in MOS circuits do
not require specific isolation there is always a bossibility'of spurious
intercomnection by means of inversion layers forming under thick oxide MOS
structures. The use of separate-islands of silicon, each isolated by the
dielectric'substrate, for a1l the circuit components completely eliminates the
possibility of any such spurious intercomnnection. Secondly, the camponent
packing density is improved because the 'channel-stopping! diffusions which are

sonetimes used to prevent the thick-oiide parasitic intercomnection are



unecessary and also because diffused regias can be placed closer together
without the possibilﬁ.ty of depletion regions 'punching-through! to the adjacent
diffusions. A third advantage is that if the films are only 1 to 2 microns _
thick and the sowrce and drain are diffused through to the sapphire substrate
significant speed improvements over bulk silicon circuits are obtained. .The
improvements result both directly from the reduction of junction capacitances
and also from the =bility to use gated silicon resistors (Wilccek 1971) as

load componénts in place of the conventional load MOQST.

then camplementary circuits are considered further advantages accrue. By
using a two-stage epitaxial process or a one-stage epitaxial process and a
diffusion, separate islands of n and p-type silicon can reedily be made for the
p and n~chamnel transistors repectively in a complementary circuit. Moreover
a new design of complementary circuit using silicon islands of a2 single
conductivity type is also possible (Boleky 1970) if deep-depletion transistors

of the type described by Heiman (1966) are used.

The two special silicon-c;n sapphire devices mentioned above,namely the gated
resistor and the deep-depletion transistor, operate by conduction in the bulk
of the film and hence their characteristics will be influenced by any varie-
tions in the carrier transport properties through the film. Although infarma-~
tion on the variation of carrier transport properties in silicon on sapphire
films of the order of 10 microns thick is available in the literature (Dumin
and Robinson 1966 and 1968) and also same information on the average properties
of thinner films there is little infomation on the variations in properﬁies
of films‘ only 1 to 2 microns thick. The work reported herein was undertzken

in an attempt to provide this missing informatio.

Before proceeding to the main experimental investigation a critical review of



all the published ini'ormaﬁ.on on the electrical and structural properties of
silicon on seprhire layers was concducted and this is presented in Cheapter 2.
Aiso included in this review is any information on the silicon on magnesium
aluminate spinel system which is thought to be relevant to the silicon on

sepphire system.

The profiling technique employed in the thicker films was to gradually thin
the film by mechanical or chemical means and to make Hall and conductivity
measurements at each step either using a Hall bar or by the van der Pauw
(1958) technique. However if the film is only 1.5 um thick with a donor
concentration of 5 x 10:LS cm-2 there are only 7.5 x J_OJ“:L donors per square '
em of film and trapping of éarriers at both silicon interfaces is likely to
significantly influence the transport properties. Because the sazprhire inter-
face states will remain invariant during a set of measuremerts they will not
influence the calculation of the properties of the removed layer unless the
film is sufficiently thin for the space charge layer to penetrate the entire
film. However the néw air interface which is exposed at each removal step is
unlikely to exhibit a canstant surface state density and carrier density
errors in excess of 10 per cent at a film thickness of 1.5 um are probable for
fairly moderate surface state demsity variations of 7.5 x 101O cm-z. There-
fore, even if accurate thinning techniques could be developed.for 1.5 um thick

films, the errors involved in using the conventional Hall techniques could

becorne very large as the sapphire interface is approached.

An alternative method of varying the vhickness of a conducting layer is by
progzressively driving  a depletion region into the film. This method of
thickness mo.dulation which has the adventage that the depletion layer boundary
is free of interface states 1s the basis of both the profiling techniques

used in this investigation.



The e:perimental structure used in the first technique is a 300um squars
deep depletion IS transistor and the depletion region is ar.u'er in from the
oxdde interfece by applying the eppropriate gate potential. The MIS Hall =nd
conductivity measurements as a function of gate voltage are combined with C-V
measurerents %o provide both the carrier concentration and mobility profiles.

These measurements and results are presented in Chapter 3.

Chapter L contains work done using the second technique which employs a large
Junction field-effect transistor with a chamnel width of 60Cpum and a channel
length of LOum. The cerrier concentration profile is obtained from an
analysis of the C-V charecteristics of the reverse-~biased gate junction 2nd
the hobility profile fram these characteristic together with channel
conductivity measurements as a function of gate voltage. Infommation on the
variations in minority carrer lifetime through the film are also obtained fron

the gate leakage current as a function of the reverse-bias voltage.

In the final chapter the interpretation of the bulk end interface properties
measwed in Chapter 3 and L are discussed and their influence on the
performance of silicon on sapphire MOST devices and integrated circuits is

evaluated.
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CHAPTER 2
PREPARATION AND PROPERTIES OF
HETEROEFITAXTAL FIIMS OF SILICON ON
SAPPHIRE

Since 196L workers at a number of laboratories have been studying the
properties of thin single-crystal silicon films grown on amorphous and
single-crystal insulating substrates. The majority of the investigators

have used sapphire as a substrate but recently there has been an increasing
interest in magnesium-aluminium spinels. Because the experimental work in
this thesis uses silicon films on sapphire the major emphasis in the following
review will be placed on the silicon--on-sapphire system but reference will
be made to results obtained from other silicon on insulator composites where
they contribute to an understanding of the silicon-on-sapphire system.

2.1 Deposition Techniques

A substrate surface with a relatively low density of crystalline
and topographical faults is a prerequisite for the growth of high quality
layers by any deposition technique since disturbances of the periodic field
at the substrate surface may give rise to defects in the silicon layer during
the early stages of growth. The fault density on the substrate surface is
determined both by the perfection of the substrate material and by the quality
of the surface preparation but, since P. B. Hart et al (1967) have shown that
layers grown on highly faulted flame-fusion material have similar properties
to layers grown on more perfect crystals pulled from the melt by the
Czochralski technique, it would appear that neither the surface dislocation
densities of the order of 106 cm-2 nor the low-angle grain boundaries which
are both present in flame-fusion material  (Stephens and Alford 196L) are a
limiting factor in detemining layer quélity. However, a number of workers,
(e.g. Robinson and Mueller 1966) have shown that the properties of the silicon

layers are critically dependent on the substrate surface preparation.
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The first stage in surface preparation is a mechanical polishing with
successively finer grades of carborundum or diamond powders. Attemptsto
remove the cryspal damage near the surface which results from this polishing-

by wet chemical processes have not been entirely successful. Among the etches
that have been used are phosphoric acid at hOOOC-SOOOC (Scheuplin and Gibbs
1960), lead fluoride at 850°C (Robinson and Mueller 1966), and potassium
‘bisulphate at bSOOC, but not one of these has produced consistently smooth
surfaces. Bora# at 100000, (Robinson and Mueller 1966 ) and vanadium pentoxide

at 900°C (Fektor et al 1967), have reproducibly yielded smooth surfaces but
both processes leave surface residues which are difficult to remove.

Gas phase polishing processes have been considerably more successful
than the liquid etches. Sulphur fluorides in a helium carrier gas at 135000
(Manasevit and Morritz 1967), hydrogen chloride in hydrogen at 1400°%¢ (Chu

et al 1965) and hydrogen itself at temperatures up to 1500°C (Robinson and
Mueller 1966) have all been used to obtain smooth flat polished surfaces free
fram surface residues. These processes have the further advantage that they
can be used in situ, immediately prior to the growth of the silicon layer,

and the hydrogen treatment has tended to become a standard pre-deposition
treatment employed by the majority of workers in this field. Silicon vapour
has also been used to polish sapphire. Reynolds and Elliot (1966) used

vacuum evaporated silicon, Filby (1966) used a dilute mixture of silane in

hydrogen and an H -SiHC13. gas mixture was used by Tsunoda (1966). In the

2

fapour transport systems a temperature in excess of 1300°C is necessary to

obtain smooth flat surfaces at sapphire removal rates in excess of O+1 um/min
but similar results can be achieved with vacuum evaporated silicon at 115000.

Chang (1971) has achieved polishing action at 925°C, using a vacuum sublimation

12



0
source, but the silicon arrival rate was only 60 A/min. He has also

demonstrated by L.E.E.D-Auger studies that a heat treatment for 30 seconds

at 1hOO°C in vacuum removes carbonaceous contamination from the surface and
causes surface atoms to rearrange themselves into an equilibrium structure
which remains stable on cooling. |

The majority of the silicon-on-sapphire research has been with vapour
transport systems using quartz reaction vessels and the processes used were
either -

1. Hydrogen reducticn of silicon tetrachloride or trichlorosilane
(Joyce et al 1965 and Manasevit et al 1965), or

2. Pyrolysis of silane at reduced pressures (Joyce et al 1965) or
diluted in hydrogen (Mueller and Robinson 196l and Manasevit et al 1965 ).

The films prepared by the pyrolysis of silane wefe found to be
crystallographically and electrically superior to those prepared by the
hydrogen reduction processes (Zaminer 1968) because the hydrogen chloride
reaction product of the latter processes etches the sapphire surface producing
a rough multi-faceted surface before complete silicon coverage is achieved.
Since there is not a unique substrate-overlayer crystallographic relationship
in the silicon-on-sapphire system (see Section 2.2), the multi-faceted surface
results in the formmation of nuclei of different orientations which generate
crystal faults when they coalesce.

In the atmospheric pressure silane system a dilute mixture of silane iﬁ

hydrogen, typically one part per thousand, is made to flow over a sapphire

substrate which is heated to a temperature in the range 100000 to 1200°¢C on
an r.f., heated. susceptor. Whereas in the reduced pressure silane systenm,
the silane flow to‘the reaction vessel is adjusted to maintain a pressure of
1 torr in the vessel and the susceptor has to be resistively heated because

r.f. heating at this pressure would result in a gas discharge. Substrate

13



temperatures are again in the range 1000°C to 1200°C. In both systems the
silane thermally decomposes on the hot sapphire surface depositing silicon
atoms which are sufficiently mobile to form a single-crystal film. Doping
of the film can be achieved by the introduction of small quantities of
phosphine or diborane into the gas stream.

Using the Hall mobility of majority carriers as an index of the layer

quality, Dumin (1967) has shown that the optimum growth temperature for (111)
layers on (0001) sapphire is 1200°C and for (100) layers on (1702) sapphire

is 1115°C. The films were grown at rates between 0+3 ym/min to 3 pm/min to
a thickness of 9 to 10 #m and the mobility maximum was 80-100% of bulk
silicon mobility for the (111) films and 60% of bulk silicon mobility for

the (100) films. The (1702) results have been substantiated by Mercier (1970)

who reported an optimum temperature of 1110°C for 5 pm thick (100) layers
grown at a rate of O-1 um/min. When growing very thin layers (0+15 um),
deposition rates as high as 10 um/min at 1150°C are reported to be necessary
in order to achieve optimum layer quality (Dumin et al 1970). |

Mataré (1969) has predicted that the faults formed by the coalescence of
misaligned nuclei can be reduced by using a faster initial growth rate and
thereby generating a higher density of smaller nuclei which can re-align more
readily during coalescence. Experimental work by Hart et al (1967) has
demonstrated the improvemnents that can be made by applying this technique to
thicker films but it is not generally employed in the growth of the 1-2 um
thick films used for vertical junction MOS device structures.:

Since the use of hydrogen as a carrier gas inhibits the silane
dissociation and aids the transfer of aluminium from the substrate to the
growing film, Chiang and Richman (1970) and Mercier (1971) have recently

investigated the use of helium as an alternative carrier gas. Epitaxial

layers were grown at 900°C on (1702) sapphire at a growth rate comparable to

14



that normally employed at 1100°¢C with a hydrogen carrier gas but the film
orientation was (110) and no mobility values were measured. Films grown at
higher temperatures were (100) orientation and had mobilities comparable to
those obtained with a hydrogen carrier gas. From his observations of the
nucleation processes in a helium carrier gas system Mercier. gives the decrease |
in density and increase in size of the nuclei as one of the reasons for the

lower epitaxial temperature but this is contradictory to the predictions of

Mataré. The observed reduction of the contact angle to less than 900 s which
shows the increased influence of the substrate, may be the more significant
difference in the nucleation behaviour.

Vacuum deposited layers with properties comparable to layers grown from
silane have been prepared by evaporation and by sublimation in ion-pumped and

diffusion-pumped systems which were evacuated to pressures in the range

5 torr to 1 x 1077 torr, (Reynolds and Elliot 1967, Naber and O'Neal

2x10
1968, Weisberg and Miller 1968 and Itoh et al 1968a). Lawson and Jefkins (1970)
observed no significant differences in film quality in films prepared over

-5 7

the pressure range 2 x 10~ torr to 10°

torr. Epitaxial layers can be grown
at much lower temperatures in a vacuum éystem than they can in a vapour

transport system; e.g. good single-crystal layers can be grown on a

900°C substrate at a deposition rate of 0+1 um/min. The substrate temperature
necessary to obtain optimum layer quality in vacuum evaporated films is a

function of the deposition rate (Lawson and Jefkins 1970), but it is found
that if the substrate temperature for deposition (TDOC) is expressed as a
fraction of the substrate temperature necessary for the impinging silicon to
etch the substrate (TEOC) then the optimum layer quality in films 5 um to

12 um thick is achieved when (TD/TE) is equal to 09 for (0001) substrates

arid 0:92 for (1102) substrates. The optimum quality for films on (0001)

15



. substrates corresponds tb_a majority carrier mobility Af up to 75% of the

| bulk silicon value but the results were not very reproducible., The (1;02)
.results were reproducible but the optimum mobility was only LS% of the bulk
silicon mobility.

A variety of evaporation and sublimation sources have been used but
electron bombardment of a silicon charge on a water cooled copper hearth has
been the most common system because it provides a high deposition rate
together with minimal source contamination. This is achiefed by always having
a solid skin of silicon in contact with the hearth and by using electrostatic
or magnetic focussing of the electron beam to eliminate any direct rectilinear
path between the hot filament and either the source or the substrate.
Deposition rates are generally controlled by arranging for the silicon flux
to fall on a vibrating quartz crystal and a signal proportional to the rate
of change of vibrational frequency is used to control the filament current
in the electron beam evaporator. Doping facilities were not included in many
of the vacuum systems but Itoh and his co-workers (1968a) described an antimony
source which enables carrier concentrations of n-type films to be controlled

in the range 3 x ‘10‘|6 em™> to 1.6 x 107 en™3 and similar results were

achieved by Lawson and Jefkins (1970) using an auxiliary phosphorus-doped
silicon sublimation source.
Silane vapour transport systems have generally been preferred to vacuum
systems because -
1. the capital cost is less
2. a large throughput can be achieved without the use of
complicated substrate assemblies and

3. growth-rate control and doping control are simpler.

16



2.2 Crystalline Prcperties

A large density of crystailine defects is to be expected in hetéroepitaxial
.systems like silicon-on-sapphire and silicon-on-spinel which have significant
mismatches between théir substrate and overlay values of thermal expansion

coefficient and lattice spacing.

Manasevit and Forbes (1966) have shown that by fitting three silicon unit
cells to two spinel unit cells a lattice mismatch of only 1.9% is possible
in the silicon-on-spinel system. In silicon-on-sapphire the mismatch is
anisotropic bec#use the silicon structure is cubic and the sapphire is
rhombohedral-hexagonal and it is as high as 12% in one direction with (100)
silicon on ( 1102 ) sapphire, (Nolder and Cadoff 1965). The mismatch of

thermal expansion coefficients is also greater on sapphire than on spinel.

Other major faultéinducing factors are the reaction between the deposit and
the substrate, (Reynolds and Elliot 1966), the nature of the nucleation and
growth processes, (Blank and Russell 1966) and the crystallographic and
topographical defects in the sapphire surface. A1l of the above factors,
with the exception of the thermal mismatch, will introduce faults at the
sapphire or spinel interface, many of which will be eliminated as the film
growth proceeds, (Pashley 1965). Therefore a high density of faults‘is to
be expected at the insulator interface and the density will decrease as the

distance from the interface increases.

X-ray diffraction, chemical etching followed by replica electron microscopy
and transmission electron microscopy techniques have all been employed to
investigate the defect structures, (Bicknel et al 1966, Nolder et al 1965,
Schlotterer and Zaminer 1966 and many others) and the general conclusions to
be drawn from the results is that the following faults occur in varying
densities and proportions depending upoﬁ the growth system and the growth
conditions:-

(1) low angle érain boundaries,

(2) stacking faults and microtwin lamellae and

(3) dislocations. 17



The low angle grain boundéries, which are common in layers grown on sapphire
substrates cut from boules prepared by the flame-fusion process, are simply
a replication of the strucﬁure present in the substrate. Many of these
boundaries can be eliminated by annealing in hydrogen at 1250% to 135000,
(Robinson and Mueller 1966) but this anneal will exacerbate the aluminium

autodoping problem discussed in section 2.L.

. The stacking faults and microtwin lamellae in layers on sapphire have been
studied by Nolder et al (1965) and Bicknell et al (1966) and those in layers

on spinel by Schlotterer and Zaminer (1966). Primary and secondary twins

about &1i} planes have been obsérved in both systems but there is insufficient
quantitative information to compare the densities of defects in the two systeﬁs.
Virtually all the lamellar faults can be shown to originate at the substrate
interface, hence they are clearly a product of the growth process gnd do not
result from the stress generated by the thermal expansion mismatch between the

substrate and the overlay.

Zaminer (1968) has shown that the higher reaction rate between silicon
tetrachloride and spinel, as compared with silane and spinel, gives rise to

a higher density of twins in the former system and Nolder et al (1965) have
obtained similar results for silicon-on-sapphire layers but it is not known
whether the increased twin densities are caused by residual reaction products
on the substrate suface or by topographical defects resulting from the etching.
Seiter et al (1965) have shown that the éoalescence of 'out of phase'! nuclei
in heteroepitaxial systems which do not have a 1:1 atomic match is likely to
generate stacking faults.

. The dislocation densities measured from etch-pit studies have ranged from
7 9

107en™ to 10%en™® with once again no clear difference between layers on
sapphire and iayers'on spinel. The lower densities were observed on layers

a few tens of microns thick. ILinnington (1970) has studied the variation in

| dislocation density through films a few microns thick by transmission electron

18



microscopy and he observed as much as two orders of magnitude increase in

density between the top surface of the layer and the substrate interface.

Nearly all of the reported structure studies were concerned with 'as-deposited!
films and therefore little is known of tbe structure of films after annealing
treatments in various ambients. Booker and Stickler (1965) have shown that
when damaged bulk silicon surfaces are annealed in oxygen oxide platelets can
form and similar results are 10 be expected in these highly-faulted silicon-
on-sapphire layers. Furthermore, if the oxide platelets do form, aluminium
will segregate ihto thgm since it has a segregation coefficient greater than
10°, (Attala and Tannenbaum 1960). Although no direct evidence of this
phenomena in silicon-on-sapphire has been reported, it has been observed that
when the films used in this work were subjectgd to long anneals in oxidising
ambients not only did the aluminium concentration fall but also the mobility
decreased and this is presumably due to the generation of new scattering

centres which may well be the oxide platelets described above.

The major significance of this section is that it has indicated that variations
in the free carrier density and in the scattering properties through the
thickness of the film must be given full consideration when the electrical

results reported in this thesis are analysed.
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2.3 Stress

‘When a thin silicon film on a sapphire or a spinel substrate is

cooled from the deposition temperature to Toom temperature a
compressive stress is induced in the silicon film because the thermal
expansion coefficient of the silicon is less than that of the substrate.
The following expressions for the interfacial and surface stresses in

the silicon film have been derived by Jefkins (1970),

(S4) interface (1 +3 ep2 + 4ep 3) ¥ (ap = @q) AT

el (2.3.1)

(1 +4ep  + 6ep2 + 4ep3 + 62p4)(1-v1)

and (S;) surface (1 - 3@ 2 - 2ep 3) Y, (a2 - a1) AT

...(2.3.2)

(1 +4ep + 6¢p2 + 4ep3 +szp4)(1 - )

where the subscr;‘.pt 1 denotes silicon, the subscript 2 denotes the
substrate, ,Xx,Y and v are the thermal expansion coefficient,
material thickness, Youngs modulus and Poissons ratio respectively and

the following substitutions have been made,

P o= X/

and €

be (1 - v2)

Yé (1 - V1)

All the specimens used in this work satisfy the condition P < 0.002

and therefore equations (2.3.1) and (2.3.2) reduce to

(S,) interface = (Sq) surface = Yy (a2, - a;) AT
1 1 1272~ e (2.3.3)
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The above ana;ysis.ig onlj strictly valid if the thermal expansion
coefficients are isotropic in the plane of the interface. Whereas
this is true for silicon, spinel and the (0001) sapphire‘plane, it is
not true for the (1702) sapphire plane which is the orientation of all
the substratés used in this work. The minimﬁm value of the thermal
expansion coefficieni in the (fTOZ) sapphire piane is 8.31 x 10 =6 ¢ =1
and it occurs in the direction perpendicular to the (0001) plane, which
in the case of the (1102) plane means it is also perpendicular to the
(2710) pléne, (see the accompanying stereographic projéction). The
maximum expansion coefficient is in the direction perpendicular to the
plane marked X in the stereographic projection below and its valué is

8.82 x 10 ~0

x -1,

0001

21



Since the difference between the maximum and minimum values of the
expansion coefficient is only of the ordér of 6 per cent, an
approximate analysis based on a meanvvalue of 8.6 x 10 6 ¥ =! should
enable a sufficiently accurate estimate of the stress levels to be
determined. Equation (2.3;3) also requires a value of Youngs modulus

for silicon and this can be determined from the relationship.

2 2 2 2 2
= 5., -2 (8, - S12-12.s44)(c1 & + &y €3 + 43 912) oo (2.3.4)

1
where thesij aré compliance coefficients and the {y are directional
casines. This equation is valid for any cubic system (Nye 1957) and

the value of the combliance coefficients for silicon at 20°C are

12

S,. =7.68x 10 "¢ n2 x!

11
S, =2.14x 10 7% n? K

12

=12.56 x 10 12 22 ¥ ', (Runyan 1965).

S44
which means that Young modulus for silicon is also anisotfopic in

the (100) plane. The second term in equation (2.3.4) is always
negative therefore Young modulus is a2 minimum in the <100> direction
where the directional cosine term reduces to zero. Substitution of
this minimum value of 1.3 x 10*[]ﬁn-2 in equation (2.3.3) determines

a lower limit for the sﬁfess in this plane and an upper limit can be
determined from the maximum Youngs modulus value of 1.69 x 10" Nm~

If these ;alues are substituted into equation (2.3.3) together with

a value of 0.25 for Poissons ratio, (Runyan 1965) and 4.1 x 10 =6 g -1
for the mean thermal expansion coefficient for silicon (Nan and Yi-Huan

1964) then the upper and lower stress limits shown as dashed lines in

Figure 2.3.1 can be predicted for a film grown at 1050°C.
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Also shown in Figure 2.3.1 as full lines are experimental'results for
~ the elastic limit as measured on vapour grown whiskers and on rods

cut from bulk silicon, (Pearson et al 1957). It follows from these
results that, if the film had elastic properties similar to the bulk
silicon rods, a significant degree of plastic deformation would occur
during the cooling, thereby relieving at least part of the stress.
But crystallographic studies showed no evidence of dislocation arrays
arising from plastic deformation, (see previous section) therefore the
elastic properties of the films must resemble_more closely those of the

vapour grown whiskers,

No stress measurements of (100) silicon films on (1102) sapphire are
reported in the literature. Ang and Manasevit (1965) have used a
cantilever beam technique to measure the compressive stress in a

1.8 thick (111) film on a 16um thick (0001) sapphire ribbon. The
film was growvn from silicon tetrachloride at 1150°C and the calculated
stress value, making a correction for the partial deposit on the reverse
side of the ribbon, was 9 x ‘IOeNm--2 . Dumin (1965) has also measured stie
values in the range 10° — 10° N2 for (111) films on (0001)
substrates. All these results are in fairly good agreement with the
room temperature values in Figure 2.3.1, although some discrepancy
would be expected because of the small differences in Yy, a, and -T.
This evidence substantiétes the crystallographic evidence that there
appears to be little stress relaxation due to plastic deformation.

Dumin analysed the deformaiion of 1=46umithick silicon films on 0.95 cm
diameter sapphire discs, whose thicknesses were in the range 127-508um,

using linear beam thebry. The deformations were isotropic as expected.

An anomalously large increase in stress with increasing substrate
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thickness was observed. Since the value of p for all the layers was
less than 0.06 only a very weak dependence of stress on substrate

thickness is to be expected, (Jefkins 1970).

The stress in silicon films on alumina~rich spinel substrates has been
studied by Schlotterer (1968) and by Robinson and Dumin (1968).

Robinson and Dumin examined 2~-25ymthick silicon films on 0.025 cm and
0.050 cm thick spinel. The spinel composition was in the range

Mg 0 : Al 03 = 1 :3.0=3.5and (111), (110) and (100) orientations
were investigated. All the layers exhibited an anomalous anisotropic
deformation with the maximum anistropy occurring on (111) specimens.
Maximum stress values in the range 1-4 x 10 9 N m‘-z were observed,

which is up to five times the values obtained on sapphire. Schlotterer
observed isotropic deformation on (111) and (100) spinel (Mg O : Al, O3 =

1 2 2~ 3.5) with a typical stress value of 8.8 x 10 8 No =

on (100)
substrates. Seitér (1967) has also demonstrated that the stress is
isotropic by examining the stress dependent etch figures associated
with crystal defects. The differences between the Robinson and Dumin
and the Schlotterer and Seiter results may originate from differences
in the quality of the spinel substrates used, since exsolution of

¢-alumina at crystal defects is a frequent problem with alumina~rich

spinel.
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2.4 Autodoping |

Cne of the primary drawbacks of both the silicon-cn-sapphire and the
silicon-on-spinel systems is that the reduction of the substrate during
film growth at elevated temperatures releases aluminium acceptors into

the growing film. This reduction proceeds due to the reaction

2 Si+ A1203 _— A120 + 2 Si0 (2.4.1)
‘ (von Grube et al 1549)
provided that the reaction products can escape. A further reaction

with the hydrogen carrier gas is also possible

2 H2 + A1203 — A120 + 2 H20 (2.4.2)

(Manasevit et al 1965)

Both of the above reactions have been used to remove the substrate
surface damage left by the mechanical polishing, (Reynolds and Elliot

1966, Filby 1966 and Robinson and Mueller 1966).

The presence of aluminium in the silicon film has been positively
identified by emission spectroscopic analysis (Dumin and Robinson 1966).
The mechanism by which the aluminium sub-oxide is incorporated into

the growing film will be discussed later.

Clearly to reduce autodoping it is desirable to grow the film at as

low a teméerature as possible but if the temperature is ﬁoo low the
crystalline quality of the film will suffer due to the lack of mobility
of depositing atoms. Therefore, at any given growth rate, a temperature
must be chosen which achieves a compromise between minimising the auto-
doping and maximising the crystalline perfection. The compromise will

depend on the application for which the film is to be used.
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The relationship betweeﬁ the level of autqdoping, as defined by the hole
concentration determined from Hall neasurements on undoped layers, and the
growth temperature has been investigated by Robinson and Dumin (1968) for
growth on both sapphire and MgO:B.S A1203 spinel substrates in é silane
system and by Reynélds and Elliot (1967) for vacuum deposition on a sapphire

substrate and the results are shown in Figure 2.4.1.

The ordinate in the figure is expressed as a density per unit film area
because both sets of authors considered the dopant source to be a limited
source produced during the nucleation period. Also included in Figure 2.4.1
are single temperature points which were obtained by other workers and althoug
these confirm the general forﬁ of the results obtained by the above authors
they also indicate the fairly wide spread in values that have been obtained

under nominally similar growth conditions.

Compéring first the sapphire and the splnel results obtained with the silane
system it is apparént that the autodoping on spinel at any given temperature
is épproximately an order of magnitude less than it is on sapphire. The less
reactive nature of the spinel surface has been demonstrated directly by

Schlotterer (1967).

A comparison between the vacuum-deposited and the silane-grown films shows
that the temperature at which a given autodoping level occurs is approximately
150-250%K lower for the vacﬁum-deposited layers. Some insight into why this
should be the éase can be obtained b& considering the differences in the
growth processes. During the nucleation stage of vacuum-deposited films some
of the depositing silicon atoms will react with the substrate according to
equation (2.4.1), but since the A1,0 reactioh product which sublimes in a
vacuum will not return to the growing film, the aluminium in the growing film
must result from reaction at nuclei perimeteré or from surface migration.

When the surface is completely covered further aluminium autodoping will be
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»limited by the diffusion.of the reaction products away from the interface.
A possible complication in practical vacuum systems is the existence of
partial pressures of hydrogen in the range 1077 to 16'8 torr, (Lawson and
Jekfins 1970 and Weisberg and Miller 1968). These partial pressures
correspond to hydrogen arrival rates of a monolayer in a few tens of
seconds. But at temperatures around 1000°c the mean time of stay of
hydrogen atoms is likely to be much too short for a significant number to

react with the alumina.

A superficial consideration 6f the situation may induce one to Believe that
the silane system woﬁld be expected to give rise to higher autodoping levels
because the volatile reaction products can be transported back to the

surface and because the hydrogen carrier gas is present at atmospheric
pressure but the more complex growth process that is believed to occur in the
case of growth from silane invalidates this argument. It is probable that
the silane molecule is only partially decomposed leaving Sin specieé on the
alumina surface. Additional bonding between hydrogen atoms in the Sin and
oxygen_atoms in the substrate would make the Sin species less.mobile than
silicon atoms and therefore could account for the higher epitaxy temperatures
in the silane system. If the growth proceeded in this manner the autodoping
caused by the silicon reaction is also likely to be reduced because of the

lower concentration of free silicon.

If the Back of the slice is sealed off with a silicon film prior to the
epitaxial growth on the top surface then the level of autodoping is reduced,
(Hart et al 1967 and Mercier 1970). This transfer from the back surface may
be due to either a hydrogen or a silane reaction. For a giﬁen crystalline
quality the autodoping level in vacuumrdeposited and silane-grown films are
similar because the lower epitaxial temperature compensates for the inherently

faster autodoping reaction rate,
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Recently Chiang and Richman (1970) and Mercier (1971) have used helium as
the silane carrier gas in anAattempt to suppress the autodoping contribution
from the hydrogen carrier gas although some hydrogen will still be present

as a product of the silane pyrolysis.

The results of Mercier showed that "the aluminium transfef was present at a

comparable level in the same high-temperature range", but that epitaxy could
be achieved at lower temperatures because the helium did not limit the silane
dissociation in the way that the hydrogen did.  The result indicates that the

silicon reaction is probably the major one in the autodoping process.

From the dependence of the carrier concentration on the growth temperature
Dumin (1967) has calculated the heat of reaction of the autodoping process
as 835 kd/mole on (0001) sapphire and 1045 kJ/mole on ({?02) sapphire.
Al though he attributed these values to the reaction in equation (2.h.2) it
~ has been shown above that the reaction in equation (2.&.1) is probably

dominant in autodoping.

After preparing a film it must undergo a number of high temperature thermal
treatments during device processing and these treatments can lead to
significant doping changes in the film. If a film is heated in hydrogen,
additional aluminium is generated by the reduction of sapphire, (eg a

300 Q-cm n-type f£film heated for 5 minutes at 1175°C was converted to

0.6 (-cm p-type (Dumin 1967)), and n-type silicon films have shown p-type
regions at the top surface and at the sapphire interface after hydrogen heat
treatments. This indicates that there is aluminium transfer both via the
gas phase and from generation at the sapphire interface due to diffusion of

hydrogen through the silicon.

Heat treatments in oxygen can remove aluminium acceptors in two ways; either
by the out diffusion of aluminium and its consequent segregation into the
oxide layer, or by precipitation within the silicon film onto one of the many
crystal faults. Ross and Warfield (1969) have shown that the variation of
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acceptor density as a function of oxidation time éan'be explained entirely
by out diffusion and segregation in the oxide if the diffusion constant for
aluminium in silicon-on-sapphire is four times the value for bulk silicon.
The effect of prolonged oxidation on the carrier mobility is discuésed in

section 2.6.

Low temperature (,50°C) heat treatments in an inert atmosphere after
oxidation can form silicon-oxygen complexes which act as donors but these
are easily reﬁoved by a 30 minute treatment at 1000°C and further heat
treatment up to 1250°C has 1ittle effect on either the carrier concentration

or the mobility, (Dumin 1967).
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2.5 Deep Levels and Sapphire Interface States

In the previous section the effect of growth parameters on the density

of shallow aluminium acceptors was discussed, but this is not the only way
in which the growth conditions éffect the carrier concentration. Deep
donor and acceptor levels have been identified by Heiman (!967b) and by
Dumin (1970). Deep acceptors increase the resistivity of n-type films by
trapping the electrons released from shallow donors and deep donors play

a similar role in p-type films.

Dumin (1970) investigated the resistivity of béth n~-type and p-type films
grown from silane reservoirs with calibrated impurity contents. The films
were grown at a number of different temperatures and their thicknesses
ranged from O.1um to 3Cum. The resistivity was found to increase as the
thickness decreased. Only part of the increase could be accounted for by
mobility reductions and the associated decrease in the carrier concentration
was believed to be due to compensation by increasing densities of deep donor
and acceptor traps associated with crystal defects. Comparisons of the
Fermi levels calculated from the resistivity data with the values determined
from a graphical solution of the charge neutrality equation enabled estimates
of the energy level of the trapping states to be made. The values obtained
were 0.25eV from the conduction band edge for the deep acceptor and O.3eV
from the valence band edge for the deep donor. In the thickest films the

density of deep levels is of the order of 104 o3

18

and in the O.1pm films

the value may be as large as 10" t0 10'° cm™3.

Optical absorption and photoconductivity measurements give results which are
consistent with the deep donor and acceptor levels predicted by the analysis
of the resistivity data. DMNeasurements of the Hall voltage were made in

conjunction with the photoconductivity measurements to ensure that majority

carriers were responsible for the enhanced conductivity in both the n-type
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and p-type films, since Heiman had initially reported only the existence

of deep acceptors. A larger photoconductivity response was observed on

the lower mobility layers, presumably because of the higher density of
éfystal»defects. The exact physical nature of the deep levels has not

yet been established. There is probably more than one type of deep level
.present since HCl gettering sometimes produces improvements in lifetime
whereas in other layers no significant improvements are observed,

(Robinson and Heiman 1971). The deep levels reported by Dumin were reduced
in density by HCl gettering and had energy levels very similar to those
reported for copper, (Schibli and Milnes 1967),but no positive identification
was possible. Since the deep levels which were not reduced by HCl gettering
were observed in films with appreciable autodoping, it was tentatively
postulated by Robinson and Heiman that they may be associated with an

aluminium oxygen complex.

‘Additional less direct evidence for the presence of deep acceptor levels
was obtaiﬁed from the early saturation of the drain characteristics of
N-channel MOS transistors. The deep acceptor sites become charged under
the positive gate bias leading to a charge density in the depletion region
much greater than the acceptor density measured from the Hall measurements
and since the knee in the MOS drain characteristic occurs at the voltage
Vk = Vg + (st + Qs)/Ci where Qs is the charge per unit area in the depletion

region the enhanced depletion layer charge accounts for the early saturation

of the characteristic.

An electronic layer can be generated at the sapphire interface in some films
as a result of certain post-deposition thermal treatments. In 'contaminated!'
films a 15 minute heat treatment in hydrogen or moisture at 500-100000 will

generate a layer with electron densities in the range 10" - 10'3 en?

Heiman (1967) has proposed the following mechanism for the generation of
this layer: unintentional impurities (eg sodium) deposited during device

processing can diffuse rapidly through the silicon layer and are incorporated
| | 33



as positively ionised impurities in é highly disordered 'glassy'! layer
adjacent to the sapphife. The preéise role of the'hydrogen or moisture
is hot specified but its presencé may be necessary to reﬁove the anion
of a sodium salt. Heiman's hypothesis of a 'glassy! laye: is not an
essential part of this mechanism since the sodium ions could simply be
trapped at defects in the sapphire-silicon interface. Support for the
hyﬁothesis was obtained by the observation of interface electronic layers
after hydrogen heat treatment of films intentionally contaminated with

potassium.
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2.6 Mobility

The two parameters that are of primary importance when specifying
the electrical properties of a semiconducting film are the maj drity
carrier mobility and carrier concentration. Both these parameters
are closely dependent on the deposition rate, the deposition
temperature, the film thickness and any post-deposition heat treatment
which the film may have received. Th‘erefore for any set of
measurements to be really meaningful all these conditions must be
stated. A number of authors have measured the majority carrier
mobility as a function of the carrier concentration while holding all
the other conditions constant. Their results for both p-type and
n-type films of (111) and (100) orientations are shown in Figures
2.6.1 to 2.6.4. Results for silicon-on-spinel are also included in
these Figures because they provide additional insight into the
significance of various scattering mechanisms in thin silicon films.
The results are 'mean' values for the total thickness of the films.
Since crystalline defects grow out of the film as the growth proceeds
and there is autodoping from the substrates, marked variations in
both the mcbility and carrier concentration with position in the film

are to be expected.

With ' compressive . stress of the order of 109 -1010 dynes/ cm2 pronounced
plezo-resistance effects are £0 be expected for hole conduction in (111)
films and for electron conduction in (100) films, (Schlotterer 1968).
Calculated mobilities for bulk silicon with a comprehensive stress of

8 x 10° dynes/ cm2 are shown in the mobility versus carrier concentration
Figures for p-type (111) films and n-type (100) films. The p-type
mobility is enhanced by up to 65 per cent and the n-type mobility
reduced by up to 57 per cent. Since these mobilities were calculated
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from the resistivity/impurity concentration curves of Irvin (1962), they
are conductivity mobilities not Hall mobilities as sﬁggeSted by‘_
Schlotterer (1968). The experimental reéults indicate that the
piezoresistance effect is significant. The best (111) p-type results
lie between the theoretical strained and unstrained values at the

higher carrier concentratioms, (ie)lOl 6 cm-3 ) and the (100) n-type
results lie close to the theoretical strained curve sbove the mid 10W0

carrier concentrations.

A1l the Figures 2.6.1 to 2.6.L show one marked difference in behaviour
between bulk silicon, (whether strained or unstrained), and the silicon
films. Nemely the reduction of mobility with reducing carrier
concentration at the lower doping levels. Therefore there must be at
least one other carrier scattering mechanism involved in addition to
the charged impurity and phonon scattering mechanisms which occur in
bulk silicon. A similar phenomena in III-V and II-VI semiconductors
has been analysed by Weisberg (1962) in terms of scattering by large
space charge regions surrounding local inhomogeneities. Hasegawa

ét al (1969) have explained the vé.riation of mobility with carrier
concentration in vacuum evaporated n-type (111) films, (ecurve 3 of
Figure 2.6.1) by using a combination of three scattering terms:-

L L .1 (26.1)

H Ly Hp- Hse

where TR is the bulk mobility, #y is the mobility resulting from
dislocation scattering and Hsc is the mobility resulting from space-charg
scattering. Since these are n-type (111) films the piezoresistance
effect should be small. The dislocation scattering term which is indepen-
dent of carrier concentration and is normally insignificant at room

temperature is given by
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Hp

=1.0 x 10%° éﬁ'_l‘__g an?v L s L for electrons ... (2.6.2a)
' Di :
and Hp = 6.3 x 109 Eﬁ-T—; cmzv_l s -1 for holes ... (2.6.2b)
Di :

where T is the absolute temperature and Ny, is the dislocation density,

(em™2)

In the absence of any deionisation the space-charge mobility, p e is

given by -

i 2 =1 -
#SC=CND3T 2 em 151

see (2-603)
where C is a fixed parameter for a given film and ND is the donor

density. Hence at sufficiently low carrier concentrations the 1/“SC

term in equation (2.6.1) will dominate and the mobility will decrease

as the carrier concentration is reduced.

The highest hole and electron mobilities in the (111) films are
greater than those in the (100) films. This result is to be expected
as a consequence' of the piezoresistance effect which increases the
hole mobility in (111) films and reduces the electron mobility in (100)
films. The measurement of hole mobilities in the (111) films which are
greater than the bulk values is additional confirmation qf the

existence of a piezoresistance effect.

In general the mobility increases with film thickness up to at least
the S or 6 ym value, (see for example curves 2 and L in Figure 2.6.3).
One set of measurements by Cullen et al (1969) on p-type (111) silicon-
on-spinel films reached a plateau level from 3 um. Since dislocation
scattering is insignificant at room temperature, the improvement in

mobility with film thickness must be due to a reduction in the space-
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charge scattering; This explanation is supported by the fact that the
2 um £ilm in Figure 2.6.3 shows a mobility maximum at 100 em™> whereas

15

down to 10 cm-3 there is no mobility maximum for the 6 4m film.

It is apparent that the density of space-charge regions is greater near
| the sapphire interface but it is not clear whether they are a direct
result of ecrystal defects (eg low angle grain boundaries), or whether
they result from precipitates formed at defect sites. A study of the
effect of post-deposition heat treatments may be expected to aid

identification of the type of space-charge defects.

Dumin and Robinson (1968) have shown that the.effect of thermal oxidation
on silicon-on sapphire films is to increase the electron mobility at

a given carrier concentration whereas no significant changes in the
hole mobility are observed. The thermal oxidation remofes aluminium
from the substitutional state both by diffusion into the oxide and by
causing it to precipitate on crystal defects. Therefore in the
pre-oxidation state the n-type silicon is partially compensated and the
number of charged scattering centres is greater than the nﬁmber of free
carriers. Part of the post-oxidation increase in mobility is due to a
reduction in the density of charged scattering centres at a given
carrier concentration. This effect alone is not sufficient to account
for the fairly large shifts shown in Figure 2.6.5. The most probable
explanation is that some'of the defects which give rise to space-charge
scattering are being annealed oﬁt. In Figure 2.6.6 the type of
inhomogeneities suggested as scattering centres by Weisberg are
reproduced and clearly the removal of the electron barriers present

in types (a), (b)vor (e) could give rise to an improved electron

mobility without substantially effecting the hole mobility.
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The effects of oxidation on silicon-on-spinel films as reported by
Gottleib et al (197L) are slightly different. The increase in electron
mobility is less and could be accounted for by the removal of the
compensating aluminium acceptors although an apparent decrease in electron
concentration in some of the measurements would appear to invalidate this
explanation. The hole mobilities show a small but significant post-
oxidation decrease. Therefore additional hole scattering centres must
be generated by the oxidation. It is possible that dielectric
precipitates of type c. in Figure 2.6.6 are being formed (possibly
Si 02) (Booker and Tunstall 1966). If this were accompanied by the
removal of type b. defects, as appeared to be the case with silicon-on-
sapphire then the net effect on the electron mobility could be the smagll
increase observed. The speculative nature of the comments above clearly
shows the need for a detailed study to correlate the electrical and
structural properties of filmsbefore and after thermal oxidation processes.
The highest room temperature electron mobility reported is 810 a2y ™!
at 2 x 1016 em -3 on (111) spinel by Itoh et al (1969) and the highest

2 16

hole mobility is 360 cm v s at 3 x 10 ™3 also on (111) spinel by

Gottlieb et al (197L).

Further information on the predominant carrier scattering mechahisms

is obtained from the dependence of the Hall mobility on the measurement
temperature and typical results from a number of authors are shown in
‘Figures 2.6.5 and 2.6.7. In both conductivity types the difference
between the film mobility and the bulk mobility increases as the
temperature decreases and if the film temperature is reduced sufficiently
the mobility goes through a maximum and then decreases rapidly.

Therefore the additional scattering mechanisms present in the films must
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FIG. 2.6.7.
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beccme increasingly significant at the lower temperatures and their
related mcbilities rmust have a positive temperature coefficient. It
can be seen from equation (2.6.2) that the mobility due to dislocation
scattering has the required properties and although the direct
temperature coefficient of the space charge mobility ‘given by
equation (2.6.3) is negative this is overwhelmed at lower temperatures
by the indirect exponential temperature dependence inherent in the

N% term. Typical space-charge and dislocation mobilities calculated
by Hasegawa et al (1969) are shovm in Figure 2.6.5 and these are

cortbined with the bulk mobility to give the theomticd'#ToT plot.

The theoretical plot was in good agreement with experimental results
on films on (111) spinel. and in general is of the same form as all the
plots in Figure 2.6.6. Note that the point at which Hgo Boes through
a maximum is determined primarily by de-ionisation and therefore is
essentially independent of the density of space-charge regions.
Therefore the movement of the maximum in the mobility to higher
temperatures for plots 3, L and 5 in Figure 2.6.5 is presumably due to

the differing dislocation densities, (the interception of .UD with #B

noves to higher temperatures as ND increases) An analysis of the
results suggest approximate dislocation densities of 1.3 x 108 sy 2.4 x 108

and 4.2 x 108 @™ for plots 3, L and 5 respectively.

The effect of thermal o'Jc'Ldation on the temperature dependence of
mobility in n-type (111) films on (0001) sapphire was investigated by
Ttoh et al (1968 b.). The films were oxidised in steam at 900°C for

25 minutes and then annealed in argon at 1000°C for 2 hours. The
results of measurements before and after this process are shown in
curves 5 and L of Figures 2.6,5 respectively. The bulk mobility cann,ot‘

change significantly since the piezoresistance effect is small for this
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type Qf film and the dislocation mobility contribution is
| insignificant at room temperature. Therefore the observed displacement
of the mobility curve must be due to the amnealing out of space-charge

defects.

It is concluded from the above discussion that any dégradation of room
temperature mobility below the bulk value is probably due to space-charge
scattering and the mobility can sometimes be improved by post-deposition
high temperature anneals. At temperature below 100°K dislocation

scattering is likely to be the dominant mobility limiting mechanism.

There are two reasons why the field-effect mobility at the oxide interfacs
in MOS devices is likely to be greater than one might expect from the
film measurements. Firstly it has been shown that the majority of the
space-charge scattering is taking place near the sapphire interface
and secondly the strong gate field will lower the potential barriers at
the oxide interface due to space-charge regions, (Waxman et al 1965).
One factor which xﬁay lead to a lowering of the field-effect mobility

after a high temperature anneal in an oxidising atmosphere is the

formation of silicon dioxide precipitates at points where crystal

faults emerge from the silicon.
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2.7 Lifetime
The techniques that have been empldyed to measure minority carrier

lifetimes in silicon films on sapphire and spinel are

(a) Transient response of a p-n junction, (Lederhandler and

Giacolletto 1955)

(b) Transient response of an YOS capacitor, (Heiman 1967a)
and (c)‘ Analysis of p-n junction I-V characteristics in tems of the

SNS Theory, (Sah, Noyce, and Shockley 1957).

When the material being investigated has a short lifetime,method (a)
requires complex high-speed measuring equipment whereas the equipment
needed for method (b) is much simpler. The rate of signal decay in

method (a) is given by

& -k
dt qT‘J

If T_ the mean lifetine, is 10710 sec this gives a rate of change of
voltage equal to 2.5 x 108 volts/sec and hence an extremely wideband
scope is required as a detector. In Method (b) the time constant of the

transient is given by

_ 2T N
Tt-nOD

i
where N is the doping density. If Nj is say 6 x 1015 en™> and T, is
again 10710 sec. This gives a time constant of 8 x 107 sec which can

readily be detected by a standard oscilloscope.

On cooling from growth temperature the thermal expansion mismatch causes
the silicon-on-sapphire specimen to deform thereby causing a convex

silicon surface to form. Dumin and Silver (1968) have polished the
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éonvex silicen surface on 25 pum thick p and n-type silicon films cn
(1102) sapphire and then fabricated shallow p-n junction dicdes in the
resultant variable thickness wedge. The forward I-V characteristics of
- the diodes were  analysed according to SNS Theory and the calculated
effective minority carrier lifetimes are shown in Figure 2.7.1. The
lifetime in the bulk of the film is in the nanosecond range and is an
increasing function of distance from the sapphire interface. When the
diode is diffused through to the sapphire interface the effective
lifetime drops by an order of magnitude due to recombination at the back
surface. SIS ané.lysis of reverse-bias diode characteristics in Sum
thick p~type (100) films on (1702) sapphire by Hart et al. (1967) gave
values ¢f 2-3 nznoseconds for the effective minority carrier life-

time. The results were confirmed by current gain measurements on bipolar
transistors and by examining the transient response of a p-n junction.
Values in the nanosecond range have also been obtained from reverse-bias
diode measurements on (100) and (111) films on cormercial MgO: 3.5 A&z
03 spinel by Robinson & Dumin (1968). But values as high as LO
nanoseconds obtained by method (b) have been reported by Cullen et al
(1969) for (111) films on flame-fusion spinel in the composition range

0: 1. : . .
Mg 5 A&z 03 to Mgo 2.2 A€2 03

Gettering of metallic impurities in the silicon films by a high
temperature anneal in an HC&-O2 ambient has produced significant
improvements in minority carrier lifetimes, (Allison et al 1969). Films
on both sapphire and spinel substrates have yielded minority carrier
lifetimes up to U5 nanoseconds after this process. This lifetime
corresponds to diffusion lengths of 6 pm and 12um for holes and electrong

-3

respecivively, at a carrier concentration of 1015 cm “, and these values
are sufficiently large to enable bipolar transistors with high current

gain values to be made,
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CHAPTER 3

THE USE OF MIS DEEP DEPLETION HALL EFFECT STRUCTURES TO STUDY THE CARRIER

TRANSPORT PROFPERTIES

A technique has been developed for measuring the variations in carrier
density and mobility as a function of distance from the sapphire
interface in 1-2um thick silicon-on-sapphire films. The conductivity
and Hall constant are measured in the conducting channel of a deep
depletion MOS transistor as the depletion region is driven into the

film and these results are combined with C-V measurements on an

adjacent capacitor to provide both the carrier concentration and mobility
profiles. Anomalous behaviour due to processing irregularities is

detected and explained.

A nevw method is described of measuring the energy distribution of the
fast interface states at the oxide interface on layers with non-
uniform dopiﬁg and the results obtained are compared with those

reported on bulk silicon.
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3.1 Experimental Techniques

" The structures of the deep depletion MIS Hall effect transistor and the

MIS capacitor used in this investigation are shown in Fig 3.1.1, [the

two additional deep depletion transistors on the left of Fig 3.1.1 (a)
were not used]. Both the channel length and width of the Hall effect
transistor are 300um, as drawn on the photolithographic mask. Sideways -
diffusion and silicon undercutting will teﬁd to reduce the length and

width respectively, but the errors in both will be less than 1.5 per

cent. fhe MIS dielectric is an oxide-nitride double layer with
approximately 4OOA of oxide and 800A of nitride. The nitride top layer

is used to prevent the migration of ionic contamination into the oxide.
Spreads of up to + 10 percent in the capacitance/unit area of the
dielectric are observed but this does not affect the accuracy of the
calculations because the measured value of the dielectric capacitance in
heavy accumulation is substituted in the analysis. The contacting

fingers, numbered 1, 2 and 3 in Fig 3.1.1 (a) are diffused into the edge

of the channel under the gate electrode to enable four terminal resistivity
and Hall measurements to be made. The'soufce, drain and contact regions
are all formed by a heavy phosphorus diffusion which is driven‘right through
to the sapphire interface. The metallisation is aluminium. A detailed

description of the transistor fabrication process is given in Appendix 1.

In a deep depletion MIS device (Heiman 1966), (in contrast to the more usual
surface inversion layer device), the source and drainare in ohmic contact
with the bulk of the film and the conduction channel exists in the bulk of
the film. This conduction channel is restricted by applying a potential to
the gate of the device such as to drive a deplefion region into the film,

.(e.g. a negative potential on an n-channel device). If the maximum depletion
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{a) Plan view of Hall effect device
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{b) Cross section of Hall effect device
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(c) Plan view of capacitor

Fig. 3.1.1. Structure of the deep depletion MIS Hall effect transistor and the MIS capacitor.
(a) Plan view of Hall effect transistor.
(b) Cross-section of Hall effect transistor.
(¢) Plan view of capacitor.
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depth at heavy inversion for the particular film carrier concentration is
greater than the film thickness then the device can be completely turned off,
and a plot of the maximum depletion depth as a function of the film carrier

concentration is given in Figure 3.1.2.

The capacitor has the interdigitated structure shown in Fig 3.1.1 (c) in

order to minimise the potential drop in the silicon electrode. When the
depletion region is driven back into the silicon electrode of a conventional
dot capacitor structure the spreading resistance of this electrode is

usually sufficiently large to introduce significant érrors in the capaciténce
measured at 1 MHz. The effect of the distributed resistance in the
interdigitated capacitor in Fig 3.1.1 (c) was calculated by ﬁreating the
structure as a simple R-C transmission line. The analysis showed that with
the dielectric thickness employed in this investigation the capacitance error
is less than 2.5 per cent provided that the sheet resistance of the conducting
layer below the depletion region is less than lOSQ/square, which corresponds
to a residual layer thickness of O.lum at a film resistivity of 1 Qcm. The
area of the interdigitated capacitor, as defined on the photolithographic
mask, is 4.912 x lO-h cm2 but since the areas of processed capacitors were up
to T.5 per cent less than this value the dimensions of all the completed
specimens used in this study were measured to an accuracy of better than 2 per
cent. The silicon films were (100) orientation grown on (1102) sapphire
substrates by thermal decomposition of silane*. All the films were phosphorus
doped with net donor concentrations in the range 3 x lO15 cm-3 to 3 x lO16 cm-3'

The film thicknesses after processing were in the range 0.6-1.Tym, as measured

on a Talysurf to an accuracy of + 0.05um.

*
The films were obtained from the Allen Clark Research Centre of the Plessey

Company.
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The carrier transport properties of the films were derived from the
following measurements made over a range of gate voltages from heavy
inversion to heavy accum.ula’gionf Four—terminal resispivipy measuremenps
were made by using the source and drain for current contacts and points

1 and 2 in Fig 3.1.1(a) for voltage contacts. The potential difference
between points 1 and 2 was always wiﬁhin 5 per cent of thé value expected
from the outer terminal voltage, assuming zero contact resistancé at the
éource and drain. Evidence that the small differences that did exist

Wwere probably due to small non—uniformities in film resistivity rather

than contact resistance was thained from thé fact that the difference
always decreased when the device was driven into heavy accumulation where the
fractional contact resistance error would be expected to be at its greatest.
The Hall voltages were obFained by using a digital voltmeter wiﬁh.an
accuracy of + 10uv to measure the change in voltage between the source

and contact 3 when the magnetic field was reversed. Typical Hall vqltagés
were in the range 0.25-3.0mV. The linearity of #he Hall voltage with
magnetic field was checked up tq 6000G and all subsequent méasuréments

were made at LL6AOG.

Referring to Fig 3.1.1(a), the sheet conductivity of the device channel

is given by

l —

[¢]

bl
]

fff(3.lfl)'

L=

2

where Ic is the channel current and V12 is the potential difference

between the voltage contacts. The Hall coefficient is given by

_ .8 a, 1 _3-1
R = 10 VH T s cm™C
c m

ees(3.1.2)

where d = thickness of conducting channel, VH is the Hall voltage and
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o« is a magnetoconductive cqrrection factor for the shorting of the Hall
field by the source and drain electrqdes (Isenberg, Russell and Greene
1948). For an infinitely long speciﬁen &ﬁ = 1 and for the square géqme?ry-
used in this work o = 0768. Equa@ions (3.1.1) and (3.1.2) can be cqmbined

by using the relationships

R = i— ... (3.1.3)
and
. Gs
to give
. \'f 8
~<u]£ = %’V—Ii-f%g— cm2V lsec 1 ...(3.1.5)
12 m '
and
' amIcB -8 -2
(nu} = npnd = o x 10" em © (3.1.6)
H
where (uﬂ? = 'mean mobility' in the channel and {ng) = 'effective number

of carriers per en®' in the channel. Note that in equations (3.1.3) and
(3.1.4) it has been assumed that the conductivity mobility equals the

Hall mobility.
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In order to estimate the uncertainties in (uH? and (nt? consider first
the uncertainties in the individual parameters which appear in equations

(3.1.5) and (3.1.6). Maximum errors in I, and V, are less than 2 and I

per cent respectively and the uncertainty in the S/L ratio is less than
1l per cent. The maximum error in a, due to the 1.5 per centvuncertainty
in the square geometry is less than 1 per cent. The uncertainties in

V12 and B are insignificant, (<0.3 per cent). Using the above uncertainties,

examination of equations (3.1.5) and (3.1.6) shows that the meximum errors
in (uH? and {ng} are both less than T.5 per cent and that the major part

of this is due to the uncertainty in V The relatively large uncertainties

H.
only exist when the depletion region is driven deep
2

of 4 per cent in Vi

into the film. For all measurements where (uH? is greater than 100 cm
v1 sec-l the uncertainty in VH is less than 1 per cent and the maximum
possible errors in (uH? and {n, less than 4.5 per cent. Non-uniformities
in sheet resistivity could give rise to further errors in (QH? and (nq)

but the sample used in this investigation is more than an order of magnitude
smaller than typical 6 terminal Hall samples and therefore long-range non
uniformities are likely to be less significant. The use of four-terminal
resistivity measurements to verify the absence of large localised

inhomogeneities by checking the constancy of the potential gradient along

the sample has already been referred to.

In the next section a method is described of calculating the true
average mobility and total carrier density per cm? from the values of
the 'mean mobility' and 'effective carrier density' obtained from

equations (3.1.5) and (3.1.6).
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Hall measurements alone simply enable thé mobility and carrier density

to be calculated as ‘a function of the gate voltage. C-V measurements‘are
made at a frequency of 1 MHz on the adjacent interdigitated capacitqr to
determine the rélationship between the gate voltage, VG’ and the depletion
depth X3 The C-V measurements on a typical device were chécked at a number
of points over the full range of bias voltages on a 100 kHz bridge and

all the results were within 3 per cent of fhe 1 MHz values, confirming

that the interdigitaﬁed capacitor is not significantly affected at

1 MHz by the distributed resistance in the silicon electrbde. It is

shown in Appendix 2 that in the range where thé reduced surface

potential u_ < -3 for an n-type specimen the value of x4 can be

obtained from a high frequency C-V plot by using the eguation (A 10),

l.e,
X
i - . 9

where C and Ci are the capacitance per cm2 of the MIS capacitor and
the dielectric respectively and €43 = 1.06 x 10 2 F cm_l is the dielectric
constant for silicon. The uncertainty in X3 is determined mainly by the

uncertainty in the area of the capacitor and is therefore of the order

of 3 per cent.
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The major limitations of this method is that under eguilibrium conditions
there is a maximum depth for the depletion region, which is given by the

equation

1/2 N l}/E

1/2

B |Uz

He

cened(3.1.7)

where LD is the extrinsic Debye length. Typical values for Xq» which

10Y° cn3

is plotted in Figure 3.1.2, are approximately lum at ND = cm

and O.lum at ND = 1017 cm—3.

All the measurements were made in a conventional long-tailed cryostat
with automatic temperature control accurate to :_loK. The cryostat was

used to enable the temperature dependence of mobility to be determined,
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3.2 Mobility and Carrier Concentration

When the measurements described in the previous section were made on
the specimens used in this inveétigation the majority of the layers
exhibited room temperatnre variations of 'mean mobility' and 'effective
carrier density' of the form shown.in Figure 3.2.1, (exceptions to this

behaviour will be discussed in sections 3.4 and 3.5). .

In the silicon layers studied the maximum mobility varied from 275 to
420 cm2 V_l sec_l with spreads of up to + T per cent oceurring across a
single layer. Thg value of <nEf at flatband varied by up to + 12

per cent across a layer. In deciding on the magnitude of the source to
drain voltage to be used for these measurements a compromise must be
reached between the conflicting requirements of having a large Hall
voltage to minimise measurement errors and of simultaneously ensuring

a relatively small change in surface potential along the device. A
value of 300 mV was chosen which gives a Hall voltage measurement
accuracy of better than 4 per cent under worst conditions. The effect
of the surface potential variation along the channel is mosn significant
when the position of the depletion layer edge is changing rapidly with
surface potential. The above drain voltage of 300 mV leads to a
maximum variation in depletion depth along the channel of 500 A, near
the intrinsic surface condition. At the heavy accumulation and heavy

inversion limits the errors arising from surface potential variations

are small.

If the carrier concentrations and mobility vary in the direction

perpendicular to the surface of the film, then <u_> and <an are not

H
the true average mobility and total number of carriers per cm2

respectively. Petritz (1958) has shown that in this case the values

of Uy and <n—p are given by
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(72 aent) @)
= a fo n(z)u{z) az .
Rq fg n(,z)ue(,z) az
and
fg n(z)ue(z) dz
<y,> = ees 3.2.2
H IS n(z)u(z) dz

3

where n(z) is the carrier concentration per cm” at a distance z from

the sapphire interface.

It is useful to note that if the mobility is constant but the
carrier concentration still retains its spatial dependence then the
above egquations reduce to

<]JH> . 3-2.3

n
=

and

<np IS n(z) az - ve. 3.2.4

Information on the carrier transport properties of the silicon films is
obtained by using equations 3.2.1 to 3.2.4 to analyse the

accumulation and depletion region results in Fig 3.2.1. 1In the

heavy accumulation region the majority of tﬁe carrier transport is in
a thin region near the oxide interface where it would be reasonable to
assume that the mobility is constant with respect to position énd
therefore equations 3.2.3 and 3.2.4 can be used. Since the gate
capacitance is equal to the dielectric capacitance in this region, the

total carrier density will vary linearly with gate voltage and its
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expected rate of change can be calculated from a direct capacitance
measurement in heavy accumulation after removal from the cryostat,
(the stray parallel capacitance in the three terminal direct measure-
ment is less than 0.1 pF, ie less than 1 per cent of the dielectric
capacitance). A comparison between this calculated rate of change of
total charge density with gate voltage and the rate of change of free
charge density with gate voltage as obtained from Hall measurements

shows that they agree to * 5 per ceﬁt.

A similar comparison of inversion layer charge densities in bulk
silicon by Fowler, Fang and Hochberg (1964) resulted in an egually
close agreement. Fang and Fowler (1968) concluded from this agreement
that there was little trapping of electrons in the corresponding range
of surface potentials and that r, the ratio of the Hall mobility to
the coﬁductivity mobility is constant, but it would also appear to
signify that r is approximately equal to unity. Since heévily
accumulated surfaces are degenerate the relaxation time is expected to
be constant (Smith 1961), and Zemel (1958) has shown that for a
constant relaxation time the theoretical value of r is 0.87 for diffuse
surface scattering and unity for specular surface scattering.

Because the maximum errors in both charge densities are less than

4.5 per cent and the experimental values of r are within 5 per cent of
unity the difference between this and 0.87 is believed to be
significant and probably indicates a large proportion of specular
scatﬁering.at the oxide interface. An estimate of the probability

of specular scattering is obtained from the following analysis of

the mobility variation with gate voltage in the accumulation region.

The mobility in the accumulation region slowly decreases as the gate

voltage increases as shown in Fig 3.2.1. Similar type of behaviour
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has been reported for accumulation layers in bulk silicon by Reddi

- (1968) and also for inversion layers by Murphy,Berz and Flinn (1969) and
by Fang and Fowler (1968). The decrease is probably due to enhanced
oxide-interface scattering, since at higher gate voltages there will be
more interface collisions both because of the large electric field
perpendicular to the surface and because a larger fraction of the

carriers are within a mean free path of the oxide interface.

Tﬁe results of Reddi, which were shown to be basically in agreement
with a diffuse scattering mechanism at the oxide interface, exhibit a
more rapid decrease of mobility with increasing surface field than the
present results. In order to test whether the differences could be
attributed to a greater probability of speéular scattering the present
results were analysed on the basis of the approximate equation for

partially specular scattering derived by Many, Goldstein and Grover

(1965).

[0

1
r F ‘
L -p)l (B=2) aaea)t?

u
<3

«ss 3.2.5

where us and p_ are surface and bulk mobility respectively, us is the

B
surface potential in units of kT, p is the probability that an electron
reaching the surface will be specularly reflected, Fs is a function of
surface potential and the net donor density, (see Fig 4.7 in Many,

Goldstein and Grover 1965), and rm 1s the ratio of the bulk mean free

path to the extrinsic Debye length, given by the equation
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where ND is the net donor density and m* is the electron effective mass,
(= 0.26 mo). Equation 3.2.5 has been shown to be a good approximation
to a more rigorous numerical analysis both for entirely diffuse
scattering (Goldstein, Grover, Many and Greene 1961) and also for

partially specular scattering at flatband (Many, Goldstein and

Grover>1965).

In order to evaluate equation 3.2.5 values must be determined for
Hp and ro- Although My is not constant with respect to depth in
silicon-on—-sapphire films an approximate value appropriate to the

material near the oxide interface can be obtained from Fig 3.2.1 in

the following manner. At flatband equation 3.2.5 reduces to

u— = l—u_—p)_rm e 3-2-7

Since it shall be shown that (1 - p)rm < 5x 10_3 the theoretical
value of M at flatband is within 0.5 per cent of Mg Unfortunately
at flatbana it is no longer true that the majority of the carrier
transport is in a layer close to the oxide interface and in fact it is
seen from Fig 3.2.1 that the value of <uH> has started to decrease

due to significant contributions from the lower mobility regions of the

silicon film closer to the sapphire interface. However an approximate
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estimate for Mg at flatband can be obtained by extrapolating the value
of WUy in heavy accumilation back to the flatband voltage. The value
obtained in this way from Fig 3.2.1 was 326 cm® V © sec T which is only
25 per cent of the good single-crystal bulk silicon value at the same
impurity concentration. Although the net donor concentration also
varies.as a function of depth in the film, a mean value of

3 x 1012 cm 2 obtained from Fig 3.2.2 can be used to calculate a value of
3.l x 1072 for r, from equation 3.2.6.  The value of u, at any given
gate voltage is obtained from the corresponding.<ncf value in

Fig 3.2.1 by using the graphical relationship between surface charge
and surface potential derived by Whelan (1965). Substitution of

P = 0 and the above values of Mg and ro in equation 3.2.5 generates

the theoretiéal mobility-gate voltage relationship for entirely diffuse
surface scattering shown by the dashed line in Fig 3.2.1 which lies
well below the experimental points and changes much more rapidly with
gate voltage. Whereas, if p is taken as 0.885 then the excellent
agreement between the experimental results and the theoretical pre-
diction shown in Fig 3.2.1 is obtained. This confifms the high
probability of specular scattering suspected from the r value of unity,
and this conclusion is compatible with the work of Cheng and Sullivan
(1973), who have shown from an analysis of the surface field dependence
of the mobility in an MOS inversion layer that any surface asperities

must be very small (v 1A or less).

Near.the flatband condition not only are n and p functions of z but
also the function n(z) varies with the gate voltage, hence the results
are very difficult to analyse in this region. As the gate voltage is
reduced and the interface conditions move from accumulation into
depletion the slope of the <np vs. VG plot decreaseé. A gqualitative

explanation for this is that for a given change in gate voltage the
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‘mean position of the modulated charge moves back from the oxide
interface (this also exhibits itself as a decrease iﬁ capacitance) and
furthermore because the surface potential is changing rapidly part of
the change in surface charge may be a change in trapped charg¢ Which

does not contribute to <np.

Since inversion layer charge does not contribute to the channel current,
in the range u, < - 3 the charge density in the channel is modulated
solely by the movement of the edge of the depletion rggion, (this 1is
proved in Appendix 2).> Hence the functions n(z) and u(z) in equations
3.2.1 and 3.2.2 are independent of gate voltage and only the limits

of the integrations are changed.

Let <0y signify that the integrations are between the limits O and

<n.,> between the limits O and 4. etc.

dl’ 02 2

From equations 3.2.1 and 3.2.2

<n

_ 1
Ol><u01> = fo n(z)u(z) dz

and

<n_._><y._>

f:j' n(z)u?(z) dz

o1” o1
Therefore

4

fdz nlz)ulz) dz = <ng ><ug > = <ng,><ug,> ce. 3.2.8
and

fd]:; a(an(z) @z = <n01><“01>2 - <n02><”02>2 .. 3.2.9
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In the limit where dl4d2 is small equation 3.2.2 gives

2 2
<n__><u > - <n..><u >

— _ _ol ‘ol 02" Y02 o
u (dl2 ) - <n01><uol> - <n02><u02> e s 3 . 2 .10

where dl2 signifies the value mid-way between 4, and d

1 2
From equation 3.2.1 it also follows that
(<n. ><u._> - <n_ ><y >)2
n(,d_) - 0l 0l 02 02 1 vee 3.2.11
12 2 2
My 7 Mor” T Pp”Hp” A%y

where Axd = Increase in the depletion depth.

Typical carrier. concentration and mobility profiles calculated from the
results shown in Figure 3.2.1 using equations 3.2.10 and 3.2.11

together with the relationship

ol I
|
Oll—'
+

as presented in Figure 3.2.2.
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Since the difference terms -in equations (3.2.10) and (3.2.11) are similar
in magnitude to the maximﬁm‘possible errors in the individual parameters
lfhese calculations would be virtually meaningless if the errors were
random. But because the errors are largely systemaﬁic an a priori

estimate of the inaccuracies in ﬁTEZ;T and u(E;;) is not possible and

the validity of the analysis must be judged by compariéon‘with other
independent measurements and on the reﬁeatability of the results.

Figure 3.2.2 shows a tendency for the.net donor concentration to decrease
towards the sapphire interface, which is probably due to compensation'

by deep acceptor levels of the type reported by Heiman (1967b) and

Dumin (1970). All the wafers used in this investigation had received
post—growth heat treatments of 15.5 hr at 1100-1200°C in a gas stream of 25
per cent oxygen in nitrogen in order to remove aiuminium by redistribution
into the growing oxide film. According to the analysis of Ross and Warfield
(1969) this should reduce the aluminium level below lOlu cm . The mean
doping level for the maximum depletion depth calculated from the |

15 -3

C___/C . ratio of the interdigitated capacitor was 3.5 x 1077 cm
max min

which is in good agreement with the results in Fig 3.2.2.

The mobility decreases steadily in the direction of the sapphire interface

"1, The long high-

towards a limiting value of approximately 50 cm2 V_l s
temperature post—growth heat treatment would be expected to generate
aluminium-oxygen complexes, (Ross and Warfield 1969) which may be the
scattering centres responsible for this low interface mobility. The
shallow SiOh + donor centres reported by Ipri and Zemel (1973) are not
likely t0 be responsible for the observed behaviour because they would

give rise to an increase in the carrier concentration as the sapphire

interface is approached.
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3¢3 Temperature Dependence of liobility

The temperature dependence of the Hall mobility in the heavy accurmlation
region was investigated at a gaté voltage of + 10 V and a drain voltage of
300 mvV. The 'mean mobility! was meesured as the specimens were cooled dowvn
from room temperature to below 100%K and as they were 2llowed to warm back
up to room tempsrature, with the temperature controlled to z 1°K during each

measurement. The results for a typical specimen all lie on the curve lzbelled

(4) in Figure 3.3.1.

In the vieinity of BOOOK'the slope of the curve approaches conformity with

a T~1°5 law, 2s has also been reported for e}ectron inversion layers in bulk
silicon (Fang and Fowler 1968), which probsbly indicates a predominance of
phonon scattering. This phonon scattering must be a bulk mechsnism since
Greene (196L) has shown that surface electron-phonon interactions produce no
diffusivity when the electron gas is degenerate, as is the case in heavy
‘accumulatibn. This conclusion is also consistent with the high spescular
feflection coefficient of 0.885 measured in the previous section. - As the
temperature is lowered the mobility increases less rapidly than for pure pheonon |
scattering and below 130°K it begins to decrease with decreasing temperature,

suggesting a predominance of charged impurity scattering.

This type of behaviour has been cbserved in bulk silicon by Morin and Maite
‘(595&) and in thin silicon—on-saﬁphire films by Dumin and Ross (1970) and it
sinply arises from the different temperature dependence of the two scattering
ﬁechanisms. The transition from phonon scattering to impurity scattering
occurs at a lower mobility and a higher temperature than one ﬁould exprect for
-3

a carrier concentration of 3 x 1015 cm ~, which may indicate the presence of

a much higher densily of charged scattering centres duc to compensation by
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deep acceptors (Dumin and Ross 1970). Additional neutral scattering centres
of the type reported by Ipri and Zemel (1973) would lower the value of the
mobility maximum but since their mobility contribution is temperature

independent they would not influence the temperature at which it occurs.

Another factor in the case of an accumulated surface is the temperature
dependence of the penetration depth of the accumulation layer. At a given
surface potential the penetration depth is proportional to the extrinsic Debye

/2

length, which is in turn proportional to T1 and inversely proportional to the

carrier density in the bulk to the half power. Below 130°K the carrier density
/o o

decreases exponentially with temperature, outweighing the T1 term and giving
rise to a rapid increase in the penetration depth of the accumulation layer.
This penetration into a more heavily compensated region will also increase the

ratio of charged impurity scattering events to phonon scattering events.

Curve (B) in Figure 3.3.1 shows the temperature dependence of the mobility in
the region of the film near the sapphire interface. This was measured at

VG = = 10 volts, where the surface is inverted and conduction is limited to a
0.5 Um region adjacent to sapphire. The ped dependence of the curvé is
evidence of the predominance of charged impurity scattering in this region.
This measurement is complicated by the long time constants required to reach
equilibrium at low temperatures, (Goetzberger 1967), but the problem

can be overcome by heavily inverting the surface at room temperature and taking
all the measurements as the temperature is lowered. Then the attainment

of an equilibrium state is not limited by the speed of the generation

précess. The measurements were restricted to the temperature range 200~300°K
because below 200°K there is appreciable deionisation of the donors and the
depletioﬁ region would be driven back towards the sapphire interface. Hence thé
<F&? value would be an 'effective mean' over a different depth pf channel. The

T1'5 temperature dependence for carrier transport near the sapphire interface
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L -

indicates that although space charge seatbering from neutral aluwninium-
oxygen complexes (Ress and Worfield 1969) probably exists it is not the major

. 0 . . "'o-
scattering mechenism in this region beceuse a T 5

dependence itz to be
expected for spoce charge scabttering (Weisbhberg 1962) in a temperature range

vhere the carrier concentraiion is not changing significantly.
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3.4 Detection of the Phosphorus Tr ansfor Anomaly

When the first fow slices were proceosuad ithe nibric zcid boils speci’fied in
steps 10 and 15 of the processing proccdure in Appendix 1 were not included.
The growth of high temperature oxides on unprotected surfaces resulted in_the
transfer of phosphorus from the source end drain regions to the channel

(Edwards 1969%).

The first indication that problems dve to phosphorus transfer existed came

from the small Cn L/C . ratlo of the capacitor C~V curve, which on a typical
i

rin

example indicated a doping lme of 2.5 x ‘IO17 2 . Although tle celculated
total phoschorus diffusion'length for a1l processing subsequent to the transfer
is only of the order of 25C0f this is still more than three times the Kgmax at
2.5 % 1017 cn 3, (see Figure 3.1.2). Hence this valve should be 2 good

estimzte of the surface concentration.

Typical plots of the variation of 'mean mobility' and 'effective carrier density‘
ver sq cm' with gate voltage for these spécimens with anomalous C-fV curves are
given in Figure 3.4.1. The room temperature 'mean mobility' plot does not have
the same marked dependence on negative gate vpltages as was observed on the
unconbtaminated specimens in cection 3.2. Prosumably this is becaucse most of
the corrier transport in the present specimens is in the heavily doped surflace
skin. The increase in tmean mrobility! uith morc negative gate volteges in the

. - 1

110%K characteristic is evidence .that thz heavily doped regicn is coﬁi‘ined to a
surface skin. At high donor concentrations in the 1017 cm'"3 range the degree
of ionisation will drop fairly rapidly with decreasing temperature (lorin and
Maita 1954). Therefore at a given gate voltage the depletion depth will be
greater. As the gate voltage is made more negative the depletion range is

driven through the heavily doped surface skin where the electron mobility is
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limited by scéttering at thg higﬁ dersity of positively charped ionised donars.
The majority of the carricrs are then in the less heavily doped bulk region of
the film which has a higher mobility. If the mobility in the bulk region
decreases as the sapphire inferface is epproached a mobility maximum will occur
at the point where the depletion region is driven through the heavily doped skin.
The capacitance at the mobilitiy masdrum corresponds to a depletion dcpﬂl.af
slightly less than 20002, which is in fairly good agreement with the predictéd

diffusion length for the transferred phosphorus.
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3.5 Electronic Interface Leyers

Devistions from the gencrzl behaviour described in section 3.2 were also
observed on snother set of: specimné. At room tenmperature they exhibited
Q‘H) plots which changed more rapidly with VG and (n El> plots_ vhich tended
to level off below the flatband value, some specimens even showed a gradual
increase in (nD_) as the gate voltage was made more negative. A typicel set

of results is shom in Fig 3.5.1. At lover temperatures the minirmnm in the

<nD> plot is even more marked.

As the negative voltage on the gate is increased, the totel negative charge

in the channel must decreese. Therefore the minimum in the (nD> plot must be
an anomaly of the everaging effect. If a high density of low mobility electrons»
is present at the sapphire interface the denowminator in equation {(3.2.1), which
conteains a u2 term, will decrease rapidly as the depletion region is driven

back through the higher mobility regions near the oxide interface. It may
decrease more rapidly thanA the numerator causing the (nD ) value to increase

with decreasing V A1l the wsfers had received a 30 min heat treatment st

G
160°C in a moist atmosphere and it is possible that shallow donor states
generated at the sapphire interface were résponsible for the high densitiy of

low mobility electrons since Heiman (1967b) has reported that 15 min heating

at SOOOC in a moist atmosphere is sufficient to generate interface donor states
on a 'contaminated! wafer, although the contamination responsible has not yet
been identified. Vrigley and Kroko (1969) have pointed out that the experimental

evidence could equally well be explained by the generation of positive

interface charge.

Simple mobility and carrier concentration profiles of the type sham in
Fig 3.5.2 vere cssured for the specimen in an attempt to explain the results in

Fig 3.5.1. Valuecs of the parameters in Fig 3.5.2 must be cdetermined befors an
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analysis can be undertaken. The value of 161 was teken as the meanAdonor
~concentration in the depletioﬁ range as calculated fron the Cm mL/Czrﬁ.n ratio of
the capacitor C-V plot. The thickness o the film was measured at 1.5 pm using
a Talysurf. The value of the mcbility at the oxide interface was isken as the
extrapolation of the 'mean mobilityt! in the accurlation region to flatband,
which is a valid approximation since T <1. Since the interface region betwsen
Zz = Z1 and Z = Z, is likely to te smavll compared with the film thickness, its
exact dimensions are not important but the total charge in it and the mobility
of t‘le carriers sre. These are two unknown quentities, slthough it is clear
that the mobility in this region m.ll be less than the minirun value of the

mean mobility!.,

A range of values was tried for the two unknowms to see if a reasonable fit
with the experimental resulis could be obtained by analy*'lng the model in
Figure 3.5.2 using equations (3.2.1) snd (3.2.2).

The parameters in the tzble below give theoretical results ’ (shovn by the
dashed lines), which are in good agreement with the experimentel results 3
(showm by the solid lines), in Figure 3.5.1 even to the extent of duplicating

th 7 dip i .
e shallow dip in the <nE|) plot

—~
Mobility Distance Carrier Density
cm? V"1 S"‘l v en em™
My Ho Z1 22 N1 N2
230 30 1.Lk9 x 10‘1l 1.50 x 10"* 5.5 x 1'015 9.0 x 10'7
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The {(n points agree to better than 8 por ceni and the (u oints to better
r o H

=
than 11 per cent. The zbove results give an interface donor state density of

9 x 10" en2 and the value was always within 7 x 107 en? o 2.5 x 10'2 en2

11 13

vhich lies within the 10" to 10 ° range reported by Heiman (1967). The

2 .~1

sapphire interface mobility of 30 em” Vv~ sec-‘l is less than the

2 V_1 sec-1 reported by VWirigley snd Xroko (1969), who measured electron

100 cn
field-effect mobilities in inversion leyers adjacent %o the sapphire interface
by using 75 um thick sopphire substrates ss the dielectric in MIS irensistors.
Since the films used by Wrigley and Kroko had an average electron mcbility of
1,00 cm2 V"1 sec-1 they may have had a loyer overall density of crystsl defecis
than.’those used in this investigzation. Ths differezce between the 30 cm2

'V ' sec  interface mobility for films with electranic lgyers at the sapphire
interface and the 50 cm2 V"1 sec-1 value for films without interface inversion
lgyers is not really significent because of the approximate nature of the above
analysis, but a reduction is to be expected due to cnhanced scattering at
ionised deonor centres on the Heiman modél or due to enhanced intecrface scatiering
on the Wrigley and ¥roko model if the sapphire interface is not entirely
spacular.

As the temperature is reduced the carrier density in the bulk of the filnm
reduces but not at the sapphire interface baceuse the donor dénsity in ths
Heiman model is eoppreaching degencracy and the electron density in the Wrigley
and Kroko modei is determined by the positive interface charge. This increase
in the ratio of interface carrier density to the bulk carrier density explains
the larger dip in the (nu) plo‘;: at lower temperatures and when the appropriate
83°K values are substituted in the profile model the results obtained are sgein

in good zzreement with the experimental observations, as shown in Fig 3.5.1.
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Even uith this simple modcl it has beenr possible 1o explain all the features of
the unusuzl behaviour of this type of specimen. Although an accurate measurenent
.~ of the density of interface donor states has not been obtained, an estimate of

the approximate megnitude has been possibile.
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3.6 Fast State Density at the Cxide Interface

The conventional high frequency (Terman 1962 and Zé.ininger and Wariield 1965),
Yow frequency (Berglund 1955) and quasi-static techniques (Kuhn 1970) for
determining the surface state density as a function of the position in the band

gap &ll require the comparison of an experimental. curve with an ide2l curve.

The ideal curves can readily be computed if the subsirate doping is knovm a.nci
uniform but these techniques camnot be applied to subsirates with non-uniform znd
unknown doping profiles such 2s exist with silicon-on-sapphire £ilms. Hell

. measurements can be used in the following manner to provide the additional

information necessary to analyse the high-frequency C~V curves for the case of

non-uniform substrates.

The charge neutrality condition for an MIS capacitor gives the relatidnship

QI‘I+QSS+QS+Qi=O | ooooo..ooo-.(3.601)
where QI-I = charge in the gate metal, QSS = charge in surface states, ‘O"S = charge

in suxface suatles, QS = charge in the samicconductor and Qi = charge in the

insulator.

Uhen the gate voltage is changed the first three terms in equation (3.6.1) meoy
chenge but Qi is independent of VG._ The value of :‘-.QH for an incremental change

AVG in the gate voltage can be determined from the MIS capacitance since

dQ :

Mo -
c ?ﬁTE therefore AQM CAV'G.

Hence if AQS can be evaluated, the value Of‘AQSS follows simply from

o

AQSS ) (AQI'I + A%). . O-0..-'.0'0'.0'..0(300-2)
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Since ths for 2 non-uniform substrate cannot be evaluated theoretically it
niust be measured. In the rsnge of the 'depletion approximation', where

-3 >ug > 2uF + 3, the AQS is entirely due to ionised donors in the depletion

region and it follows from equation (3.2.11) that

[(n ‘I> <“ 1) <n02> <“02>-l2

cosecsscasssssses{(3.6.3)
<"’o1> <“o1> - <n02> <“02)

8% =

Hence in the region of the 'depletion approximationt by substitution of
AQS and AQI' in equation (3.6.2) the value of AQSS for any AVG can be czlculated.
'a‘. .

The relationship between VG and ﬂs is

(Qg * Q)
VG-ﬂlVS —ﬁs--—-—c—-——— essssessanscseses(3.6.ly)

i

and from equation (3.6.2)

4%
T

Aﬂs.e AVG -

1.1 : g
HAQ}I ('C' Ci) .c.o--oo.o.oo-a..(BaGo/)

A plot of NSS = AQSS/q Aﬂs as a function of QS’ with an arbitrary zero for
: ﬂs s can now be devermined. The approximate position of the true ;AS Zero,
(e flatband), is readily determined from the C=V plot by the mothod of
Lehovec (1968), although strictly speaking that analysis also assumes a

uniform doping level in the substrate,

A typical set of N, a3 results is showm in Fig (3.6.1). These results are very
similar in form to those obtrsined by Kuhn (1970) on bqu' silicon and the

values are approxinately 50 rer cent lover.
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By using the Brorn and Grey (19€8) technique, C-V meesurements on the capaciior
at 300°K and 80°K eneble a velue for the total number of inberface staies
between the 3C0°K Fermi level and the 80°K Fermi level to be calculated. These
Fermi-levels for the specimen in Fig (3.6.1), (IID = 1.5 x 1016 cm"3) are at
0.21 eV and 0,05 eV respectively frcm the conduction band edgé. Hence the
AQSS/q value of 2.5 x 10" cm-z, measured by the Brown end Gray experiment
corresponds to a mesn Nag value of 1.55 x ‘l_O12 cm_2 ev-1 which is well 2bcve
the mid-gzp velues obtained by the zbove technique. Tﬁis razpid incresse of

the interfzce state density near the band edge is a feature of 211 the rerortsd
work on the Si-SiO2 interface. Cleerly neither the high comprescive stress nor
the high density of crystal faults in silicon-on-sapphire f£ilms substantially

effects the density or encrgy distribution of silicon-oxide interface states.
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CHAPTER 4
CARRIER TRANSPORT STUDIES USING JUNCTION FIELD-EFFECT STRUCTURES

It was shown in thé analysis of the MIS deep depletion profiling measurements
described in the previous chapter that with that particular technique there
is a limit to the thickness of layer which can be measured for a given
resistivity of silicon, (See Figure 3.1.2). However if the MIS structure

is replaced by a reverse—biased pt=n junction a wider depletion layer can

be developed and therefore, at a given resistivity of silicon, thicker

layers can be measured.
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L. 1  Experimental Techniques

Two forms of Junction field-effect structures are used in these investizations
~ and they are showm in Figures L4.1.1 (2) and L4.1.1 (b). 1In some of the first
devices to te measured, which were fabricated according to the design in

Fig L.1.1 (a), substantial currenis flowed to the gate when it was reverse-
biased. This gave rise to significant efrors in the conductivity measurements,
particularly those low current measurements which relate to the region close to
the sapphire interface. The gate current at a given reverse=bias voltage slowly
increased after the application of the reverse-bias voltage until it reached a
limiting characteristic of the form shown in Figure 4.1.2 after a period of

2=3 hours., It is believed that the increase in the reverse-blas current is due
to the gradual formation of an interface inversion layer induced by ions migra-

ting on top surface of the oxide in the fringing field of the junction,
(Atalla, Bray and Lindner 1960). Some substantiation of the above hypothesis
was obtained by noting that the rate of change of current increased when the

humidity level of the atmosphere surrounding unencapsulated devices was raised.

The design shown in Figure 4.1.1 (b), which overcomes the surface ion
migration problem by including an insulated gate electrode over the edges éf
the zgate junction in order %to control the interface pofential, is used in all
the later investigations. All the devices have a channel width of 600 yumnm
and the lengths are 4O um and Sép m for the designs in Figures L.1l.1 (a) and
L.1.1 (b) respectively. The gate is separated from both the source and the
drzin by 10 um of the relatively high resistivity starting material. The
additional series resistance due to this material is accounted for in the
analysis of the rcsults. The gate junction was kept as shallow as possible
and was always less than 0.6 pum. The processing procedure is described in

Appendix 3.
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Figure 4.7.2.

Gate Junction Leakage Current
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In order to convery the inforiiation: on conductivity as a funciilon of the
reverse-bias voltage on the gate into a conductivity versus depth characteris-
tic the depletion layer depth must be determined as a function of the reverse-
bias voltage from small signal differential capacitance measurements. Taecse
measurenents can also be uced to cbtain the profile of electrically active
impﬁrities in the film, (see for example Thowmas, Kahng and idanz 1962 or

Gupta 1963). It has been shown oy Kermedy and O'Brien (1569) and by

Grismshawe ané Osborne (1971) that under canditions wheré charge neutrality
does not exist, (ie the majority carrier density is not equal to the net
density of ionised donors and acceptors), then the analysis of the high
frequency differential capacitance measurenents determines the majority carrier
density rather than the net ionised donor and acceptor density. Hence, since
the conductivity is the product of the majority carrier density and the
mobility, the latter quantity can also be determined as a function of depth

from the conductivity and differential capacitance measurements,

The measurements were normally made by probing unsncapsulated devices because
any capacltance associlated with package leads would be significant compared
with the gate capacitance, which is only of the order of 3 pF for a depletion
depth of 1 un. Howevef, the few neasurements made with packaged devices did
give the same resulis if an appropriate allowance was made for the pacxage

capacitance.

In the absence of any excess gate currents due to surface ion migration the
current flowing through a reverse-bilased gate junction arises from electron-
hole pair generation both in the bulk and at the surface of the silicon. It
is shown in section L.L that the bulk contribution is ruch greater than the
surface contribution becausc silicon-on-sapphire films possess relatively high

densities of bulk generation - recombination centres, (Heiman 1907 b).
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Furthermore it is also shown that the bulk contribution comes predominantly
from the depletion region. Therefore the changes in gate current resulting
from incremental changes in reverse-bias voltagé can be analysed together
with the differential capacitance measurements to determine the effective
carrier lifetime as a function of depth in the silicon film. Hence profiles
of mobility, majority carrier density and carrier lifetime can all be

measured on the same small arealof silicon film using one simple structwre.

When compared with the measurements made on the Hall effect structures in the-
previous chapter, the present measurements have the advantage that a much
wider range of film thicknesses and resistivities can be examined. The film
thickness that can be measured in the junction field effect measurements at

a given resistivity is limited by the omset of‘avalanche breakdown in the
depletion region adjacent to the gate junction. In a plane junction the onset
of avalanche breakdown occurs at a depletion depth of approximate;y 20 ym for

15 on3 and at 0.4 ym for a doping level of 1077

a doping level of 10 em™2,
Although the practical limits are much less than this due to the curvature of
the shallow gate junction (Leistiko and Grove 1966), they are still signifi=-
cantly greater than the corresponding MIS values of 1 ym at 1015 cm.—3 and

0.1 ym at 10°7

em™>. However , since there is the disadvantage that no
profile measurements can be made on the top 0.5 um of the film because it is

used for the gate junction, the ﬁechniques are really complementary.
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4,2 Calculation of the Maiority Carrier Density in the Presence of
Traps |
The aﬁalysis of the differential capacitance of a reverse-biased p-n
Jjunction as a function of the applied voltage hés been employed
extensively in the study of impurity distributions in semiconductors,
(Hillibrand and Gold 1960, Thomas, Kahng and Manz 1962, Meyer and
Guldbransen 1963 and Gupta 1968). However, when large numbers of
deep trapping levels exist in the semiconductor, as is generally the
case with silicon-on-sapphire films, particular care must be taken in
the analysis of the results because the relatively slow charging and
discharging processes for the deep traps cause the capacitance to be
frequency dependent. The behaviour of p-n junctions in silicon-on-
sapphire is now described in a manner similar to that used by Sah and

Reddi (1964) for gold doped p-n junctions.

AMlthough both Heimen (1967 b) and Dumin (1970) have reported a spread
in the energy levels of the deep acceptors in silicon-on-sapphire
films an analysis based on a single level model will be giveﬁ first
in order to simplify the theoretical calculations and to clarify the
description of the charge modulation processes. Modifications in

the behaviour due to the spread in energy levels is then discussed.

The energy-band diagram for the single trap level model of the p+—n
Jjunction is given in Figure L4.2.1 (a), where Et is the deep acceptor

trap level, V_ is the applied voltage and EFN and E

J FP are the quasi

Fermi levels for electrons and holes respectively. The corresponding
potential distribution is given in Figure 4.2.1 (b), where ¢, and ¢P
are the electron and hole quasi Fermi potentials and ¢i is the

intrinsic potential. Figure 4.2.1 (c) shows the net charge distribution
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and the shaded regions depict the change in charge distribution resulting

from an incremental change d VJ in the applied voltage. ND is the

density of shallow donors, N, is the density of deep acceptor traps,

T

X4 1s the depth of the depletion region and X

the intersection of the n-type quasi Fermi level and the trap level

is the distance from

to the metallurgical junction. The change (ND-NT) dxd is due to

majority carriers being repelled from the edge of the depletion region
and this process occurs very rapidlf, (in the dielectric relaxation
time) and the change NT dxt is due to the net loss of electrons by
the deep acceptors and this process has been shown by Sah and Reddi

(1964) to have a time constant given by the expression

-1
= v 4 <+ + s e sl
T +h %p (o +p,) Vi Op (BotD) b.2.1
1
3
_ 3kT . - .
where vth = -15— is the thermal veloclty of the carriers, Op

and cn are hole and electron capture cross sections respectively, P,

and n, are steady state hole and electron concentrations in the

depletion region and Py and n, are given by

1

oo bl2.2

where n. is the intrinsic carrier concentration.
1
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Sah and Reddi (196L) evaluated equation 4.2.1 using the approximation
P, = B, = 0 in the depletion region but it is now demonstrated that
this approximation is not valid. Using the normal Boltzmann

approximation (see for example p 96 of Sze 1969), p, end n_ are given

by
E.-E )
_ i FP ‘ :
p, = n; exp (——iﬁT—- v .. b.2.3
E_ ~E.
= FN_1
and n = n; exp ( o ) c.. bo2.b

and if these equations are substituted into equation 4.2.1 then r—l

can be separated into the following four terms

. 11 1 = Vv
1 hole capture probabillity th UP PO E B
= vy, 0_n. exp (_j;_}ﬂi) co. Bo2.5
th p 1 KT
.. oq e v
2 hole emission probability th op pl £ -E
i T
=V . ( L ) LI ) 3 .
th op ny €Xp kT h.2.6
. babili =
3 electron capture probability vth' a %o S
= v.. g n.ex ( 1 b.2.7
th “n "i PN T AT .
i .. bili -
Y electron emission probability Ven %n T1 o x
_ T "1
= Vin %0 B4 exp( o ) 4.2.8
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> E

At x = X, » where the tfapped charge modulation tekes place, EFP > T

and hence P, << pl, (as sbown in the carrier distributions of

Figure 4.2.1 (a)). It therefore follows that term 1 is very much
smaller than term 2. In order to compare the magnitudes of terms 2
and 4 the value of ET—Ei must be known. The range of reported values
is from 0.09eV (Heiman 1967) to 0.3leV (Dumin 1970), but even the
smaller of these values gives a ratio of nl/pl of the order of lO3
and therefore term 2 can also be neglected, assuming that op is not
very much greater_than on. Finally terms 3 and 4 are equal at

X = X, because EFN = E . Therefore the reciprocal of the response

T

time of the deep acceptor traps 1is given by

E -E.

= (Tl)
T = 2 v, o D, exp T oo 4.2.9

This value is twice the value derived by Sah and Reddi because they

neglected the electron capture contribution.

In the absence of any information on the capture cross section of
the deep acceptors in silicon—on-sapphire an approximate value

of lO_15 cm? is assumed. This was the value measured by Glaenzer
and Jordan (1969) for edge dislocations in silicon and is within an
order of magnitude of the value for a wide range of recombination
centres in silicon. Substituting this capture cross section and the
0.09eV and 0.3leV limiting vélues of ET—Ei in equation L4.2.9 gives
corresponding values for T of lO_lL s and 2 x lO_8 s respectively.
Since these values span the 1 MHz frequency used for the capacitance
measurements it is clearly necessary to measure the frequency

dependence of the junction capacitance to demonstrate that a 1 MHz
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measurement is truly a 'high frequency' measurement. The frequency
dependence measurements are presented along side the other experimental

results in section L.6.

Assuming for the present that the measurement frequency is sufficiently

high to eliminate the possibility of hole capture and emission at Xy then

all the charging and discharging takes place at the depletion layer edge

and dQ, the incremental change in charge density, for a change dVJ-in the
applied reverse~bias voltage is equal to q(ND;NT) dx,. Since dQ is also
equal to the product of the differential capacitance per unit area

of the gate junction and dVJ it follows that

€ .
_ si
q (ND NTL dx, = —xd a v

Therefore
€ .
1 2 sl
34da (x.5) = = avVv
d q (ND NTL J
and
N . 2 . >
q e As d (l/CJ )/av
CJ3
- . 2 s e s hozolo
q e Ag @d CJ/dVl
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where CJ and AJ are fhe differential capacitance and area of the gate

junction respectively.

It is also known that

x = — eee 42,11

Therefore equations 4.2.10 and 4.2.11 can be used to determine the

'impurity profile’.

It has been assumed in the derivation of equation 4.2.10 that in the
region of the semiconductor under investigation the electron density
is equal to the net donor concentration. However Kennedy, Murley and
Kleinfelder (1968) have pointed out that this charge neutrality
assumption is not always valid and that it is particularly suspect
when the net donor concentration on the less heavily doped side of

6

the Junction is less than 10%° ¢n 3. 1In semiconductor regions which
do not exhibit charge neutrality the net donor density, (ND—NT), in
equation 4.2.10 must be replaced by the majority carrier density

n(x) giving

3
n{x) = Cs

2 (gc
ae_; A7 (d Cavy)

L N h.g'lg

The following analysis, originally developed by Kennedy and O'Brien
(1969), shows how the net donor concentration profile can be
derived from the measured majority carrier density profile. The

electron current in the n—type material is the sum of diffusion
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and drift components and is given by

- dan _ a¢
Jn = q Dn ax aun o .o B.2.13

where Dn is the diffusion constant for electrons and ¢ is the
electrostatic potential. If it is assumed that the junction is
perfectly blocking and hence that the electron current is zero it

follows that

_ _4d¢ _ kT _1 dn(x)
Blx) = -4 = s nGl gx ee. bo2.10

‘The perfectly blocking assumption may seem a doubtful one for silicon-

on-sapphire p-n junctions where the reverse-biased leakage currents

2

may be as high as J_O—2 A cm ©, but this is still much less than the

typical diffusion current of LO A cm'_2 which is obtained by

substituting D = 2.5 cm s T and (dn/ax) = 1020 cm-h.
Now Poissons equation gives
& . 9 _ - |
= = [NDLxl N, (x) n(x)] <. b.2.15

s1

if the negligibly small minority carrier concentration is ignored.
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Equations 4.2.14 and L.2.15 can be combined to give the following

expression for the net donor concentration.

€

ND(x)—NT(x).=n(x).+-(l;—T)(—3-i-) ?E n%x) dgi") ... k2,16

It is interesting to note that if a positive charge at the sapphire
interface induces excess majority carrier charge near the interface,
equations 4.2.14 and 4.2.15 are still valid and therefore equation
,,2.16 can still be used to evaluate ND(x)—NT(x). The increase in

n(x) is exactly compensated by a negative contribution from the

second term in equation 4.2.16. However the validity of equation 4.2.16

is destroyed if a significant minority carrier density is induced by

a negative interface charge.

Although it has been shown that the net donor concentration can
usually be determined from equation 4.2.16 it should be noted that
equation 4.2.16 contains a derivative of n{x) which itself is
obtained from a differentiation of the C-V curve, (equation 4.2.12.)
 Since the C-V curve is effectively differentiated twice, small
linearity errors in the capacitance measurements can give rise to
fairly large errors in the second term in equation L4.2.16 and
therefore in (ND(X)—NT(xl) if the deviation from charge neutrality

is significant.

A spread in the deep acceptor energy levels will not change the general
behaviour described above. It will simply extend the frequency range
over vhich the transition from the low frequency capacitance to the high

frequency capacitance takes place.
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4.3 Conductivity Mobility

At low drain voltages the resistance of the junction field-effect structure
shown in Figure L4.1.1(c) approximates to that of a resistor of width w,
length % and thickness (t—xd-xj) where t is the thickness of the silicon

film, x'j is the depth of the p+-n junction and x_ is the depth of the

d
deéepletion region. However at any finite drain voltage there is a small
discrepancy in the approximation because the depletion depth is slightly
greater at the drain end than at the source end. This causes the drain

conductance to be slightly less than the zero drain voltage limiting value

of

t-x.-x.
J

s

n(x) w(x) ax ceeees B301

xR
oY)
fi

o}

where n(x) and u(x) are the majority carrier density and mobility

respectively at position x.

The magnitude of the errors arising from the need to use a finite drain
voltage are now discussed for a typical specimen. Consider a structure
- with a channel depth, (t-xj), of 1 micron, a constant net donor density

of 5 x 10%° cm > and a constant mobility of 200 em® VT 5L, sze (1969
p 347) has shown that the drain current , ID’ in a junction field-effect

transistor with constant ‘doping and constant mobility is given by
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=
(W)

o _ 2 ' 2
D= &pax 1 3 (t-ij an, [(VD * Vet V)

3
- (v, + VG)Q] ceril k302

where Bax U MO ND (t—lell is the limiting drain conductance as

VD -0 and vV, + Vb + 0 and Vb is the built—in potential across the gate

G
junction. If a typical value for V, of 0.8V is substituted into

equation L4.3.2 together with the transistor parameters given above the
calculated drain characteristics at low values of drain voltage are as

shown in Figure 4.3.1. The dashed line in this Figure is I \/

T 80 D
and the difference between the dashed line and the full line is a
measure of the error in the mobility calculation which results from the
use of a finite drain voltage. This error is plotted as a function of
the depth of the depletion region for four different values of drﬁin
voltage in Figure 4.3.2. At the drain voltage of 100mV chosen for the
subsequent measurements the error is below 5 per cent in this typical
specimen until the depletion region encroaches within 0.15 um of the
silicon-sapphire interface. Although a éonstant doping and constant
mobility model is used for thié calculation it gives a good indication
of the behaviour to be expected in non-uniform films provided that the
doping level and mobility at the depletion layer edge are not very

different from their corresponding mean values in the bulk of depletion

layer.
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It has been demonstrated that the errors due to the finite drain voltage
can normally be neglected but there is another complication in the channel
conductance méasurements which cannot be neglected. In series with the
channel are two 10 um lengths of unmodulated material whose resistance Rt
can be calculated from their geometry using a subsidiary sheet resistance
measurement and the total resistance between the source and the drain is

given by

= 2R, + — - ceeees 4.3.3
t w q t xj xd

n(x) u(x) ax

‘Where Gs is the sheet conductivity in the channel.

If there is an incremental change in the reverse bias voltage across the

gate junction then the new total resistance is

% 1
t w aq t—xj—(xd+Axd)

ees B30k

n(x) u(x) ax
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Where Ax. is the incremental change in the depletion depth, and the change

d

in the channel conductance is given by

t-x.—x

wAG_ _ w.Qq n(x) p(x) ax

—x.~(x.+
t x5 (xd Axd)

R-2 Rt R+ AR - 2 Rt

ces s se hc305

If the carrier density and mobility are continuous functions of position,

then for a sufficiently small change in the position of the depletion

layer edge equation 4.3.5 gives

AG

= —5
ulx) = qn(x)_ Axd

d t

(mzq) (n(x])-Ax) (R—lzR " R+ AR-2R

where n(x) and u(x) are average values of the carrier density and mobility

respectively in the incremental thickness Axd.
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The values of n(x) and Ax, could be obtained from C-V measurements but the
equations can be rearranged to enable the mobility to be evaluated directly

from the conductance and capacitance measurements (Pals 1970).

Equation 4.3.6 can be written as

Y, sq,

rix) ceeees B.3.7

where AQS = q n(x) Axd is the incremental change in charge per unit area

in the channel and is therefore also equal to C., AV where C. is the

d d
depletion capacitance per unit area.
Hence
AG
s/C_. AV
wx) = /G 8
2 1 . 1
= - R R )""0308
w Cd AV R 2 Rt R + AR 2 Rt

and this equation can be used to determine the mobility profile from the

conductance and capacitance measurements.

It is shown below that large errors can arise if the terminal resistances
are neglected although they have been kept to the minimum possible
technological value by having only 10 um gaeps between the gate diffusion

and the source and drain diffusions.
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If the terminal resistances are neglected the maximum error in the mobility
occurs when the channel resistance 15 at its minimum value. Let

= “ . * . = + R i e
RCHM minimum value of channel resistancejthen RM RCHM 2 ¢ 18 th
minimum value of the total source to drain resistance and also let

£ = RM/RCHM. The true value of the mobility, Wy s 1S given by

I 1 1 1
t wq n(x) Ax Rom Romm * AR
L 1 AR
*laa alx) Ax CHM ceeees B39
: d R2
CHM

if A RCHM << RCHM

However the measured value of the mobility, oo vhen the terminal resistances

are neglected is given by

u o= 2 1 1 _ 1
m w q n(x) bx £ Rogy £ Rogv * B Romy
2 1 & Romy
= - 7N A s a s 00 ,"'.3-10
wq n(x) Axg f2 R2
CHM
if A RCHM << f'RCHM .

112



Hence w, = 1/g2 ceeees o311
: £

For a 2 um thick film with a gate junction depth of 0.5 um the maximum value
of f for the device geometry shown in Figure 4.1.1(c), (52 um of channel
lengtﬁ and T2 um total source to drain length), is 1.29. From equation 4.3.11
it follows that the true mobility is nearly TO per cent greater than the
value calculated neglecting terminal resistance. Even when the depletiﬁn
region has been driven to within 0.5 um of the silicon-sapphire interface
the true mobility is nearly 20% greater than the calculated value. From
the above analysis it is clear that the corrections for terminal resistances
should always be made and it should also be noted that any misalignment

of the gate diffusion with respect to the source and drain diffusions

which gives rise to a redistribution of the terminal resistances does not

affect the correction procedure.
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L.t Lifetime Measurements from an Analysis of P-N Junction Reverse-

Bias Currents

In this section it is shown that the current flowing in a reverse-
biased p-n junction arises predominantly from electron-hole pair
generation in the depletion region and that an analysis.of the
voltage dependence of the current enables a lifetime profile to be

determined.

The four basic eﬁission and capture processes which control the
generation and recombination of charge in all regions of the
semiconductor are shown in Figure 4.L.1 and the transition
probabilities associated with these processes were given in

equations 4.2.5, L.2,6, 4.2.7 and L4.2.8.

The transition rates for the electron emission and hole capture
processes are the product of the probability and the density of
occupied centres whereas the rates for the electron capture and
hole emission processes are the product of the probability and

the density of unoccupied centres. Therefore if f is the

occupancy factor of the recombination centres it follows that

a, the rate of electron capture from the conduction band

is

ra = v‘bh O'n no NT (l_f) se e h‘nh‘il

b. the rate of electron emission into the conduction band

is

¢ n. N_f cevees bol,2
n .

b th 1 T
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C. the rate of hole capture from the valence band is

rc = vth UP PO NT f co.c-f h.ho3

and d. the rate of hole emission into the valence band is

r., = v

d th UP Pl NT (1_f) sesees )4.)4.)4

In equilibrium conditions f is given by the familiar Fermi-Dirac

function

but in the non-equilibrium steady-state conditions which exist in
a reverse-biased p-n junction the value of f must be derived from

the equation

r + r =r + r ceesee B4.5

which expresses the time independence of the charge in the generation-

recombination centres. This gives

Un no + Up Pl
o, (g, + )+ o, {p, * py)

f = csosvace h.u.6
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and consequently the net recombination rate is given by

2
th NT on cp (no Py oy )
+ +
o (a  +n) 9, (p, + py)

sesven h.th

This equation can now be used to calculate the three components
which contribute to the current flowing through a reverse-biased
p-n junction at relatively low values of applied bias. Each
component originates from a different part of the device structure

and they are

1. 'Generation Current', which results from generation

in the depletion region,

2. 'Diffusion Current', which results from generation
in the neutral region within a minority carrier diffusion

length of the depletion region and

3. 'Surface Current', which results from generation at

the silicon-silicon dioxide interface.

Each contribution is analysed separately.

GENERATION CURRENT

When calculating the generation current it has been customary in
the literature, (eg Sah, Noyce and Shockley 1957 and p 102 of

Sze 1969), to assume that the density of free carriers, (no and po),

is sufficiently small at all points within the depletion region to
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be neglected and hence that the generation rate is constant across the

depletion region at a value given by

v N,o o_n.
-u = th * o J cevees b8

max E . E. - E
- exp(t__l) + o exp (_1___2
n kT js] kT

The neglecting of the n, P, term in the numerator is certainly valid
for applied reverse-bias voltages in excess of 0.1 volts since

n P, = ni2 exp (— %%-) but it can be seen from Figure 4.2,1(d)
that although equation 4.4.8 is valid over most of the depletion
layer there is a sizeable region adjacent to the neutral n-type
material where the term n is larger than ny and P, - In this region
it follows from equation 4.L4.T7 that the generation rate falls very
rapidly. A similar region exists close to the neutral p+-type
material but the boron doping level is sufficiently high in the

devices used to ensure that the width of that region is not

significant,

The problem of calculating the 'generation current' now reduces to

one of determining the value of x, and substituting it in the

t

equation

Igen = a Umax £ AJ

ceeess B.bL9

where AJ is the cross—-sectional area of the p-n junction.
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Since the energy level of the generation-recombination centre is not
known accurately the analysis given by Calzolari and Graffi (1972)
for a recombination centre at the intrinsic level is considered

first. This analysis showed that

1 1
3 2
I A s L, h ., av
t 2 N n. kT N
q D i D
1
3
N
- 2 veeere b.4.10
N n.
D i
and substitution of E, = E; in equation L.4.8 gives
v . .
_ - th NT O‘n O‘p n1 = n1 b.h.11
max o +o 2T 2 00606 0 8 L[] 1]
n P e
g +a 4
vhere LI 2 T g S ceesss L.L,12
th T "n p-

is called the 'effective lifetime' and is equal to l/vth Np o
when o = op = g. An 'effective lifetime' profile can be
determined from equations L.4.9 and 4.4.10 if the substrate doping

level is known and the generation current can be measured as a

function of the reverse-bias voltage.
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The Calzolari and Graffi analysis assumes thag the quasi-Fermi
potentials are constant to a point beyond their intersection with
the intrinsic potential and although this is generally true for
bulk silicon junctions it requires verification for the case of
silicon on sapphire Jjunctions since they pass much larger reverse-
bias currents. An upper limit can be calculated for the rate of
change of the quasi-Fermi potential in that part of the space
charge region where n, > n, by using the following equation for

the electron current density, (see for example p 97 of Sze 1969):-

n | n (o] dx_ ceas e hohol3

where ¢n = - EFN/q is the quasi Fermi potential for electrons

and M is the electron mobility.

Now when n_ > n. it follows from equation 4.4.13 that

d¢
—(——Il) < '——'I-'b_" e 800 e h’oh‘.lh
dx q M, By

where er is the total Jjunction current density which is slightly
greater than Jn‘ Since the experimental value of er is never

-5 -2 . 2 ,~1 -1
greater than 5 x 10 Acm ~ and un 1s never less than 50 cm™ V s
it follows from the relationship 4.4.14 that 450 V em T is the
upper limit for —(d¢n/dx) in the region where n, > 0., and using

a maximum value of S000A for the width of this region the maximum

change in ¢n within the region is 22.5 mV. It then follows from
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an examination of Figure 4.,2.1(b) that the decrease in intrinsiec
potential between the neutral n-type region and the point of
intersection of the n-type quasi-Fermi level and the intrinsic level
is changed by 22.5 meV in an amount equal to (kT/q) 1ln (no/ni)
because of the existence of a small gradient in the n-type quasi-

- Fermi level. At a doping level of 5 x 10%°

in the n-type region
this corresponds to an additional 7% change in the intrinsic level.
The potential distribution in the depletion region can be obtained

from a solution of Poissons equation(p 161 of Grove 1967) and it

is given by

¢i = 2e D (—xd = x)2 se0 s L".L‘-.ls
do. 24 (x; - x)
Hence = = d ses e l“'ol"-l6
¢i Xy — %

Therefore the 7% difference in ¢i gives rise to only a 3.5% error
in X3 T X and hence it will not significantly influence the

'effective lifetime' calculation.

The above analysis has assumed that the generation-recombination
centre is at the intrinsic level., Although experimental analysis
of the frequency response of the centres in section 4,5 will show
that the& are indeed close to the intrinsic level even very small
discrepancies will give rise to large errors in the effective
lifetime calculations. If Et > Ei by more than a few kT and op

is not very much larger than o, then equation U4.4.8 reduces to
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- vth NT dn oy : boL.1
max E -E. s e8> . L] T
w () ‘
kT
and hence
w (35
kT

— o0 0600 h‘h.la

Te = 2 vth NT cp

If E - E; = 0.09eV, which appears to be possible from the frequency
response measurements, then Te is equal to l6/Vth NT op which is
much larger than the true minority carrier lifetime

TP = l/(Vth NT op

). It appears therefore that any analysis of
the reverse bias current cannot be expected to give much better
than an order of magnitude measure of the minority carrier lifetime
unless the generation-recombination centres have a single energy
level whose position is very accurately known. However,although
the absolute value of the lifetime cannot be measured accurately
the 'effective lifetime' measurement is a good indicator of the-

rate of change of N, through the film because the energy level

T
and the.capture cross-section of the generation-recombination
centres are unlikely to vary. This information is significant
because a rapid variation in the dislocation density through the
films has been reported by Linnington (1970) and it is quite

probable that the generation-recombination centres are associated

with dislocations.
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It is also assﬁmed in the Calzolari and Graffi analysis that the
donor density is constant and it is shown in section 4.6 that this
is a fairly good assumption through most regions in the filwms
although the effective lifetime measurement procedure described in
that section does make some allowance for the small variations that

do exist.

Having shown how an approximate lifetime profile can be calculated
from measurements of the gate capacitance and the'generation current
it remains to be demonstrated that for silicon on sapphire junctions
the diffusion current and the surface current are normally much
smaller than the generation current and therefore the reverse-bias

current to the gate is a measure of the generation current.

DIFFUSION CURRENT

Any minority carriers which diffuse to the edge of the depletion
region from the neighbouring neutral regions will be swept across
the Jjunction by the applied field. In order to calculate this
diffusion current the following steady state diffusion equations

mist be solved for both sides of the junction:-

d2 n n - nno
p-side:- D —F2 - 2., ceeees BL19
n 2 T
dx n
2
d” p P~ p
n-side:— D 2n - _2_;__29 =0 cesees L.B.20
dx D

where Dn and Dp are diffusiqn constants for electrons and holes
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respectively. np and p, are minority carrier electron and hole
densities respectively and the subscript O denotes the equilibrium

value,

When solving equations 4.4.,19 and 4.4.20 different coordinate axes
are chosen. In both cases the adjacent depletion layer edge is
taken as x = O and the positive x-axis is taken pointing away from
the depletion layer. Boundary conditions for the equations are

np (=) = npo and 1 () = Pro? (since equilibrium conditions are
valid in the bulk region), and n, (0) = P, (0) = 0, (since minority

carriers are swept away by the field at the depletion layer edge if

Vg >> kT/q). The solutions to equations 4.4.19 and 4.4.20 are

cesess b l,21

]
=
P
=
1]

B, (x)

(1 - e */Tp) ceeees bob,22

and Py (x) no

i
g

1 1
- 2 - 2 . .
where L = (Dn Tn) and Lp (Dp Tp) are diffusion lengths for

electrons and holes respectively and it follows from equations

L ,4,21 and 4.4.22 that

&
laife,n (-a) | - Dy & Ay
x=0
2
N
= q. Dn N L AJ * 0 860 00 l+.l+.23
A "n
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and

Tairr,p = (ra) D

= gD I A veenes b2k

For a p+—n junction N, >> N_ and therefore I can be neglected

A D diff,n

compared with I Comparing the diffusion current in equation

aiff,p’

L.k.2h with the generation current in equation 4.4.9 gives

Lairs _ Dy By 0y %
I N, L 21
gen D p e
1
n, (D 1.)2 1
= 2 T e M_- _e AR ]'I'oll'o25
N b4 T
D t P

In the silicon-on-sapphire layers investigated in this work the

maximun values for Dp and TP were 6.5 em® s-l and lO-8 s

respectively and the minimum value for ND was T.5 x 1olh cm-3.
The value of x, due to the built—in potential was always greater

than 5 x 10-6 cm and it has been shown above that te/tj is 16
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for the generation-recombination level of E, - E; = 0.09eV calculated
from the frequency response measurements. If these parameter values

/I is

are substituted in equation 4.4.25 it follows that I_.
. diff’ "gen

less than 3 x lO_2 and hence that the diffusion current does not
contribute significantly to the measured reverse-bias currents, It
must be remembered that this conclusion is a consequence of the
proximity of the generation-recombination centre energy level to the

intrinsic level.

The magnitude of the surface current is now considered.

SURFACE CURRENT
The reverse-bias current due to electron—hole pair generation at
surface generation-recombination centres with energy levels at the

intrinsic level is given by the equation

I = '2'qniS A s00 000 ,'I'.,'I'026

where s, =0 surface recombination velocity,

ss Yth Vst

Q
"

ss capture cross—section for surface states

and A

area of the depletion layer which intersects

the surface,

The measurements were all made with the source, drain and MOS gate
shorted together as shown in Figure L4.4.2 and the positive charge
which is always present in the thermal silicon dioxide will tend
to reduce the width of the depletion layer at the Si - SiO2
interface. If the width of the depletion layer in the bulk is

taken as an upper limit for the width at the interface then the
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maximum value of As for the devices used in this work is 7.5 x 10-5‘cm2

The oxide technology used for preparing the experimental devices is

capable of maintaining a surface state density of less than 2 x 1011 cm

This taken together with the value of 2 x 'IO-16 cm2 for the capture

cross section of surface states reported by Grove and Fitzgerald (1966)

1

gives a value of So equal to 916 cms = and consequently a surface

=11 A, which is well below the measured reverse-bias

current of 7.7 x 10
currents. Therefore the measured reverse-bias current is predominantly
generation current and can be used to determine an '"effective lifetime!

profile,
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h.5 Experimental Results on p Type Vacuup Eyaporated Filps

The first junction field-effect devices to be investigated were
fabricated from layers prepared by evaporation from a water-cooled
electron bombardment source in a stainless steel ultra-high vacuum
system (Lawson and Jefkins lQTO)ﬂ These 1.5 - 2.0 um thick p-type
layers were of (100) orientation grown at 1000°¢C on (1102) sapphire
substrates at a rate of approximately lO—8 ms—l. The layers were not
intentionally doped and the average acceptor concentrations due

16

to autodoping were in the range 1-2 x 10 cm—3. Average majority

carrier mobilities ranged from 100 - 150 cm2 V—l s—l

The p-channel devices made from these films were of the type shown in
Figure 4.1.1(a). The processing was generally similar to that
described in Appendix 3 for the n-channel components although,
naturally, the source—drain and gate diffusants were interchanged

and the shallow phosphorus gate diffusion was for only 5 minutes at 1000°¢C
followed by a 10 minute oxidising drive-in at QSOOC. The device
properties varied quite extensively from layer to layer and even across
a single layer, with most of the differences béing attributable

to variations in the gate junction depth. However the general

form of the calculated carrier concentration and mobility profiles

were the same for all the devices although the magnitudes of the

values were somewhat variable. The results for slice 270/1 are
presented below in some detail because they are characteristic of the

range of properties which were observed on a single slice.

Large variations in the channel depth of the devices fabricated on slice 270/1

were indicated by the fact that the drain current measured at V, = O volts

G
and VD = 10 volts varied from less than 1uA to 520pA. At a carrier
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cqncentration of 2 x 10l6 cm-3, which will be shown to be the value
adjacent to the sapphire interface, the width of the space charge
region adjacent to the gate at zero applied voltage is 0.22um and the
drain current measurements give grounds for inferring that the
channel depth on some of the devices is less than this.

Now the silicon layer on slice 270/1 was 1.2um thick at the end

of processing and the depth of the p-n junction in the bulk silicon
test~piece which accompanied it during the phosphorus gate diffusion

and subsequent drive-in was O.5um.

Consequently if the silicon-on-sapphire had the same diffusion
constant as the bulk silicon, the channel depth would be 0.7|im but a
diffusion constant four times larger than bulk silicon, which is
within the range of values reported by other workers (Ross and
Warfield 1959 and Dumin and Silver 1968), would give a junction
depth of 1.0um and account for the channel being turned off at zero

gate-bias.

Because the ungated junction type of structure was used for the 270/1
devices the surface ion migration phenomena referred to in section k.1
resulted in relatively large currents flowing to the reverse-biased gate
and a typical characteristic is shown in Figure 4.5.1 (a). Although this
behaviour makes an analysis of the lifetime profile in the manner
described in section L.4 impossible the carrier concentration

profile can be calculated from the capacitance results in the normal
manner and a mobility profile can be determined from the drain
conductance, at least for the range of reverse-bias voltages where

the channel current is much larger than the gate current . The drain
characteristic shown in Figure 4.5.1 (b) shows that on the

higher current devices there is indeed a substantial range of gate
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voltage over which the gate current is negligible in comparison

with the channel current.

The gate capacitance measurements are made by probing the aluminium
bonding pads on the device with steel needles and thereby connecting
the gate to the high input terminal of a Model T1A Boonton

Capacitance Meter and the source and drain to the low input terminal.
The capacitance measurement with the Model T1A is not influenced by the
sﬁbstantial resistive component in the gate impedance because

a phase sensitive detector is employed with a reference signal 90o

out of phase with the signal applied to the device under test. The
frequency used for the measurement is 1 MHz and the maximum amplitude
of the signal appearing across the device under test is 15 mV

Bias Voltage for the measurement is obtained from a calibrated voltage
source with an accuracy of 0.05% and the output of the capacitance

meter is measured on a digital voltmeter with an accuracy of 0.01%.

The carrier concentration profile is calculated from the capacitance
measurements using equation 4.2.12 which includes a d¢/dV term in the
denominator. Since d¢/dV is calculated using capacitance values
which differ by only a few per cent and the absolute accuracy of the
Model T1lA is only of the drder of 1 percent the first reaction

may be to assume that very large errors will result from the use

of equation 4.2.12, but it is non-linearities in the capacitance

measurement which give rise to errors and not its absolute accuracy.

Since the non-linearity of the instrument is not known the carrier
concentration profile was measured for a device fabricated in

uniform substrate material and the results varied dy less than T7%.
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When equation (4.2.12) was applied directly to analyse the
capacitance measurements of one of the devices with the larger drain
currents the charge density pfofile indicated by the cireles in
Figure 4.5.2 was obtained. However as the depletion region is driven
back towards the sapphife interface significant errors arise in the
capacitance measurement due to attenuation of the measurement signal
in the resistivg silicon lower electrode of the capacitor. A
correction for this can be calculated by treating the capacitor as a
transmission line with no series inductaﬁce and no shunt capacitance.
This involves substituting the experimental conductance measurements
(made using the simple measurement circuit shown in Figure 4.5.3),
into the following two terminal impedance equation derived

by Hager (1959).

g = —Becoth 3 (j, RC)2
2 (jyRC)2

ceesss h.5.1

where C is the true low frequency capacitance of the junction and
R is the resistance between the source and the drain. The charge
density profile calculated from the corrected capacitance

values is shown by the crosses in Figure 4.5.2

The evaluation of the net donor density from the carrier concentration
results using equation (4.2.16) involves a second order differentiation
and 1t is likely to be very inaccurate if done numerically from

the experim ental capacitance results. Therefore it was decided to
compute a polynomial best fit to the calculated carrier concentration
results and a second order polynomial was generally found to fit

quite well, as shown in Figure 4.5.2. The polynomial was then

differentiated in order to evaluate equation (4.2.16) and the
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calculated net acceptor density which is also shown in Figure h,S,Eﬁ%}
is not significantly different from the majority carrier concentration.

"~

The results shown in Figure L4.5.2 cléarly indicate an increase in the
net acceptor densify as the sapphire interface is approached which is
probably associated with an out diffusion of aluminium from the
substrate, (Dumin and Robinson 1966). However since the density of
deep donor states is also known to increase as the sapphire interface
is approached, (Dumin 1970), the results shown in Figure 4.5.2 probably
underestimate the'magnitude of the autodoping effect and must be
interpreted simply as a lower limit for the outdiffusion profile

of shallow aluminium acceptors.

The derived carrier concentration profile was then used together with the
field—-effect conductivity results and a resistivity measurement on an
adjacent resistor to calculate the mobility profile using equation
(4.3.6). All the conductivity measurements were made using the circuit
in Figure 4.5.3 at a drain voltage of 100 mV which ensures very little

variation in depletion depth along the channel and even at a carrier

15

concentration of 5 x 10 cm—3 the calculated conductivity error is

less than 5% up to within 0.15um of the sapphire interface.
Measurements were restricted to those with gate voltages in the range

where the gate current, I,, was less than 10% of the source current,

G

I This prevented results from being obtained for the region within

g

0.15pm of the sapphire interface. Gate currents, IG’ are only

significant in the range VG >’VD and the channel current, Ic is given
by the equation
I, = Ig+-Ig/, ceereeas b5L2
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on the assumption that the gate current divides equally between ﬁhe

gsource and the drain. The calculated mobility profile for the device which
gave the carrier concentration profile in Figure L4.5.2 is shown in

Figure 4.5.4. Since these mobility values are much less than

the bulk value and the piezo resistance effect is small in the (100)
orientation the reductions are probably a consequence of

additional ionic and/or space-charge scattering mechanisms associated
with the defect centres which increase in density as the interface

ig approached.

The absolute value of the mobility is a little less than that observed
by Ipri (1972) for films grown by the pyrolysis of silane but the rate

of decrease as the sapphire interface is approached is very similar.
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L6 Experimental Results on N-Type Films Grown by Pyrolysis of Silane

Junctioﬁ field effect structures both with and without insulated gates
over the gate junction perimeter (as shown in Figures 4.1.1(b) and
h.1.1(a) respectively) have been fabricated in l.5um to 2.0pm thick
n-type films grown by the thermal decomposition of silane at 1050°C *
The films which were phosphorus doped and of (100) orientation on
(1102) sapphire were annealed prior to device fabrication for 6 hours
at 1100°C in an 80% nitrogen/20% oxygen mixture in order to precipitate
any aluminium incorporated by autodoping from the substrate. The mean
5 op™3

. . . . 1
carrier concentrations after annealing were in the range 4 x 10 m

to 2 x lO16 cm > as measured by the van der Pauw (1958) technique

and the mean Hall mobilities were in the range 110 cm2 V_ls_l

to 290 em® V s 7T.

The test devices were fabricated according to the procedure specified in
Appendix 3. Appreciable surface leakage currents were again observed in
many of the devices constructed according to the design in Figure bh.1.1(a).
This is probably because the net positive charge in the oxide causes

the surface of the n-type region between the gate and the drain to be
accumulated thereby giving rise to interband tunneling across the reverse
biased drain junction even at relatively low applied potentials. Since

the few results obtained on the ungated test structures which did

have relatively low leakage currents were broadly similar to those

obtained on devices constructed according to the design in Figure 4.1.1(Db)

¥ The films were purchased from the Allen Clark Research Centre of the

Plessey Company.
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a typical set of results derived from measurements on the latter

structure will now be described in detail.

Since the layers used had a fairly wide range of resistivities and
thicknesses the device properties again varied widely from slice to
slice but the variations observed across a single slice were much
less than those observed with the vacuum-evaporated p-channel
slices and the following results for slice 586/1 are typical of

those observed on other slices.

The thickness of layer 586/1 after processing was l.37ﬁm and the
measured depth of the p-n Junction formed in the p-type bulk

silicon test piece of similar doping density which accompanied

the silicon-on sapphire layer during the boron diffusion and
'drive-in' was O.4lpm, (this yalue is in good agreemént wiﬁh‘&
theoretical junction depth calculated from the pubiﬁshéd diffusion
constants). Since the diffusion constant for the silicon—on;sapphire
is likely to exceed the bulk silicon value (Ross and Warfield 1969
the upper limit for the separation between thé p—n junction and

the silicon-on sapphire interface is 0.96um. Measured valués

of the 'pinch-off' voltage, Vp', defined as the gate voltagé réquired
to reduce the drain current to lO?TA at a drain voltage of 100 mV
ranged from -0.91V ﬁo -1.24V and the values of drain current at

\2 = 0OV and VD

Gs = 100 mV ranged from 1.53uA to L.2hyA.

S

A typical set of drain characteristics for one of the n channel devices

. .. . . + .
on slice 586/1 is given in Figure 4.6.1(a) and the corresponding gate

+ The first part of the characteristics were omitted simply to prevent excessive

Overexposure of the film in the region surrounding the origin.
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junction leakage characteristic for the same deyice up to ‘pinch-off!
is given in Figure 4.6.1(b). The early saturation in the drain

characteristics clearly shows the need to keep V

DS_aS low as possible

vwhen making channel conductivity measurements. The lower-limit for‘VDS
is determined by the condition that the channel éurrent must be significally
greater than the gate leakage current. Since the gate leakage current

of all the devices used was less than lO-BA at 'pinch-off' the use

of VDS = 100 mV is a reasonable.compromise because this ensures that

the channel current is at least an order of magnitude greater than

the gate leakage current if measurements are restricted to gate voltages
above 'pinch-off'. Using a doping density of 3.5 x 10-15, (which

will be shown later to be the measured value for layer 586/1), the

'pinch—off' drain current of lO_TA can be shown to correspond to the

depletion layer edge being within 0.03um of the sapphire interface
2 1 -1
s

if the interfacial mobility is SO em™ V and within 0.15um for an
interfacial mobility of 10 csz_ls_l. Note that as 'pjnch—off'
is approached the saturation of the characteristic will cause the channel

conductivity to be underestimated.

A1l the conductivity measurements were taken with the insulatéd gate
electrode connected directly to the source. However to ensure that
surface currents were not playing a significant role in the
measurements the effect of changing the insulated gaté electrode
potential over the range —-10V to +_10V was examined tut

changes in the drain current and the gate current were less than 17%.

An experimental transfer characteristic, measured at VD = 100 mV is
given fof one of the devices on the 586/1 layer in Figure 4.6.2. This
characteristic can be analysed using the drain current equation
(4.3.2) given in the conductivity mobility section and (4.3.2) can be

rearranged to give
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and by the use of a Taylor expansion series this reduces to

e . 1 1
_ 2_"s1 2 2
=gmax ) 'D al (t-x 2 | (VG+Vb) b
*® 8 82 0 8 @ h.6.2
< + -
when VD VG Vb VP where
vV =qN.(t-x.)° is called the 'pinch-off' voltage of the
P D it/ 2e

junction field-effect transistor and is the total gate voltage at which
the drain current reduces to zero. Equation (4.6.2) may be written as
y ~-x . + 3
ngND(t XJ) v V. \ 3

_ 1-{'cg'p cevess 4.6.3
I = 1 D v

i

a straight line should be obtained

and if I, is plotted against (VG+Vb)

if the carrier concentration, ND, and the mobility, p are not functions
of position in the silicon layer. It is clearly apparent from the

plot of this type given in Figure 4.6.2. that ND and p are not both
independent of position. If a value of 3.5 x lO15 cm—3 is taken for ND
then the slopes at the two extremes of the plot shown in Figure 4.6.2
correspond to mobilities of 20.8 cmZV.-lS_l and 199 cmeV'_ls.-l and these
values give a fair indication of the steep mobilify profile in

the layer which will be confirmed by the detailed measurements later

in this section.
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Before proceeding to the detailed discussion of the carrier
concentration, mobility and lifetime profiles obtained from the
capacitance, conductivity and gate current results; mention must be

made of a very slow transient effect observed on these devices. The
normal procedure-of probing a slice prior to making mgasurements involves
an illumination of the devices and it was noted that after the light

was switched off there was a slow reduction of drain currént over a
period of aﬁproximately two hours. These transients, together with
similar effects observed in the dark when the device was.turned

on, will be discussed in the next sectiop. ‘It 1s suffiecient to

note here that the devices were always left for three hours to

stabilise after any illumination and that any transients observed after
changes in  the junction-gate potential were also given sufficient time

to stabilise.

It was shown in section 4.2 how the carrier concentration can be
calculated from a measurement of the gate capacitance if the
measurement is made at a sufficiently high frequency to ensure that
the deep acceptor traps are'unable to respond to the measurement
frequency. However the energy level of the traps was not known
with sufficient accuracy to enable a theoretical analysis to
demonstrate conclusively that 1 MHz is sufficiently high a frequency
to prevent the acceptors responding to the signal and therefore
experimental evidence is now presented in support of this hypothesis.
Since the frequency dispersion due to trapping is greatest at low
applied voltages the capacitance of the gate junction was measured

at zero applied voltage over the frequency range 5 kHz to 10 MHz.
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Two capacitance bridges with overlapping fregquency ranges were used,
namely a Boonton Model 75 C from 5 kHz to 500 kHz and a Wayne-Kerr

Model B8Ol from 100 kHz to 10 MHz.

A typical result is shown in Figure L.6.3 and the absence of any
frequency dependence from 25 kHz to 1 MHz indicates that there are
few acceptor traps with time constants in this range. Taking an

5 3 for the capture cross section it

approximate value of 10 ~~ cm
can be calculated from equation (4.2.9) that this fregquency range

corresponds to a 'trap-free' energy range of 0.11 eV to 0.20 eV above

1k 3

the intrinsic energy level. For capture cross sections of 10 ~em

and 10 0cn3

the range becomes 0.05eV to 0.1keV and 0.17eV to 0.26eV
respectively. The increase in capacitance below 25kHz is believed

to be due to the modulation of charge in traps fairly close to the
intrinsic energy level and the decrease in capacitance above 1 MHz is
believed to be associated with the rather large resistivity of

the silicon bottom electrode since the theoretical plot shown in
Figure L.6.3 is obtained by substituting a value of R=3.h6xthQ in
the transmission line equation (4.5.1) and the measured value of the
source to drain resistance is 3.29 x lO,4 ohms. On the basis of

the above information it was considered reasonable to analyse the
capacitance results on the assumption that the 1 MAz measurements

were not influenced by charge moduiatior in deep acceptor traps althoush

it is still possible that some trapping is being masked by the

transmission line effect.

In order to confirm the existence of deep acceptor traps with a frequency
response in the range 5 kHz to 25 kHz the transient response of the
drain current was examined when a pulse was applied to the gate of a

device using the circuit shown in Figure 4.6.k.
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The result shown in Figure 4.6.5 (a) clearly shows that when the

drain current is switched on there is indeed an excess current.which
decays over a period of a few hundred microseconds. To demonstrate that
this transient was a property of the device under test and not an
experimental artifact a commercial junction field-effect transistor

was also examined and was shown to have no detectable initial
transient. A reduction of the widtﬁ of the negative gate pulse below
200us led to a decrease in the amplitude of the initial transient,
presumably because there was insufficient time for many of the traps

to empty during the "off-state". TFigure 4.6.5 (b) shows an amplified

version of the initial transient.

If this transient is a consequence of the existence of deep acceptor
traps it will be proportional to the trap density and will decay with
a time constant t which is related to the energy level of the traps

by equation (4.2.9). Therefore '

AT, = AT_ exp (-t/T) U -

where AID is the drain current in excess of the steady state value

(1 ) and AI_ . is the values of AID immediately after the device is

DSS Do

switched on. The ratio AIDO/I is a measure of the ratio of the

DSS
trap density to the net donor density, (but it is not strietly
equivalent to that ratio because the mobility is not uniform through

the thickness of the film), and in the typical device above it has the

value 0.175.

The information in Figure 4.,6.5 (b) is plotted in the semi-logarithmic

plot of Figure 4.6.6 and since it follows from equation (4.6.4) that
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d?/dlnAI = - 1 gall the points should lie on a straight line if
D .

the traps are at a single energy leyel. This is clearly not the case
and they appear to have a range of time constants from 8lhus to 310us
15

which for a capture cross section of 10 cm? corresponds to energy

levels of 0.09eV and 0.06eV respectively from the intrinsic level.

These results are in good agreement with the observed frequency dependence
of the capacitance and indicate trapping levels close to the lower

energy level limit observed by Heiman (1967b) which is much closer to

the intrinsic level than the observations of Dumin (1970). The above
conclusions must remain somewhat tentativé however until a value has

been obtained for the captuie cross section of the traps since a
diffefence of an order of magnitude in this parameter correéponds

to an anergy level difference of approximately 0.06eV.

The 1MHz gate capacitance measurements can now be used with some
confidence togefher with the channel conductivity and gate leakage
current measurements to determine the carrier concentration
mobility and lifetime profiles by applying the procedures outlined

in sections 4.2, 4.3 and 4.4 and a typical result is given in Figure L4.6.7.

The points marked by shaded symbols were calculated without making a correct
ion for the finite resistivity of the silicon layer below the space

charge layer and the points marked by open symbols were calculated

using the capacitance of the space charge layer as found from an

itgrative computation based on equation (4.5.1). The existence

in the uncorrected results of an apparent decrease in the carrier
concentration and an apparent increase in the lifetime in the region

of the sapphire interface are both shown to be anomolies resulting

from the effect of the resistive lower electrode on the measurements,
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which clearly demonstrates the importance of applying this

correction.

The apparent rapid increase in the carrier cqncentraﬁiqn in ‘the
corrected results and yhe decrease in the 1ife§ime at.abprgximately
O.ZBﬁm from the junction aré probably caused by-thé dépletiqn regiqn
reaching the sapphire inperche, This would Indicate a junc?ién
depth of 0.59ﬁm for the silicqnzqnfsépphire layer cgmpared wiﬁh‘a
depth of o.hlm for the bulk silicon or in other ﬁgrds & diffusion
constant about twice aS~gréat, This is well wiﬁhin phg range

of enhanced diffusion constants reported for silicon-ansapphirq

(Dumin and Robinson 1966 and Ross and Warfield 1969},

The mobility results, which are not significantly\effécge@ by~th§
correction for the resistive lower electrode, décréaséayqré rapidly then
those observed on the yacuum evaporated p-type layérs and generally
confirm the tentative conclusions deriyed from the analysis of the
transfer characteristiecs. The rapid decrease of bothhmobility

and lifétime as the sapphire interface is approachéd is»characterisﬁic
of these films and iIs. probably a cqnsequencé of incre&siqg structural

disorder close to the sapphire interface, :(Linnington 1970).

Figure 4.6.8 shows the carrier concentration results up to

0.78um from the junction on an expanded scale together with‘a secqnd
order polynomial best fit, and the second order polynomial was used

in the manner described in the preyious section to calculate.ﬁhe

net donor density from equatiqn.(h.2.16),and this is shown. in Figure
4.6.8 as a dashed line, The net donor density differs from the carrier

concentration by less than the spread in the experimental results.
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The slight decrease of net donor density in the direction of the
sapphire interface which occurs over most of the layer thickness is
probably due to an increasing level of compensation by deep and
shallow acceptors and the accuracy of the measurements close to the
sapphire interface is not sufficiently good to place much credence

in the slight upturn in the profile in that region.
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4,7 Slow Transients Resulting from Sapphire Interface States

The very slow decay in the drain current of a probed device that
occurs when the light on the probing machine is switched off

has been referred to in thé previous section and a typical behaviour
pattern is shown in Figure 4.7.1. The rapid decrease in the current
at the instant of switching off the light is due to the recombination
of the excess electron hole pairs which were generated by fhe
illumination. The duration of this transition is of the same order of
magnitude as the minofity carrier lifetime and in fact the analysis of this
transition is the basis of the familiar Stevenson-Keyes (1955)

method for measuring lifetimes. The much slower transient that follows
is believed to be due to slow interface states at the sapphire-silicon

boundary.

The energy band diagram at zero gate bias for a section through the
channel of a device with a distribution of interface states near the mid-
band position is shown in Figure 4.7.2 (a). Electromagnetic radiation
within the visible spectrum is sufficiently energetic to create electron
hale pairs and also to excite electrons from the interface states into
the conduction band. However if these interface states are

associated with defects within the first few nanometers of the sapphire
substrate then the emission probabiiity may be very low and hence

the associated time constant to attain steady-state conditions
correspondingly long, (Heiman and Warfield 1965). Similarly when the light
is switched off the effective capture cross section is very small and the
time to re—establish a steady-state condition in the dark is also

very long. The slow tail of the transient in Figure 4.7.1 can be used
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. . o 11 <2 .
to obtain an approximate estimate of 4,5 x 107 cm® foy the densaty

of interface states by assuming that the mean mobility for the

2 1 -1

interfacial electrons is 10 cm“ V - s —.

In order to justify the above assumption that the slow stétes are
located at the silicon-sapphire interface proof is now given that they
cannot be associated with defects in the bulk of the silicon. It was
shown in section 4.2 that the electron capture probability for deep

traps in the silicon is given by Vv q n and therefore the

th
time constant associated with this electron capture process is l/yth:‘ogn.
At a typicalcarrier density of 10%% cm 3 this gives a time

-15

constant of lO_7 sec for a capture cross section of 10 cm2 whereas a

time constant of 20 minutes would require a capture cross section of
10-25cm2 at this carrier density. A capture cross-section of this

size is so much smaller than atomic dimensions that it is not

really feasible. TFurthermore if bulk traps were responsible for the slow
transients then the width of the depletion region would relax after the
application of a reverse-bias pulse to the junction gate (Sah and

Reddi l§6h). This would give rise to a variation in gate capacitance
but no slow transients were observed in the gate capacitance if the
capacitance was measured at 1 kHz uﬁless the pulsed gate voltage approached
the pinch-off voltage. The measured capacitance did exhibit a slow
transient if the reverse bias pulse was sufficiently large and the
measurement was made at 1 MHz but this was due to variations in the

series resistance of the silicon film beneath the depletion layer and

not to a variation in the width of the depletion layer.

Measurements were also made on encapsulated field—effect devices of the
slow transient which occurs when the channel is switched on after heing

held 'hard-off' for sometime. Figure 4.7.3(a) shows the decay which
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ogcurs in the drain current of a typical device when it 1is turned

on after being turned ‘hard-off' for 4 hours with a potential of -L
volts‘on the junction gate. The energy band diagram for the 'off' device is
shown in Figure h.I.2 (b) and from this it can be seeh that any
interface states near the mid-gap position lie ahoye the guasi Fermi
level for electrons and therefore they will slowly empty. When the
applied junctidn gate bias is reduced to zero and the device is turned
back on the energy bands are as shown i; Figure 4.7.2(al

with the exception that the interface stateé are initially~émpty

and therefore the drain current rises to a value abave the'steadyestaté
level and then decreases slowly as the interface states are filled.

The transient shown in Figure 4.7.3 (a) corresponds to an interface

. 11 =3
state density of 1.4 x 10 cm

-1

for a mean interface mobility of
10 cm? V_l s . All the devices examined exhihited some trapping at
the sapphire interface with estimated interface state densities ranging

from 1.2 x 10% em 2 to 6.5 x 107 cm 2,

Figure 4.7.3 (b) shows that when the junction gateAbias\is~reducéd to
zero after having had a bias applied which is not sufficiént to
completely turn—-off the deyice then the drain current réturns\quickly

to its steady state yalue, This is simply because the quasi Fermi level
at the silicon-sapphire interface only starts to shift significantly when
the depletion region penetrates to this interface. U nfortunatel&, since
it is not possible to determine the potential at the silicon-sapphire
interface as a function of the applied junction gate bias, the interface
state density cannot readily be determined as a function of its position

in the energy gap.

162



CHAPTER 5

GEWERAL CONCLUSIONS

Detailed interpretation and analysis of the results has been developed
in each Chapter. Consequently many of the more significant conclusions
concerning the electrical properties of the layers and their controlling
transport mechanisms have already been discussed. All that remains

to be done is to summarise those concilusions while demonstrating

that the information obtained with the 'MIS Hall Effect' and the 'Junction
Field Effect' structures is indeed compatible and complementary and to
interpret its significance in terms of the performance, yield and
reliability of the various integrated circuit structures which are likely

to be fabricated in silicon-on-sapphire layers.

The most important conclusion, at least from a technological viewpoint,

is that the mobility of the charge carriers decreases by approximately

an order of magnitude across the thickness of the film. Electron
mobilities up to 450 cm2ansnl were observed in accumulation layefs
adjacent to the silicon dloxide interface using MIS Hall effect

structures and, although accurate values cannot be obtained immediately
adjacent to the sapphire interface, junction field-effect measurements
show that it certainly drops below. 50 cmgv—ls_l in most layers, Since the
two different measurement structﬁres were not fabricated on the same
layers a direct comparison of results 1s not possible even in the middle
regions of the layers where the measurement techniques overlap, however
the general trends of both sets of results show rapid decreases in
mobility with up to 50% change across a distance of only 100 nm, The Hall
effect results indicate that the surface mobility is limited by

phonon scattering but scattering at charged centres plays a major role

in determining the mobility at the sapphire interface.
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The observed variations in carrier concentration were smaller and less
important but still significant with changes by a factor of five occurring
across the thickness of the layer in some specimens. In n-type films the net
donor density decreased towards the sapphire interface and in p-type

vacuum evaporated, autodoped films the net acceptor density increased

towards the sapphire interfacef The 'MIS Hall effect' and 'junction field-
effect' results on the n—type layers were again compatible and

indicated that tﬁe doping profile was steeper adjacent to the silicon

dioxide interface, probably because of 'pile-up' during oxidation

resulting from the relatively high segregation coefficient of phosphorus.

The "effegtive lifetime" profile obtained from the junction

field-effect results has a similar shape to the mobility profile in the
region of the sapphire interface. Both profiles are probably a
consequence of the reduction of the mean free path of the carriers by the
increasing density of defect centres. The smaller decrease in lifetime

as the oxide interface is approached is not understood.

No special silicon—dioxide interface problems seem to exist in these
layers. The density and energy distributions of interface states appears
to be similar to that obtained on bulk silicon and the scattering of

carriers at this interface is more specular than it is in bulk silicon.

The silicon-sapphire interface on the other hand does present additional
problems., In the MIS measurements enhanced electronic conduction
w?s‘observed at this interface in some of the specimens and although

this effect was not present on the junction field-effect structures,

for which the fabrication process was different, it remains a potential
problem until the cause has been identified and reliable methods established

.

to ensure it does not occur. The existence of a fairly high density

.of slow states was also observed at the sapphire interface. These states
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were only observed with the junction field-effect structures but they would
not have been detected in the MIS studies because they are only made

manifest by changes in potential at the sapphire interface,

Many different types of component can be incorporated into MIS integrated
circuits manufactured in thin films of silicon-on-sapphire in order
to achieve a wide range of digital logic and memory functions, However the
special problems éssociated with this material will effect different circuit
designs in different ways. Components which can be used to construct
circuits include the conventional n-channel and p-channel inversion
layer transistors together with the deep-depletion transistors and small
area gated and ungated load resistors which can oﬁly 5e made in these
thin high resistivity filmsf From the wide range of design options
the decision on which technology is most suitable for a given
application will depend.on a compromise between a number of factors, such
as

i Ease of manufacture

ii  Yield and maximum die size, which are inter—relatéd,

iii Area required to achieve a given function,

iv  Reliability

v Ability to meet electrical specifications on parametersi

such as speed, power consumption, output drive capability

and operating voltages,

When the inversion layer p-channel, n-channel and complementary MOS
designs familiar in Bulk silicon technology are transferred to silicon-on-
sapphire many of the considerations are identical because, as has been
shown, the properties of inversion layers in silicon-on-sapphire

are broadly similar to those in bulk silicon. However it must be -

remembered that even with similar technologies the power-speed
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product achieved in silicon—on—sapphire circuilts is much greater

because the horizcatal p-n junctions have been eliminated and the
capacitance of the remaining vertical Junctions is er order of magnitude
smaller, Some other advantages of silicon-on-—sapphire such as the
elimination 6f parasitic MOST's, the achievement.of higher packing
densities and the replacement of p-n Jjunction isolation by dielectric
isolation in the complementary symetry technology have been discussed

in detail by other authors, (eg Wilcock 1971), the emphasis in .this
discussion will therefore be placed on the significance of the electrical
properties measured in the present investigation. The electronic
interface layers reported in the above MIS studies could give rise

to low junction breakdown voltages in p-channel inversion-layer transistors
and if similar layers exist in p-type films they would give rise to large
leakage current problems by shorting out the source and drain at the
sapphire interface. However there is enough evidence in the literature
to show that circuits can be manufactured in which these problems are not
dominant but they may still remain a yield limiting factor until their

origin is better understood.

The variations in electrical properties through the thickness of the film
are most significant when the novel silicon-on—sapphire components

which involve conduction in the bulk of the film are considered. The
proposed complementary symmetrytechnology, (Boleky 1970), using a single
conductivity type material with one n-type inversion layer transistor

and one p-type deep-depletion transistor looks attractive in its
simplicity of fabrication but it has already been pointed out by Boleky
that this approach requires very good control of film‘doping to obtain

consistently complete depletion of the p-channel device at zero applied gate
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voltage. If the speed-power performance of the circuits were also

limited by the low mobility of the charge carriers in the conducting chennel
close to sapphire interface then the commercial viability of this

technology would be questionablef However, although there is conduction

in the bulk of the film when the transistor is turned on the total number of

11per square centimetre and the majority

bulk carriers is less than10
of the charge carriers are in an accumulation layer at the silicon-dioxide
interface. The ratio of surface conduction to bulk conduction clearly

depends on the operating voltage but even at 5 volts over 80 per cent of

the carriers are in the accumulation layer.

The mobility profile can even be considered as an advantage because it
means that if depletion does not quite extend to the sapphire interface

at zero gate voltage the quiescent power dissipation is still almost

an order of magnitude less than it would be with a uniform mobility profile
and therefore a relatively low power "pseudo-complementary'" high-speed
technology is achievable with less stringent control of the film doping

levels,

As a final conclusion it can be said that although silicon on sapphire
layers contain high densities of defects and large variations in electrical
properties they do make large improvements in the speed-power product

of MOS integrated circuits possiblé but further investigation of the
origin and nature of defects at the silicon sapphire interface will be

hecessary to improve the yield and. reliability of these circuits.
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APPENDIX 1
FABRICATION PRCCESS FOR HALL EFFECT DEVICES
1 Clean slice in hot nitric acid and wash in double-distilled

de-ionised water,

2 Remove residual surface oxide in 5% solution of hydrofluoric acid

and wash thoroughly in double distilled de-ionised water.

o
3 Grow approximately L4OOO A of silicon dioxide by oxidising the slice

for 90 minutes at 950°C in steam.

L Cut the windows for the source, drain and contact diffusions using

KPR1 resist.

5 Remove the reéist by immersing the slice in a mixture of 90% sulphuric
acid and 10% hydrogen peroxide for 2 minutes and then wash in double-distilled

de-ionised water,

6 Remove the residual oxide in the diffusion windows by immersing the
slice for 30 seconds in a 5% solution of hydrofluoric acid and then wash

in double~distilled de-ionised water.

7 Diffuse phosphorus from a phosphorus glass source in a closed bottle
for 15 minutes at 1000°C to give a sheet resistivity of approximately

120 per square,

8 Oxidise for 120 minutes at 950°C in steam to !drive-in! the phosphorus

diffusion.
9 ‘Remove all the oxide and wash in double-distilled de-ionised water.

10 Boil for 15 minutes in nitric acid to grow a thin layer of oxide which
will prevent phosphorus transfer from the diffused regions during the

next high temperature process.
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-0
11 Grow approximately 3000 A of oxide by oxidising the slice for

60 minutes at 950°C in steam.
12 Cut the pattern for the silicon islands using KPR1 resist.
13  Remove resist and residual oxide as in steps 5 and 6.

1L, Cut silicon islands using a 33% solution of sodium hydroxide at

o . . . . o .
65°C which gives an approximate etching rate of 3000 A/min.
15 Remove masking oxide and wash in double-distilled de-ionised water.
16  Boil for 15 minutes in nitric acid to prevent phosphorus transfer.

. ' o
17 Transfer the slice to a water-cooled quartz reactor and grow 400 A of

oxide by oxidising the slice for 60 minutes at $50°C in dry oxygen.

o
18 Deposit 800 A of silicon nitride in the same reactor by the

nitridation of silane by ammonia at 850°C.

19  Deposit 2000 X of silicon dioxide, still in the same reactor, by the

oxidation of silane by carbon dioxide at 850°C.

20 Cut contact windows in the top oxide using KPR2 resist, which is

more viscous than KPR1 and adheres better to the silicon island edges.
21  Remove resist as described in step 5.

22 Remove the silicon nitride in the contact windows by boiling under
reflux in orthophosphoric acid and then remove the bottom oxide and

wash in double-distilled de-ionised water.

23 Evaporate lum of aluminium from a tungstem filament while rocking the
slice backwards and forwards in order to ensure good coverage on the edges

of silicon islands.
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2y Cut the aluminium using AZ 1350H resist.
25 Remove the resist as described in step 5.

26 Bake the slice for 15 minutes at 460°C in air in order to improve

the contact resistance,

Unless otherwise stated the etch used for oxide removal is a buffered solution

of hydrofluoric acid containing,

32g Ammonia fluoride
58mnl Distilled water and
10ml Hydrofluoric acid

and the etch for aluminium removal contains

228ml Phosphoric acid
9ml Nitric acid
4Bm1 Acetic acid and

15ml Distilled water.
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APPENDIX 2

DEPLETION APPROXIMATION

An analysis of the charge distribution in an MIS structure with an
n;type "substrate (Das 1969), shows that the charge in the silicon is

given by.

=Q, (of (us))% cecresese (A1)

where ( ) =1.23 x 1011 coulamb cm-z’

is the intrinsic Debye length and

Ln,

i‘(us) =[cosh (us- uF) - cosh up +ug sinh uF] cescesses (A2)

11

If up <- ), (ie the doping level is greater than 8 x 10 e ) then

(A2) reduces to

2f(us) ={exp(—uF) [—us-1 + exp(us) L+ exp - (us - 2uF)} } cesses (A3)

1 | $
|

A B C

The above expression may be separated into three parts as shown. Part B
inereases rapidly when the surface is accumulated, part C inreases rapidly

when the surface is inverted and part A is predominant in the range.

-3>u3>3+2.uF

This range is the range of validity of the 'depletion approximation! and
within the range virtually all the charge in the semiconductor is in the

fixed positive charge of the ionised donor atoms in the depletion region.

Qs = Q, {[exp (- F'):l |:"us -ﬂ}i ceessessss (AL)

Now if up < -4 the first integration of Poissons equation gives
| :
d__u = :[_2: -u =1 + e u) +e - (u-2
& "1 [-u xp (w) +exp - (w=2)]  aeeeeei. (A5)

(see equation (7) in Das 1969)
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The depletion depth, x 32 is defined as the postion at which the Fermi
level attains its bulk value, ie u = O, Therefore integration of (A5)

between the limits u = U, X = Oand u =0, x = X4 gives
’ i
2
xd = LD{2 (— us - 1)} sesceercnssen (A6)

From (A6) and (AL) it follows that

Q =a () x4 cececsccessss (A7)

ie the total charge in the semiéonductor is due to the net ionised donor

charge in the depletion. region.

The general expression for the semiconductor capacitance is

-_. 9 9N
CS kTa-u—S
S

Lp

_ €si {1 - exp(us) + exp - (us - 2uF)}

e eeeeenees (AB)
{2 [-us -1+ exp(us) + exp - (uS - 2uF):’}2

which in the range of the t!'depletion approximation! reduces to

€si

1 esi '
Cq = . — = ccevessesscaee (A9)
° Ly E (-u, -1)}2 /{d

Therefore within the range of the !'depletion approximation! we have

cecssascsssse (A10)

provided that the capacité.nce due to fast states is small. In the case of a
high frequency C-V plot the charge in the inversion layer cannot follow the
ac signal. Therefore the inversion term can be deleted from (A8) and

hence the equation (A10) is valid beyond the limit u, =3+ 2u The

F.
other limit u < =3 still holds,
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APPENDIX 3.

FABRICATION PROCESS FOR N-CHANNEL JUNCTION FIELD-EFFECT DEVICES

1 Clean slice in hot nitric acid and wash in double-distilled

~deionised water.

2 Remove residual surface oxide in 5% solution of hydrofluoric acid and

wash thoroughly in double-distilled deionised water.

3 Grow 5000 2 of silicon dioxide by oxidising the slice for 2 hours at

950°¢ in steam.
Y Cut the windows for the source and drain diffusion using KPRl resist.

5 Remove the resist by immersing the slice in a mixture of 90% sulphuric
acid and 10% hydrogen peroxide for 2 minutes and then wash in double-

distilled deionised water.

6 Remove the residual oxide in the diffusion windows by immersing for
30 seconds in a 5% solution of hydrofluoric acid and then wash in double-

distilled deionised water.

T Diffuse phosphorus from a phosphorus glass source in a closed bottle for

10 minutes at 1000°C to give a sheet resistivity of approximately 20Q/CL

8 Oxidise the slice for 90 minutes at 950°C to drive in +the phosphorus

diffusion.
9 Cut the pattern in the oxide for defining the gate region using KPRl resist.

10 Remove the resist as described in step 5.

11  TImmerse the slice for 30 seconds in a 5% solution of hydrofluoric acid

to remove any residual oxide from the d4iffusion windows.
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12 = Diffuse boron from a diborane source for 30 minutes at 900°C to give

a sheet resistivity of approximately 50 @/00 .

13 In order to remove the thin layer of 'boron rich' glass from the
diffusion windows boil the slice for 10 minutes in nitric acid, wash in
double-distilled deionised water and then immerse for 10 seconds in oxide

eteh before a further wash in double-distilled deionised water.

1L  Oxidise the slice for 60 minutes at 900°C in steam to drive in

the boron diffusion.

15 Deposit 2000 R of silicon dioxide by the oxidation of silane with

carbon dioxide at 85000.
16 Cut the pattern for the silicon islands using KPRL resist.
17 Remove the resist as in step 5.

18 Immerse the slice for 30 seconds in a 5% solution of hydrofluoric
acid to remove any residual oxide from the silicon areas which are to

be etched.

19 Cut the silicon islands using a 33% solution of sodium hydroxide at 65°¢

which gave an approximate etching rate of 3000 R/minute.
20  Remove the masking oxide and wash in double-distilled deionised water.

21 Boil for 10 minutes in concentrated nitric acig and then wash in double-
distilled deionised water to grow a thin 1layer of oxide which will
prevent phosphorus transfer from the phosphorus diffused regions during

the next high temperature process.,
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22 Oxidise the slice for 45 minutes in steag,ap_QQQQC;

23 Deposit 1000 R of silicon nitride by the nitridation of silane with

ammonia at 850°C.

24  Deposit 2000 R of silicon dioxide by the oxidation of silane

with carbon dioxide at 850°C.

25 Cut the pattern in the top oxide for defining the contact windows.
KP2 resist is used for this stage because it is more viscous and has

superior adhesion to the edges of the silicon islands.
26 Remove resist as in step 5.

27 Continue the cutting of the contact windows through the silicon

nitride using orthophosphoric acid boiling under reflux at 180°¢.

28 Complete the cutting of the contact windows by cutting the bottom

oxide and then wash in double-distilled deionised water.

29 Deposit 1 pum of aluminium from a tungsten filament while rocking
the slice backwards and forwards in order to ensure good coverage on the

edges of the silicon islands.
30 Cut the aluminium to define the contact pattern using AZ1350H resist.
31 Remove resist as in step 5. -

32 Heat the slice for 15 minutes at 460°C in air in order to improye

the contact resistance,

The oxide and aluminium etches used in the above processing sequence are the

same as those used in Appendix 1.
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A bulk silicon test-piece is included with the silicon-on-sapphire

slice at the phosphorus diffusion stage and the subsequent oxidation stage.
At the completion of the processing this test-piece is angle-lapped and
stained to enable a measurement of the junction depth to be made. The

junction depth was always in the range 0.45um to O.6um.
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APPENDIX 4

LIST OF SYMBOLS

Ag area of metal electrode on dielectric (cma)

As area of p-n junction (cm2)

B strength of applied magnetic field (gauss)

c small signal series éapacitance of MIS structuré per unit area (F cm_a)

C, depletion layer capacitance per unit area (F cn™2)

Ci equivalent capacitance of dielectric per unit area (F cmfa)

C; capacitance of p~-n junction (F) |

Cq silicon space charge capacitance per unit area (F em™2)

d depth of conducting channel (cm)

D diffusioﬁ constant for electrons (cmos™ ')

Dp diffusion constant for holes (cmos ')

Ern quasi Fermi level for electrons (eV)

Erp quasi Fermi level for holes (eV)

E; intrinsic Fermi level (eV)

E, energy level of traps (eV)

£ occupancy factor of recombination centres

840 field~effect transistor drain conductance limit as VD-* 0 (mhos)

Brax field-effect transistor drain conductance limit as VD-+ O and
Vg * O (mhos)

G sheet conductivity of device channel (mhos/square)

'IC channel current (A)

I, drain current of field-effect transistor (A)

k ' Boltzmann's constant (eV/°K)

L channel length (cm)
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LDi/(O.S exp uF)O'S, extrinsic Debye length (cm)

(€ ; K Tyéqani)o'B, intrinsic Debye length (cm)

S

directional cosine

(Dn'rn)o's, diffusion length for electrons (cm)
(DP‘TP)O'S, diffusion length for holes (cm)
electron effective mass (kg)

electron rest mass (kg)

3)

free electron concentration (cm

3)

donor concentration (cm

dislocation density (cm=-2)

3)

intrinsic carrier concentration (cm

3)

steady state electron concentration (cm

3

minority carrier electron concentration is p-type material (cm™
surface state density per eV (em™2 ev™ )

surface state density per unit area (en™2)

3)

concentration of deep traps (cm

3)

carrier concentration at position z (cm
"effective number of carriers' per unit area in the channel (cm™

probability of specular scattering
%)

minority carrier hole density in n-type material (cm

3)

steady state hole concentration (em
charge per unit area on an electrode (C em™?)
charge per unit area in the dielectric (C em™2)
charge per unit area on the metal electrode (C cm-a)

charge per unit area in the silicon space-charge region (C cm-a)
charge per unit area in surface states (C em™?)

ratio of Hall mobility to the conductivity mobility

Hall constant (cm3,0-1)
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electron capture rate (s"h

.. -1
. electron emission rate (s ')

hole capture rate (s~h

hole emission rate (s~ 1)

ratio of bulk mean free path to the extrinsic Debye length
terminal series resistance (ohms)

stress (N m2) |

compliance coefficient (me N~71)

surface recombination velocity (em s

film thickness (cm)

absolute temperature (%K)

minority carrier lifetime (s)

MOS transient time constant (s)

net recombination rate (s 1)

reduced Fermi potential (= q #z/kT)

reduced surface potential (= q g /kT)

built-in potential of a p-n junction (V)

drain voltage (V)

potential on metal electrode in any MIS structure (V)
Hall voltage (V)

potential across p-n junction (V)

the voltage at which the knee occurs in the drain characteristic
of an MOS transistor

pinch-off voltage of.juhction field-effect transistor (V)
thermal velocity of carriers (cm s

channel width (cm)

depth of depletion region (cm)

maximum value of X, (em)

depth of p-n junction (cm)
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distance between p-n jﬁnction and intersection of quasi Fermi
level and trap level (cm)

Youngs modulus (N m 2)

distance from the sapphire interface (cm)

coefficient of linear expansion ™1y

magnetoconductive correction factor

bulk mean free path (cm)

=¥, (1-v,)/1, (1-v)
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dielectric constant of silicon = 1.06 x 10" '“ F cm

bulk mobility (cm® V™1 s™1)
. . eq . 2 ,~1 -1

dislocation mobility (em“ V ' s ')

'mean mobility' in the channel (em® V-1 57T)

conductivity mobility for electrons (cm? vl 7T

surface mobility (em® v-1 5Ty

space~charge mobility (em® v~ 1 ™)

mobility at position z(cme V™1 s~ 1)
Poisgons ratio

capture cross section (cm®)

capture cross section for electrons (cn)
capture cross section for holes (cn®)

capture cross section of surface states (cn®)

time constant for trap level (s)

minority carrier lifetime for electrons (s)

minority carrier lifetime for holes (s)

electrostatic potential (eV)

Fermi potential with respect to the bulk intrinsic value (eV)

intrinsic Fermi potential (eV)

contact potential between the metal and the semiconductor (eV)
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u quasi Fermi potential for electrons (eV)
dp quasi Fermi potential for holes (eV)

<  surface potential with respect to the bulk (eV)
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Abstract— A deep depletion MIS structure has been used to obtain measurements of the carrier con-
centration and mobility variations through thin epitaxial films, (0-6-2 um). of a-type silicon on
sapphire substrates. Both the mobility and the net donor concentrations decrease in the direction
of the sapphire interface. The room temperature mobility in the material close to the sapphire interface
is shown to be limited by scattering at charged defects but in accumulation layers adjacent to the oxide
interface a phonon scattering limitation is observed and a large proportion of the oxide interface
scattering is shown to be specular. Under certain conditions shallow donor states can be generated
at the sapphire interface in densities of the order of 102 cm™2. A new technique for measuring the
energy distribution of fast interface states at the oxide interface in a film with nonuniform doping is
described. The energy distributions obtained on the silicon-on-sapphire films investigated in the
present work are very similar to those obtained in bulk silicon by earlier workers.

Résumé — Une structure MIS de couche di¢lectrique basse a été utiliseé pour mesurer les variations
de densité et de mobilité des porteurs dans des couches épitaxiales minces, (0-6-2 um), de silicium
de type n sur saphir. La mobilité aussi bien que les concentrations nettes des donneurs diminuent dans
la direction de I'interface du saphir. On montre que la mobilité a température ambiante dans le matériel
prés de I'interface du saphir est limitée par dispersion & des imperfections chargeés, mais dans la
région d'accumulation. contigué a I'interface 4 oxyde on observe une limitation de la mobilité & cause
d’une dispersion des phonons, et on montre qu'une grande proportion de la dispersion de I'interface
a oxyde est spéculaire. On peut sous certaines conditions générer des états peu profonds des donneurs
A l'interface du saphir aux densités par ordre de 102cm=3. Une nouvelle méthode a été élaborée
pour déterminer la distribution d’énergie des états interfaciales rapides a I'interface & oxyde dans
une couche avec des distributions non-uniformes de dopant. Les distributions d'énergie obtenues
sur les couches en silicium-sur-saphir que nous avons étudiées dans ces travaux, sont trés semblables
a celles trouvées pendant les recherches antérieures opérées dans le silicium de masse.

Zusammenfassung — Eine stark verarmte MIS Struktur wurde zur Gewinnung von Messungen der
Schwankungen der Triigerkonzentration und Beweglichkeit iiber diinne epitaktische Schichten (0-6-
2 um) von n-Typ-Silizium auf Saphir benutzt. Die Beweglichkeit sowie die Netto donatorenkonzen-
trationen nehmen in der Richtung der Grenzflache des Saphirs ab. Es wird gezeigt, dass die Raum-
temperaturbeweglichkeit in der Grenzfliche des Saphirs enganliegenden Material durch Streuung
bei geladenen Storstellen begrenzt wird, aber im Akkumulationsgebiet neben der Oxidgrenzfliche
wird einc Begrenzung der Beweglichkeit durch Phononenstreuung beobachtet. und man zeigt, dass
ein grosser Anteil, der Streuung der Oxidgrenzfliche spiegelnd ist. Unter gewissen Umstinden
kénnen flache Donatorenzustinde auf der Saphirgrenzfliche in einer Dichtenordnung von 102 cm™3
erzeugen werden. Eine neue Methode zur Messung der Energieverteilung von schnellen Grenz-
flichenzustanden auf der Oxidgrenzfliche einer Schicht mit ungleichmissiger Verteilung der Dotier-
ungsatome wird beschrieben. Die in dieser vorliegenden Arbeit beobachteten Energieverteilungen
in Siliziumschichten auf Saphir stimmen im allgemeinen mit jenen von fritheren Untersuchungen in
Massiv-Silizium iiberein.
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NOTATION
strength of magnetic field
small signal series capacitance per unit area of
MIS structure
equivalent capacitance of insulator per unit area
silicon space charge capacitance per unit area
thickness of conducting channel
function of u, and N, (see Fig. 4.7 of Ref. [16])
sheet conductivity of device channel
channel current
Boltzmann's constant
channel length
(GsikT
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Tzll;) , intrinsic Debye Length

N»r?'p:” A ow

Ly m. extrinsic Debye length
"

m, electronrest mass
m* electron effective mass
n electron concentration
n; intrinsic carrier concentration

{ng) ‘effective number of carriers’ per unit area in the
channel
N(z) carrier concentration at position z

N, netdonor concentration
N,s surface state density per eV
q charge on the electron
Q. charge on the metal top electrode per unit area
Q; charge in the insulator per unit area
O, charge in the silicon space-charge region per Unit
area
Q. charge in surface states per unit area
r ratio of the Hall mobility to the conductivity
mobility
r, ratio of bulk mean free path to the extrinsic
Debye length
R Hallconstant
T absolute temperature
ur reduced Fermi potential (= g¢r/kT)
u, reduced surface potential (= g, /AkT)
V. potential on metal electrode in any MIS structure
Vv, Hall voltage
xq depth of depletion region
Xgmax  maximum value of x;
« magnetoconductive correction factor
A bulk mean free path
¢, dielectric constant of silicon = 1-:06 X 1072 F/cm
wu(z) mobility at position z
s surface mobility
pp  bulk mobility
{(py) ‘mean mobility’ in the channel
¢r Fermi potential with respect to bulk intrinsic value
¢ys  contact potential between metal and semi-
conductor
¢s surface potential with respect to bulk
w probability of specular scattering

1. INTRODUCTION

THIN epitaxial films of silicon on sapphire sub-
strates are used for the fabrication of high speed
MOS integrated circuits[1-3]. Significant improve-
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ments over bulk silicon circuits can be achieved
by using films only [-2 um thick and by diffusing
all junctions through to the sapphire interface. The
improvements result both directly from the reduc-
tion of junction capacitances and also from the
ability to use gated silicon resistors[2] as load
components in place of the conventional MOST
load. Complementary circuits[3] are also simpler
to fabricate with this technology. The characteris-
tics of both the deep depletion type of MOS
transistor{4] used in some complementary circuits
and the gated resistor depend on the variation
of carrier transport properties through the film.
Therefore a detailed analysis of the variations
is necessary to predict the performance of circuits
using these components.

Two investigations of the variations of carrier
density and mobility as a function of distance
from the sapphire interface have been reported
by Dumin and Robinson. In the first investiga-
tion[5] the films studied were autodoped p-type
films from [4 to 28 um thick and the measure-
ments were made with 6 terminal Hall samples
as the films were progressively thinned by polish-
ing. The second investigation[6], which also
used 6 terminal Hall samples, reported measure-
ments on 5-7 um thick n and p type films which
were thinned to 15 um by anodic oxidation. The
results of the second investigation showed that
for both types of film the net majority carrier con-
centrations and mobilities decreased as the
sapphire interface was approached. The net
majority carrier density decrease was believed
to result from compensation by an increasing
density of deep trapping levels associated with
crystal defects near the sapphire interface.

The thinnest layers used in Dumin and Robin-
son’s investigations were [-5um thick. Since a
layer of this thickness with a donor concentration
of 5 10" cm=? has only 7-5 X 10'! donors/cm?, the
trapping of carriers at both the silicon interfaces
is likely to significantly influence the transport
properties. Since the sapphire interface states
will remain invariant during a set of measure-
ments they will not influence the calculation of the
properties of a removed layer unless the film is
sufficiently thin for the space charge layer to
penetrate the entire film. But the new air interface
which is exposed at each removal step is unlikely
to exhibit a constant surface state density and
carrier density errors in excess of 10 per cent
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at a film thickness of 1-5u.m are probable for

fairly moderate surface state variations of
7-5x 10"%cm~2.  Therefore, even if accurate
thinning techniques could be developed for

1-5 um thick films, the errors involved in using
the conventional 6 terminal Hall sample technique
could become very large as the sapphire interface
is approached.

The use of a deep depletion MIS transistor
structure enables the thickness of the conducting
layer to be varied by applying the appropriate
gate potential to drive a depletion region in from
the oxide interface, thereby producing an upper
boundary to the conducting layer which is in the
bulk of the silicon and therefore free of inter-
face states. The MIS Hall and conductivity
measurements as a function of gate voltage are
combined with C-V measurements to provide both
the carrier concentration and mobility profiles.

A new method is described of measuring the
energy distribution of the fast interface states
at the oxide interface on layers with non-uniform
doping and the results obtained on typical silicon-
on-sapphire films are presented. In the concluding
section the influence of the bulk and interface
properties measured in this investigation on the
performance of silicon on sapphire MOST devices
and integrated circuits is discussed.

2. EXPERIMENTAL TECHNIQUES

The structures of the deep depletion MIS Hall
effect transistor and the MIS capacitor used in
this investigation are shown in Fig. 1. [the two
additional deep Jepletion transistors on the left
of Fig. I(a) were not used]. Both the channel
length and width of the Hall effect transistor are
300 wm, as drawn on the photolithographic mask.
Sideways diffusion and silicon undercutting will
tend to reduce the length and width respectively.
but the errors in both will be less than 15 per
cent. The MIS dielectric is an oxide-nitride
double layer with approximately 400 A of oxide
and 800 A of nitride. Spreads of up to =10 per
cent in the capacitance/unit area of the dielectric
are observed but this does not affect the accuracy
of the calculations because the measured value of
the dielectric capacitance in heavy accumulation
is substituted in the analysis. The contacting
fingers, numbered i, 2 and 3 in Fig. I(a) are
diffused into the edge of the channel under the
gate electrode to enable four terminal resistivity

and Hall measurements to be made. The source,
drain and contact regions are all formed by a heavy
phosphorus diffusion which is driven right through
to the sapphire interface. The metallisation is
aluminium.

In a deep depletion MIS device[4], (in contrast
to the more usual surface inversion layer device),
the source and drain are in ohmic contact with the
bulk of the film and the conduction channel exists
in the bulk of the film. This conduction channel is
restricted by applying a potential to the gate of
the device such as to drive a depletion region into
the film, {e.g. a negative potential on an n-channet
device). If the maximum depletion depth at heavy
inversion for the particular film carrier concentra-
tion is greater than the film thickness then the
device can be completely turned off.

The capacitor has the interdigitated structure
shown in Fig. I(c) in order to minimise the poten-
tial drop in the silicon electrode. When the deple-
tion region is driven back into the silicon electrode
of a conventional dot capacitor structure the
spreading resistance of this electrode is usually
sufficiently large to introduce significant errors in
the capacitance measured at 1 MHz. The effect
of the distributed resistance in the interdigitated
capacitor in Fig. 1(c) was calculated by treating
the structure as a simple R-C transmission line.
The analysis showed that with the dielectric thick-
ness employed in this investigation the capacitance
error is less than 2-5 per cent provided that the
sheet resistance of the conducting layer below the
deptetion region is greater than 10° {}/square,
which corresponds to a residual layer thickness
of 0-1 wm at a film resistivity of 1 Qcm. The area
of the interdigitated capacitor. as defined on the
photolithographic mask. is 4-912X10~*cm? but
since the areas of processed capacitors were up
to 7-5 per cent less than this value the dimensions
of all the completed specimens used in this study
were measured to an accuracy of better than 2
per cent. The silicon films were (100) orientation
grown on (1702) sapphire substrates by thermal
decomposition of silane*. All the films were
phosphorus doped with net donor concentrations
in the range 3X10"cm™ to 3Xx10"%cm=3. The
film thicknesses after processing were in the range

*The films were supplied by the Allen Clark Research
Centre of the Plessey Company.
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0:6-1-7 um, as measured on a Talysurf to an
accuracy of +0-05 um.

The carrier transport properties of the films
were derived from the following measurements
made over a range of gate voltages from heavy
inversion to heavy accumulation. Four-terminal
resistivity measurements were made by using the
source and drain for current contacts and points
1 and 2 in Fig. 1(a) for voltage contacts. The
potential difference between points 1 and 2 was
always within 5 per cent of the value expected
from the outer terminal voltage, assuming zero
contact resistance at the source and drain. Evi-
dence that the small differences that did exist
were probably due to small non-uniformities in
film resistivity rather than contact resistance
was obtained from the fact that the difference
always decrcased when the device was driven
into heavy accumulation where the contact resis-
tance error would be expected to be at its greatest.
The Hall voltages were obtained by using a digital
voltmeter with an accuracy of =10 uV to measure
the change in voltage between the source and
contact 3 when the magnetic field was reversed.
Typical Hall voltages were in the range 0-25-
3-0mV. The linearity of the Hall voltage with
magnetic field was checked up to 6000 G and all
subsequent measurements were made at 4460 G.

Referring to Fig. 1(a)., the sheet conductivity
of the device channel is given by

O (l)

where /. is the channel current and V,, is the
potential difference between the voliage contacts.
The Hall coefficient is given by

d
R =10,
10y 5

where d = thickness of conducting channel, V}, is
the Hall voltage and « is a magnetoconductive
correction factor for the shorting of the Hall field
by the source and drain electrodes(7]. For an
infinitely long specimen « =1 and for the square
geometry used in this work a = 0-68. Equations (1)
and (2) can be combined by using the relationships

R=— (3)

.lcmllc—l (2)
[24

and
o = ng{ ) =7“ (4
to give
8
) 25 . VV" '% cm?V-!gec™! (5)
12
and
(ng) =nd = B X 1078 cm™2 (6)
q¥u

where (u;,) = 'mean mobility’ in the channel and
(ng) = ‘effective number of carriers per cm?’ in
the channel. Note that in equations (3) and (4)
it has been assumed that the conductivity mobility
equals the Hall mobility.

In order to estimate the uncertainties in (uy)
and (ng) consider first the uncertuainties in the
individual parameters which appear in equations
(5) and (6). Maximum errors in /. and V; are less
than 2 and 4 per cent respectively and the un-
certainty in the sf/ ratio is less than 1 per cent.
The maximum error in « due to the 1-5 per cent
uncertainty in the square geometry is less than 1
per cent. The uncertainties in V,, and B are
insignificant, (< 0-3 per cent). Using the above
uncertainties, examination of equations (5) and
(6) shows that the maximum errors in {wy) and
{ny) are both less than 7-5 per cent and that the
major part of this is due to the uncertainty in V;.
The relatively large uncertainties of 4 per cent in
V,, only exist when the depletion region is driven
deep into the film. For all measurements where
() is greater than 100cm? V-'sec™! the un-
certainty in ¥V, is less than 1 per cent and the
maximum possible errors in {u,) and (ng) less
than 4-5 per cent. Non-uniformities in sheet
resistivity could give rise to further errors in
{pmyy and (ng) but the sample used in this inves-
tigation is more than an order of magnitude
smaller than typical 6 terminal Hall samples and
therefore long-range non uniformities are likely
to be less significant. The use of four-terminal
resistivity measurements to verify the absence of
large localised inhomogeneities by checking the
constancy of the potential gradient along the
sample has already been referred to.

In Section 3 a method of calculating the true
average mobility and total carrier density per cm?®
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Fig. 1. Structures of the deep depletion MIS Hall effect

transistor and the MIS capacitor. (a) Plan view of Hall

effect transistor. (b) Cross-section of Hall effect transistor.
(c) Plan view of capacitor.
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from the ‘mean mobility’ and ‘effective carrier
density” is described.

Hall measurements alope simply enable the
mobility and carrier density to be calculated as a
function of the gate voltage. C-V measurements
are made at a frequency of 1 MHz on the adjacent
interdigitated capacitor to determine the relation-
ship between the gate voltage, V. and the deple-
tion depth. x4. The C-V measurements ona typical
device were checked at a number of points over the
full range of bias voltages on a 100 kHz bridge
and all the results were within 3 per cent of the
1 MHz values, confirming that the interdigitated
capacitor is not significantly affected at | MHz
by the distributed resistance in the silicon elec-
trode. I n the range of the ‘depletion approximation’
[8]. where the reduced surface potential #«, < —3
for an n-type specimen. the value of x,; can be
obtained from a high-frequency C-V plot by using
the equation

1 1 X

Vol C,-+s,, N
where C and C; are the capacitance per cm?® of
the MIS capacitor and dielectric respectively and
€; = 106 X 1072 Fcm™! is the dielectric constant
for silicon. The uncertainty in x, is determined
mainly by the uncertainty in the area of the capaci-

tor and is therefore of the order of 3 per cent.
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The major limitation of this method is that under
equilibrium conditions there is a maximum depth
for the depletion region. which is given by the

equation
€ 1/2 kT N[J)}IIZ
Xamax = 2|——} {—In{—
imax (qM;) { g " ( n;

172
1

where L, is the extrinsic Debye length. Typical
values for xym., are approximately | um at
Np=10%cm*and0-1 pm at N;, = 10" cm™2.

All the measurements were made in a con-
ventional long-tailed cryostat with automatic
temperature control accurate to =*=1°K. The
cryostat was used to enable the temperature
dependence of mobility to be determined and to
facilitate the measurement of 80°K C-V plots for
the capacitors.

3. MOBILITY AND CARRIER CONCENTRATION

The majority of the specimens examined in this
investigation exhibited room temperature varia-
tions of (uy) and {ng) of the form shown in Fig. 2,
(exceptions to this behaviour will be discussed in
Section 5). The maximum mobility over a range of
wafers varied from 275 to 420 cm? V~!sec™! with
spreads of up to =7 per cent occurring across a
single wafer. The value of (ng) at flatband varied

300

200

pUDAIDIY .
7

)

{u,) om? V'sec!

~
-~
~

Specimen 505/1/9

Film thickness =1l wm
T=298°K 15 -4
Mean net donor density 2 3xI0 “cm<

{ng) cm®

]

—x— Experimental results
---- Theoretical relationship forurO
A Theoretical results forw=0-895

-5 o 5

Fig. 2. *‘Mean mobility’ and ‘effective number of carriers per cm? of channel’ as a
function of gate voltage for a typical device.
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by up to =12 per cent across a wafer. In deciding
on the magnitude of the source to drain voltage
to be used for these measurements a compromise
must be reached between the conflicting require-
ments of having a large Hall voltage to minimise
measurement errors and of simultaneously ensur-
ing a relatively small change in surface potential
along the device. A value of 300 mV was chosen
which gives a Hall voltage measurement accuracy
of better than 4 per cent under worst conditions.
The effect of the surface potential variation along
the channel is most significant when the position of
the depletion layer edge is changing rapidly with
surface potential. The above drain voltage of 300
mV leads to a maximum variation in depletion
depth along the channel of 500 A, near the intrinsic
surface condition. At the heavy accumulation and
heavy inversion limits the errors arising from sur-
face potential variations are small.

If the carrier concentrations and mobility vary in
the direction perpendicular to the surface of the film,
then (u,) and {ng) are not the true average mobil-
ity and total number of carriers per cm? respec-
tively. In this case the values of (u,) and {n-) are
given by[9]

a b
N( d
() :Riz (fu z)p(z) Z) o

f:N(z);Lz(z)dz

and
[ N@#2 () dz

d (10)
J, N@p(z) dz

() =

where N(z) is the carrier concentration per cm? at
adistance z from the sapphire interface.

When the mobility is independent of position the
above equations reduce to

() = p (1)

and
() = [ N(2) dz. (12)

Information on the carrier transport properties
of the silicon films is obtained by using equations
(9) to (12) to analyse the accumulation and deple-
tion region results in Fig. 2. In the heavy accumula-
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tion region the majority of the carrier transport is
in a thin region near the oxide interface where it
would be reasonable to assume that the mobility is
constant with respect to position and therefore
equations (I1) and (12) can be used. Since the gate
capacitance is equal to the dielectric capacitance
in this region, the total carrier density will vary
linearly with gate voltage and its expected rate of
change can be calculated from a direct capacitance
measurement in heavy accumulation after removal
from the cryostat, (the stray parallel capacitance
in the three terminal direct measurement is less
than 0-1 pF, i.e. less than | per cent of the dielec-
tric capacitance). A comparison between this cal-
culated rate of change of total charge density with
gate voltage and the rate of change of free charge
density with gate voltage as obtained from Hall
measurements shows that they agree to =35 per
cent. A similar comparison of inversion layer
charge densities in bulk silicon by Fowler, Fang
and Hochberg[10] resulted in an equally close
agreement. Fang and Fowler[11] concluded from
this agreement that there was little trapping of
electrons in the corresponding range of surface
potentials and that r, the ratio of the Hall mobility
to the conductivity mobility is constant, but it
would also appear to signify that r is approxi-
mately equal to unity. Since heavily accumulated
surfaces are degenerate the relaxation time is
expected to be constant[12] and Zemel[13] has
shown that for a constant relaxation time the
theoretical value of r is 0:87 for diffuse surface
scattering and unity for specular surface scatter-
ing. Because the maximum errors in both charge
densities are less than 4-5 per cent and the experi-
mental values of r are within 5 per cent of unity the
difference between this and 0-87 is believed to be
significant and probably indicates a large propor-
tion of specular scattering at the oxide interface.
An estimate of the probability of specular scatter-
ing is obtained from the following analysis of the
mobility variation with gate voltage in the ac-
cumulation region.

The mobility in the accumulation region slowly
decreases as the gate voltage increases as shown
in Fig. 2. Similar type of behaviour has been
reported for accumulation layers in bulk silicon by
Reddi[14] and also for inversion layers by Murphy.
Berz and Flinn[15] and by Fang and Fowler[11].
The decrease is probably due to enhanced oxide-
interface scattering since at higher gate voltages
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there will be more interface collisions both be-
cause of the large electric field perpendicular to the
surface and because a larger fraction of the
carriers are within a mean free path of the oxide
interface.

The results of Reddi, which were shown to be
basically in agreement with a diffuse scattering
mechanism at the oxide interface, exhibit a more
rapid decrease of mobility with increasing surface
field than the present results. In order to test
whether the differences could be attributed to a
greater probability of specular scattering the
present results were analysed on the basis of the
approximate equation for partially specular scatter-
ing derived by Many. Goldstein and Grover[16].

Lo L (13)
#s 1+(1—«;)("}'TF‘)(1+N,)”2

where p, and pp are surface and bulk mobility
respectively, «, is the surface potential in units
of kT, w is the probability that an electron reaching
the surface will be specularly reflected. F,is a func-
tion of surface potential and the net donor density
(see Fig. 4.7 in Ref. [16]) and r,, is the ratio of the
bulk mean free path to the extrinsic Debye length.
given by the equation

L _ (m:kND)llz
Lo i 2rre,,

(14)

r"l =

where Ny, is the net donor density and m* is the
electron effective mass, (= 0-26 m,). Equation (13)
has been shown to be a good approximation to a
more rigorous numerical analysis both for entirely
diffuse scattering[17] and also for partially specular
scattering at flatband[16]. In order to evaluate
equation (13) values must be determined for pp
and r,,. Although uy is not constant with respect to
depth in silicon-on-sapphire films an approximate
value appropriate to the material near the oxide
interface can be obtained from Fig. 2 in the fol-
lowing manner. At flatband equation (13) reduces
to

ﬂ=1—(1—(u)r,,,. (15)

KB

Since it shall be shown that (1 —w)r, < 5X 1073
the theoretical value of u, at flatband is within
0-5 per cent of w,;. Unfortunately at flatband it is
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no longer true that the majority of the carrier trans-
port is in a layer close to the oxide interface and in
fact it is seen from Fig. 2 that the value of (u;) has
started to decrease due to significant contributions
from the lower mobility regions of the silicon film
closer to the sapphire interface. However an
approximate estimate for g, at flatband can be
obtained by extrapolating the value of {(u,) in
heavy accumulation back to the flatband voltage.
The value obtained in this way from Fig. 2 was
326 cm® V-t sec™! which is only 25 per cent of the
good single-crystal bulk silicon value at the same
impurity concentration. Although the net donor
concentration also varies as a function of depth
in the film, 2 mean value of 3 X 10" cm~2 obtained
from Fig. 3 can be used to calculate a value of
3-4 X 1072 for r, from equation (14). The value of
1, at any given gate voltage is obtained from the
corresponding (ng) value in Fig. 2 by using the
graphical relationship between surface charge and
surface potential derived by Whelan[18]. Sub-
stitution of @ =0 and the above values of u;, and
r, in equation (13) generates the theoretical
mobility-gate voltage relationship for entirely
diffuse surface scattering shown by the dashed
line in Fig. 2, which lies well below the experi-
mental points and changes much more rapidly
with gate voltage. Whereas, if w is taken as 0-885
then the excellent agreement between the experi-
mental results and the theoretical prediction
shown in Fig. 2 is obtained. This confirms the high
probability of specular scattering suspected from
the r value of unity.

Near the flatband condition not only are N and
u functions of z but also the funétion N(z) varies
with the gate voltage. hence the results are very
difficult to analyse in this region. As the gate vol-
tage is reduced and the interface conditions move
from accumulation into depletion the slope of the
{ng) vs. Vi plot decreases. A qualitative explana-
tion for this is that for a given change in gate vol-
tage the mean position of the modulated charge
moves back from the oxide interface (this also
exhibits itself as a decrease in capacitance.) and
furthermore part of the change in surface charge
may be a change in trapped charge which does not
contribute to {(ng).

Since inversion layer charge does not contribute
to the channel current, in the range u, < —3 the
charge density in the channel is modulated solely
by the movement of the edge of the depletion
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Fig. 3. Mobility and carrier concentration as a function of distance from the oxide
interface.

region, [see for example equation (10) of Das[19]).
Hence the functions N(z) and u(z) in equations
(9) and (10) are independent of gate voltage and
only the limits of the integrations are changed.

Let (ny,) signify that the integrations are
between the limits 0 and d,. {n.) between the
limits 0 and d, etc.

From equations (9) and (10)

(o) o) = f:. N(z)u(z) dz
and

(Ilul) (Mul )2 = f:l N(Z)/.Lz(z) dz.

Therefore

[2 N@u(@ de= b () = (o)) (16)

and
f:zl N(Z)MZ(Z) dz= ("01)(#01)2— ("02)(#02)2~ )

In the limit where d\-d. is small equation (10)
gives

— ("1)1)([-1-01)2_ (nnz) (#ll'.’)z
(no1) (pton) — (np2) (1oz)

1(dy2) (18)

where d_,Z signifies the value mid-way between d,
and d,.

From equation (9) it also follows that

N(@) — ((ro1) {por) — (Moz) (o))’ R 19
(o) {o)®— (o2 { he2)?  Axy
where Ax, = increase in the depletion depth.
Typical carrier concentration and mobility pro-
files calculated from the results shown in Fig. 2
using equations (7), (18) and (19) are presented in
Fig. 3. Since the difference terms in equations (18)
and (19) are similar in magnitude to the maximum
possible errors in the individual parameters these
calculations would be virtually meaningless if the
errors were random. But because the errors are
largely systematic an a priori estimate of the
inaccuracies in N(d_,;) and }L(d_w) is not possible
and the validity of the analysis must be judged
by comparison with other independent measure-
ments and on the repeatability of the results.
Figure 3 shows a tendency for the net donor con-
centration to decrease towards the sapphire inter-
face, which is probably due to compensation by
deep acceptor levels of the type reported by
Heiman[20] and Dumin[21]. All the wafers used
in this investigation had received post-growth
heat treatments of 15-5hr at 1100-1200°C in a
gas stream of 25 per cent oxygen in nitrogen
in order to remove aluminium by redistribution
into the growing oxide film. According to the analy-
sis of Ross and Warfield[22] this should reduce the
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aluminium level below 10** cm™3. The mean doping
level for the maximum depletion depth calculated
from the Cr./Cnin ratio of the interdigitated
capacitor[23] was 3-5x 10'* cm~? which is in good
agreement with the results in Fig. 3.

The mobility decreases steadily in the direction
of the sapphire interface towards a limiting value
of approximately 50 cm? V~! sec™'. The long high
temperature post-growth heat treatment would be
expected to generate aluminium-oxygen com-
plexes[22] which may be the scattering centres
responsible for this low interface mobility. Extra-
polation of the mobility results in Fig. 3 to the
oxide interface would give a value in good agree-
ment with the estimate of 326cm?V~!sec™!
used for py in the analysis of the accumulation
region.

4. TEMPERATURE DEPENDENCE OF MOBILITY

The temperature dependence of the Hall
mobility in the heavy accumulation region was
investigated at a gate voltage of + 10 V and a drain
voltage of 300mV. The ‘mean mobility’ was
measured as the specimens were cooled down
from room temperature to below 100°K and as
they were allowed to warm back up to room tem-
perature, with the temperature controlled to
=+ 1°K during each measurement. The results for

539

a single specimen all fitted on the single curve
labelled (A), shown in Fig. 4. In the vicinity of
300°K the slope of the curve approaches conformity
with a 7-'3 law, as has also been reported for
electron inversion layers in bulk silicon{11},
which probably indicates a predominance of
phonon scattering. This phonon scattering must
be a bulk mechanism since Greene[24] has shown
that surface electron-phonon interactions produce
no diffusivity when the electron gas is degenerate,
as is the case in heavy accumulation. This con-
clusion is also consistent with the high specular
reflection coefficient of 0-885 measured in the
previous section. As the temperature is lowered
the mobility increases less rapidly than for pure
phonon scattering and below 130°K it begins to
decrease with decreasing temperature, suggesting
a predominance of charged impurity scattering.
This type of behaviour has been observed in
bulk silicon{25] and in thin silicon-on-sapphire
films[26] and may arise simply from the different
temperature dependence of the two scattering
mechanisms. The transition from phonon scatter-
ing to impurity scattering occurs at a low mobility
and relatively high temperature for a carrier con-
centration of 3X 10" cm=3 which probably indi-
cates the presence of a much higher density of
charged scattering centres due to compensation

Mean net donor density ¥3x10"°cm” Film thickness = lum
. T2
A
500 Y
® N « Decreasing temperature
200 \ X Increasing temperature
TP exe N\
o b
v, =I0V AN
g 300 N
w A\
T
e
b \T32
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S 4
&
2710V
/7
7
100 Vi
100 200 300
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Fig. 4. Temperature dependence of mobility. Curve A: V.
+ 10V, the surface is heavily accumulated. Curve B: I,

i

— 10V, the surface is inverted and x; = x4may.
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by deep acceptors[26]. Another factor in the case
of an accumulated surface is the temperature de-
pendence of the penetration depth of the accumula-
tion layer. At a given surface potential the pene-
tration depth is proportional to the extrinsic
Debye length, which is in turn proportional to
T'? and inversely proportional to the carrier
density in the bulk to the half power. Below 130°K
the carrier density decreases exponentially with
temperature, outweighing the 7V2 term and giving
rise to a rapid increase in the penetration depth of
the accumulation layer, thereby increasing the ratio
of charged impurity scattering events to phonon
scattering events. The T'3 dependence of the
Vi;=—10V curve (B) in Fig. 4 is evidence of the
predominance of charged impurity scattering as the
sapphire interface is approached. At Vo=—10V
the surface is inverted and conduction between
the source and drain can only occur through the
0-5 wm region of the film below the depletion layer.
This measurement is complicated by the long time
constants required to reach equilibrium at room
temperature[27] but the problem can be overcome
by heavily inverting the surface at room tem-
perature and taking all the measurements as the
temperature is lowered. Then the attainment of an
equilibrium state is not limited by the speed of the
generation process. The measurements were
restricted to the temperature range 200-300°K

J. C. ANDERSON

because below 200°K there is appreciable deionisa-
tion of the donors and the depletion region would
be driven back towards the sapphire interface.
Hence the (u,;) value would be an ‘effective mean’
over a different depth of channel. The T'° tem-
perature dependence for carrier transport near the
sapphire interface indicates that although space
charge scattering from neutral aluminium-oxygen
complexes[22] probably exists it is not the major
scattering mechanism in this region because a
T-°5 dependence is to be expected for space
charge scattering[28] in a temperature range
where the carrier concentration is not changing
significantly.

5. ELECTRONIC INTERFACE LAYERS

Deviations from the general behaviour described
in the previous section were observed on a number
of specimens. At room temperature they exhibited
{uy) plots which changed more rapidly with
V. and {ng) plots which tended to level off below
the flatband value, some specimens even showed
a gradual increase in (ng) as the gate voltage was
made more negative. A typical set of results is
shown in Fig. 5. At lower temperatures the
minimum in the (ng) plot is even more marked.

As the negative voltage on the gate is increased,
the total negative charge in the channel must
decrease. Therefore the minimum in the (ng) plot

Meon net donor density ~55x10° cm™
Film fhickness *I5um
——=Theoretical results i

/4 at298°K

300

/ 3x10”
7

|

200 (4, 298K F/A// // 2
s % Ze *
N> / E
§ 7 / / 3
~ <
\:Lj 100t \: —
i
=
Ry » /
Depletion Au:tlxmulomlan
o|
-2 -l o 1 2 3 4 5 6 7 8 9

YV

Fig. 5. Experimental and theoretical *‘mean mobility’ and ‘effective number of
carriers per cm?’ as a function of gate voltage for a device with a high density of
donor interface states.
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must be an anomaly of the averaging effect. If a
high density of low mobility electrons is present
at the sapphire interface the denominator in equa-
tion (9), which contains a p? term, will decrease
rapidly as the depletion region is driven back
through the higher mobility regions near the oxide
interface. It may decrease more rapidly than the
numerator causing the {ng) value to increase with
decreasing Ve All the wafers had received a
30 min heat treatment at 460°C in a moist atmo-
sphere and it is possible that shallow donor states
generated at the sapphire interface were respon-
sible for the high density of low mobility electrons
since Heiman[20] has reported that 15 min heating
at 500°C in a moist atmosphere is sufficient to
generate interface donor states on a ‘contaminated’
wafer, although the contamination responsible
has not yet been identified. Wrigley and Kroko[29]
have pointed out that the experimental evidence
could equally well be explained by the generation
of positive interface charge.

Simple mobility and carrier concentration profiles
of the type shown in Fig. 6 were assumed for the
specimen in an attempt to explain the results in
Fig. 5. Values of the parameters in Fig. 6 must be
determined before an analysis can be undertaken.
The value of N, was taken as the mean donor con-
centration in the depletion range as calculated
from the Ciax/Cmin ratio of the capacitor C-V
plot. The thickness of the film was measured at
1-5 pm using a Talysurf. The value of the mobility
at the oxide interface was taken as the extrapola-
tion of the ‘mean mobility’ in the accumulation
region to flatband, which is a valid approximation
since r, < 1. Since the interface region between
Z=27, and Z = Z, is likely to be small compared
with the film thickness, its exact dimensions are
not important but the total charge in it and the
mobility of the carriers are. These are two un-
known quantities, although it is clear that the
mobility in this region will be less than the mini-
mum value of the *‘mean mobility’.

A range of values was tried for the two un-
knowns to see if a reasonable fit with the experi-
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(a) Mobility profile. (b) Carrier concentration profile.

mental results could be obtained by analysing the
model in Fig. 6 using equations (9) and (10).

The parameters in Table 1 give theoretical
results, (shown by the dashed lines) which are
in good agreement with the experimental results.
(shown by solid lines) in Fig. 5 even to the extent
of duplicating the shallow dip in the (ng) plot.

The (ny) points agree to better than 8 per cent
and the {uy,) points to better than 11 per cent.
The above results give an interface donor state
density of 9 X 10" cm™2 and the value was always
within 7 X 10" ¢cm™2 to 2:5X 102 cm~2 which lies
within the 10! to 10" range reported by Heiman
[20]. The sapphire interface mobility of 30 cm? V-!

Table 1

Mobility (cm? V-1 sec™?)

Distance (cm)

Carrier density (cm™3)

i Mo Z,
230 30 1-49 % [0

Z, N, N,
1-50x 107 5-5x 10"  9:0x 107
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sec! is less than the 100 cm?® V™! sec™ reported by
Wrigley and Kroko[29], who measured electron
field-effect mobilities in inversion layers adjacent
to the sapphire interface by using 75 um thick
sapphire substrates as the dielectric in MIS
transistors. Since the films used by Wrigley and
Kroko had an average electron mobility of 400 cm?
V-isec™! they may have had a lower overall
density of crystal defects than those used in this
investigation. The difference between the 30 cm?
V-lsec™! interface mobility for films with elec-
tronic layers at the sapphire interface and the 50
cm®*V~'sec™! value for films without interface
inversion layers is not really significant because of
the approximate nature of the above analysis, but
a reduction is to be expected due to enhanced
scattering at ionised donor centres on the Heiman
model or due to enhanced interface scattering on
the Wrigley and Kroko model if the sapphire inter-
face is not entirely specular.

As the temperature is reduced the carrier density
in the bulk of the film reduces but not at the
sapphire interface because the donor density in
the Heiman model is approaching degeneracy and
the electron density in the Wrigley and Kroko
model is determined by the positive interface
charge. This increase in the ratio of interface
carrier density to the bulk carrier density explains
the larger dip in the {ng) plot at lower tempera-
tures and when the appropriate 83°K values are
substituted in the profile model the results obtained
are again in good agreement with the experimental
observations, as shown in Fig. 5.

Even with this simple model it has been possible
to explain all the features of the unusual be-
haviour of this type of specimen. Although an
accurate measurement of the density of interface
donor states has not been obtained, an estimate of
the approximate magnitude has been possible.

6. FAST STATE DENSITY AT THE OXIDE
INTERFACE

The conventional high frequency[30.31], low
frequency[32] and quasi-static techniques[33]
for determining the surface state density as a
function of position in the band-gap all require
the comparison of an experimental curve with an
ideal curve. The ideal curves can readily be com-
puted if the substrate doping is known and uniform
but these techniques cannot be applied to sub-
strates with non-uniform and unknown doping
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profiles such as exist with silicon-on-sapphire
films. Hall measurements can be used in the
following manner to provide the additional infor-
mation necessary to analyse the high-frequency
C-V curves for the case of non-uniform substrates.

The charge neutrality condition for an MIS

capacitor gives the relationship

Qut+Qss+Qs+ Q=0 (20)
where Q,; = charge in the gate metal, Q,; = charge
in surface states, Qg = charge in the semiconduc-
tor and Q; = charge in the insulator.

When the gate voltage is changed the first three
terms in equation (20) may change but Q, is
independent of V.. The value of AQ, for an
incremental change AV, in the gate voltage can be
determined from the MIS capacitance since

_dQy
C=av,

therefore AQ,, = C AV,..

Hence if AQs can be evaluated, the value of AQgg
follows simply from

AQys =— (AQy+AQy). 2n
Since AQy for a non-uniform substrate cannot be
evaluated theoretically it must be measured. In
the range of the ‘depletion approximation’, where
—3 > u; > 2up+3, the AQs is entirely due to
ionised donors in the depletion region and it
follows from equation (19) that

_ (ney) {por) — {nga) o) 1
B0 = a4 Y o) — () {paon)® -

(22)

Hence in the region of the ‘depletion approxima-
tion” by substitution of AQy and AQ,, in equation
(21) the value of AQys for any AV can be cal-
culated. The relationship between V; and ¢ is

Vrﬁm—%=—§%;&2 a3
and from equation (21)
Adg = AV + AQ_‘,. (24)
G

A plot of Ngo= AQss/qAds as a function of ¢y,
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with an arbitrary zero for ¢g, can now be deter-
mined. The approximate position of the true ¢s
zero, (i.e. flatband), is readily determined from
the C-V plot by the method of Lehovec[34],
although strictly speaking that analysis also
assumes a uniform doping level in the substrate.

A typical set of N results is shown in Fig. 7.
These results are very similar in form to those
obtained by Kuhn[33] on bulk silicon and the
values are approximately 50 per cent lower.

By using the Brown and Gray({35] technique,
C-V measurements on the capacitor at 300°K
and 80°K enable a value for the total number of
interface states between the 300°K Fermi level and
the 80°K Fermi level to be calculated. These
Fermi levels for the specimen in Fig. 7, (N, = 15
X 10 cm~3) are at 0-21eV and 0-05eV respec-
tively from the conduction band edge. Hence the
AQss/q value of 2:5x 10" cm™2, measured by the
Brown and Gray experiment corresponds to a
mean Ngg value of 1:55%10'2cm=2eV~! which
is well above the mid-gap values obtained by the
above technique. This rapid increase of the inter-
face state density near the band edge is a feature
of all the reported work on the Si-SiO, interface.
Clearly neither the high compressive stress nor the
high density of crystal faults in silicon-on-sapphire
films substantially effects the density or energy
distribution of silicon-oxide interface states.
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7. DISCUSSION AND CONCLUSIONS

The carrier transport properties of thin silicon
films on sapphire vary significantly through the
thickness of the film with the majority of the
films having the following characteristics. Firstly
the following rather anomalous transport behav-
iour at the oxide interface must be explained. The
electron mobility maxima in the light accumulation
region are in the range 275 cm? V-!sec™! to 420
cm® V-'sec™! and since the r,, values for all the
films are. below 5X 1072 these mobility values
which: are  only 22-34 per cent of good single
crystal. bulk mobility, should be a fairly good
indication. of film quality near the oxide interface.
But in contrast to this result the channel mobilities
in conventional inversion-layer p-channel MOST’s
fabricated in similar films are close to the channel
mobilities obtained in bulk silicon[2]. Boleky[3],
who obtained channel mobilities in p-channel
MOST's which were even slightly greater than
corresponding bulk silicon MOST’s concluded
that either the quality of the top surface of the
film is very comparable to that of good single-
crystal bulk silicon or that the inversion layer
mobility is relatively independent of crystalline
quality. Since the present results indicate that the
former explanation is not the reason the second
explanation is examined on the basis of Grover,
Goldstein and Many’s[36] development of the
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Schrieffer surface transport theory. Although this
analysis assumes diffuse surface scattering it is
considered because a complete analysis of minority
carrier transport is inversion layers for partially
specular scattering has not yet been developed.
The effect of partially specular scattering is dis-
cussed qualitatively later.

At a typical carrier concentration of §X 10
cm~3 the bulk hole mobility for good quality
single crystals is 470 cm? V-1sec™! which from
equation (14) gives a value of 0:063 for r,,. Sub-
stituting these values into the analysis of Grover
Goldstein and Many a value of 0-45 is obtained
for the ratio of surface mobility to bulk mobility,
(ms/up), at a surface potential w, =—2u,—6,
which corresponds to a typical ‘on-state’ for an
MOST device. This gives a surface mobility of
211-5cm® V'sec™. If the bulk hole mobility is
reduced to 30 per cent of the good single-crystal
value, (which is the measured reduction for the
bulk electron mobility near the oxide interface),
then the value for r, is reduced to 0-019 and
consequently the u,/u; ratio is increased to 0-72.
This corresponds to a surface mobility of 101-5
cm?® V- sec™!, which is 48 per cent of the good
single-crystal value. Although the increase in the
Ms/py ratio partially compensates for the uy re-
duction the theoretically predicted differences in
surface mobility between silicon-on-sapphire and
good single-crystal devices are still significantly
greater than the experimentally measured differ-
ences. Furthermore, if partially specular scatter-
ing occurs at the oxide interface in the inversion
layer, the u,/u; ratios will be larger and the
predicted u, differences between bulk and silicon-
on-sapphire films will be even greater. Therefore
some other explanation for the similarity in the
channel mobilities must be found.

Schlotterer[37] has shown that the compressive
stress in silicon-on-sapphire films, which is of the
order of 8 X 10° dynes/cm? and is due to the thermal
expansion mismatch between the silicon and sap-
phire can give rise to electron mobility reduc-
tions of approximately 50 per cent in (100) films on
(1T02) sapphire at a carrier concentration of
5X 10" cm™2 whereas the same stress level has
little effect on hole mobilities for this orientation
of film. Therefore it is probable that the bulk hole
mobility for silicon-on-sapphire material adjacent
to the oxide interface is not reduced by nearly as
much as the bulk electron mobility and that this is
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at least part of the reason for the relatively high
channel mobilities in silicon-on-sapphire p-channe|
MOST. This hypothesis is supported by the fact
that Boleky[3] did observe a reduction in the
channel mobility of n-channel silicon-on-sapphire
MOST’s to 70 per cent of the value obtained ingood
bulk silicon devices. The piezoresistive reduction of
electron mobility also helps to explain why the
accumulation layer mobility exhibits a 771 tem-
perature dependence, which is typical of phonon
scattering, although the mobility values are much
less than good single-crystal silicon. A reduction
of mobility of this magnitude due to charged or
neutral crystal defects would not be compatible
with a 71 temperature dependence.

Silicon-on-sapphire devices have the same form
of energy distribution of interface states in the
band gap as bulk silicon devices[33] and the den-
sity of states for similar processing procedures is
of the same order of magnitude.

Moving away from the oxide interface towards
the sapphire interface the defect properties of the
silicon-on-sapphire material become more impor-
tant. The net donor concentration decreases as the
sapphire interface is approaahced. This is probably
due to compensation by an increasing concentra-
tion of deep acceptor levels since the aluminium has
been gettered by long thermal oxidation pro-
cesses. The steady decrease of mobility and its
T'5 temperature dependence near the sapphire
interface indicates that in this region charged
defect scattering is probably predominant. The
defects may be either impurities or appropriate
crystal structure defects which decrease in density
as the film growth proceeds[38]. Any device which
operates by carrier transport near the sapphire
interface will have its characteristics limited by
the defects in the silicon-on-sapphire film. There-
fore the deep depletion MOS transistors of the
type reported by Heiman[4] and Boleky[3] are
likely to have low channel mobilities near the thres-
hold voltage. Boleky[3] has measured a channel
mobility of 140 cm? V~!sec™! for a deep depletion
p-channel MOST in light accumulation, 2 V above
threshold, but no values closer to the threshold
have been reported.

The long term stability of silicon-on-sapphire
devices is suspect. If interface electronic layers
an be generated in a few minutes at 460°C they may
well be generated at significant rates at lower
temperatures. This will cause large leakage



THIN SILICON-ON-SAPPHIRE FILMS

currents to develop in conventional n-channel
devices and the breakdown voltage of the drain
diode to decrease in p-channel devices. Further
investigation is required both to determine the
activation energy for this process and to define
precisely the ‘clean’ conditions necessary to pre-
vent the electronic interface layer generation.
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