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Summnary

An outline of current metal-semiconductor junction theories
is given with particular attention being paid to the parameﬁers which
affect the performence bf sprface barrier nuclear radiation detectors.
An evaluation of evaporated aluminium as a means of obtaining a low
resistance, non-injecting ohmic back contact to silicon is made and
the stability of the contact is shown to be dependent on the surface
treétment of the silicon prior to the evaporation process. The struc-'
ture of evaporated gold films deposited on silicon held at room tempera-
ture is investigated and the influence of substrate preparation and
crystallographic oriéntation are shown to be the importént parameters
whiéh determine the.type of film deposited. Resistance-thickness plots
for well oriented, hole-frée annealed gold films indicate that their
imperfection scattering mean free path is about 300 X and this small
value is supported by the low yield of photoexcited carriers across
gold-silicon junctions. Photo-threshold measurements give a value of
0.79 : 0.01 eV for the metal~semiconductor barrier height in the case
of gold-silicon devices. Finally an assessment of the noise of an
alloyed back radiation detector (pulse height spread equivalent to
about 90 KeV FTWHM at 100 V) indicates that such a device may prove

useful for alphs particle detection.
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GLOSSARY OF SYMBOLS

modified Richardson constant for emission of electrons over
a metal-semiconductor barrier.
depletion layer capacitance,

incremental or differential capacitance,

conduction band edge energy.
Fermi level energy.
valence band edge energy.

intrinsic energy level,

generation rate,

current density.
séturation current density. ' _ ?
diffusion current density due to holes.

generation current density in space charge region.
diffusion length of carriers in semiconductor.

hot electron attenuation length. |

number of ion pairs generated by an energetic particle.
number of chaige carriers in the depletion région.
number of charge carriers in transit in countex.

donor density.

number of electrons in depletion layer due to thermal generation.
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number of holes in depletion leyer due to thermal generation,
charge on metal surfacé.
charge in depletion region.

charge in surface states.

- resolution of counter.

dynamic resistance of diodes

surface recombination velocity.

absolute temperature.

defined as (EF - Ei/kT) at the surface of a sémiconductor.
defined as (EF - Ei/kT) in the bulk of & semiconductor.
potential.

applied reverée bias.

diffusion potential.

energy of particle.

electron affinity of semiconductor.

photocurrent per aﬁsorbed photqn.

charge on electron,

Planck's constant.,

current density in s Sghottky barrier from diffusion theory
saturation current density for a Schottky barrier from diode
theory.

Boltzmann'ts constant.
mean free path.

effective mass of electron in semiconductor.




intrinsic carrier concentration.

equilibrium density of holes in n-type semiconductor.
entrance slit width of ﬁonochromator.

exit slit width of monochromator,

electron velocity.

mean energy required to form ion pair.

photon absorption cdpstant.

thickness of separation between metal and semisonductor,
relative diélectrie‘constant. .
permittivity of fiee space.

image force dielectric constant.

work function of metal.'

work function of semiconductor.

energy ihterval over which the surface states of an n;type
sémiconductor are filled,

energy difference between Fermi level and conduction band
edge.

metal-gemiconductor barrier energy measured from‘Fermi 1eve1;
depletion layer thickness under non-equilibrium conditions.
depletion layer thickness under equilibrium éonditiona.
spectral resolution of monochromator.

potential drop across oxide due to distribution of charge

in slow states,

resistivity




circuit time constant.
dielectric relaxation timey

charge collection time.

mean free time of carrier.

recombination time.

.effective lifetime.

relaxation time associated with eléctrons'at the Fe:mi level,
frequency of radiation.

threshold frequency.,

electron mobility in semiconductor.

hole mobility in semiconductor.

standard deﬁiation; |

conductivity.
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1.1

. Chapter 1

Introduction

There are many inherent advantages in using semiconducting
solids to detect nuclearﬂparticles compared with the more conventionﬁl
lonization chamber andiscintillation counter. In the first place a
solid possesses a greater density éédﬁstoppihg power thén a gas. For
instance, about one millimetre of germanium or silicon wquld'completély
absorb 10 MeV protons, 0.9 MeV beta particles or 40 MeV alpha particles _
(Fig. 1.1 and Fig. 1.2.). Detecéoﬁs made of such materials would be édm-
pact and so thin counters can be realised in order to measure the speci-
fic ionization of a partlcle, dx Hence the particle can be identified
by subsequently aebsorbing it completely and thereby measuring its total
energy E. Secondly, thé ionization energy of semiconductors is véry
much less than that of gases and so T may be determined with greater
accuracy. In the cése of silicon and germaﬁium w, the mean energy ab- .
sorbed perxr electron—hqle pair released in the ionization process,’is
3.6 eV and 2.9 eV respectively, coﬁpared with about 30 eV for gases and
300 eV per photoelectron in a éointillator photomultiplier combination.
Hence the statistical fluctuations from silicon or germenium counters
(proportional to /M, where n is the number of ionization events, see
3.3.1) will be reduced by a factor of 242,

The action of & 31mple homogeneous counter can be‘explalned
with reference %o Fig., 1. 3. The incident radlatlon creates electron-

hole pairs in the semiconductor and these are swept to the respective
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1.4

electrodes by the applied field. BRach electron-hole pair completely.
collected puts & charge Ie on the plates of the capacitor.(assuming

the mobility of the carriers is such that the transit time across the
counter is less than the circuit integration time). In‘fact it is very
diffiocult to achieve this situation in practice because both the resisti-
vity of the solid and its dielectric relaxation time have finite values,

~ thereby imposing many restrietions on the ideal ocase.

In particular thermally generated carriers may interfere with
the chérge collection and so reduce the signal to noise ratio. Also
trapping centres or other localised sites may exist in the forbidden
“gap of the semiconductor and these will impede the movements_of the holes
and electrons; The criteria which govern whether a semiconducting materiai
is suitable for a counter and the relative merits of various semiconductors
are discussed fully elséwhere(l); The chief parameters of the more fami-
“ii;;ﬁééﬁioonductors which have been considered foruse as counters are
indicated in Tablel.l. The technology of gilicon and germenivm is highly
developed and they are the only semiconductors which can be produced as
single‘orystals of sufficiently-high quality and size for use as counters.
They possess long minority carrier 1ifetimes and large mobilities, but
they are ﬁot suitable for use as homogeneous couﬁters because their con-

. ductivities are too high and one has to resort to utiliéing the high
field of the depleted region of a p-n junotion in order to collect elec-
‘tron=hole pairs created by an ionizming event. However, the range of
-5 MeV alpha particles in silicon is only about QQ}x(Fig.l,l)and so if
good resolution is to be obtained the p-n junction would have to be vexry

near to the surface. This difficulty may be overcome by means of a




1.5

: *3,00¢ I0F mw egep 1TV *(T °*Jox woxy nmxﬂav *51010040D SB osn
JOF DOISPTSUOO USSC SABY YOTUM SIO}ONPUOOTWNSS JBTTIWEF SIOW dY3 JO SI8jdwered 'T°T 8TqBL

DU L e s ... OPTUOWLUY.
161¢ ‘w.lo.m P m...o.m\Q 00T 0o0Y L9°0 _ E.n_p.m.m._m.m..c
o « | ; , m@ﬂnoaﬂpm«.

| T o OPTANTTAL

[ : o
7etab ¢-0T< Ot X ¥ 00T ~~ 00T »~~ ¢°1 WOTHpED

sdexy £q PeyTWLL \

] | . apTudIng
9Tégl =00 ¢-0T ~ 0T 00¢ ¥°2 wnTIpe)
- . apTudsoyd
611 =0T mnOﬁ 061 oft mm e mnTITED

. . oy m@ﬁnowmw
9 0021 0081 g ~ puocmeT(
2¢ ¢-0T ¢-0T 0081 008% L9°0 UM TUBILLSY)
14} (0T X ¢ (OTXE 006 0061 80°1T (UWOOTTTS.

S (. de8 . . (...088...
(ves) (oes) N ﬁub oo
adfq-u ut odf3~d ur ﬁlaﬂobmﬁev -1104" ) (43) :
JaquIniy SWL38ITT QWL TT £9TTTAON  £9TTTAOK dep J03ONPUODTWT
OTWOLY 80 - UOJ3O9TH - . -..OTOH - - -UOIGOSTH - - - - hw.Hm.ﬁm . .

- - UOZ}OOTH




1.6
suitable mgtal—semioonductor contaqt in which the semiconductor adjacent
to the‘meta1>ié fully depleted -~ this device is called a surface barrier |
detector. Actually the first semiconductor detector was neither of these
devices but was a point contact diode.

In 1949 McKay(Q) reported & novel method of detécting alpha parti-
cles., He used a point contact diode méde by placing a phosphor bronzelcon-
tact on a piece of n-type germanium. The ocutput signal from the device was
small because the sensitive ares was only about 107°-10"2 om diameter. In
the same paper he suggested that if one utilised the built in field assbci;
ated with a p-n junctionAthen the sensitive area would be increased., Accor-
dingly, in 1952(5) he used & germanium melt-grown p-n junction to measure w,
the mean energy absorbgd per electron-hole released in the ionisation pro-
cess. He found w =»3.0 eV for germanium. A%t the same time Orman(4) was
using germanium photovoltaic cells for the detection.of alpha-particles
at Purdue ﬁﬁiversity. Later, MbKay(s) increased the signals from both
germanium and silicon p-n Junctions with controlled amplification by impact
ionisation and found that for siiicon, w = 3.6 eV,

These devices were small‘area detectors but in 1956 Mayer
and Gossick(6) reporte& the use of a gold coated germanium detector as
‘an alpha particle spectrometer. DBxperiments with cooled gérmanium
devices were reported in 1958(7) and in 1959 Mayer(a) published data
on a gold-germanium detector which could be operated at room tempera-
ture, This device consisted of a 500 2 goid film sputtered on a small
piece of n-type germanium encapsulated in an epoxy resin. These so-
called 'surface barrier! counters attracted much attention because

of the good resolution and rise times reported and a simple model
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based on a Schottky-type barrier was proposed to explain their be-

haviour. (9)

In 1959 McKenzie and Bromley(lo)

s &t Chalk River ILaboratories,
reported the use of silicon surface barrier counters for the first time.
These exhibited comparable resolutions to the germanium detectors and
could be operated satisfactorily at room temperature. (This was not
surprising since Bg for silicon is 1.1l eV compared with 0.7 eV for
germaenium)., They also claimed that phosphorus diffused p-n junction
radiation detectors showed comparable resolufiono

The silicon surface barrief diodes were attradtive for three?
reasons, First, the charge depletion layer (ﬁhich is the sensitive
volumg of the device) began essentially at the gold electrode so that
relatively short range particles (e.g; alphas) could be easily detected.
Secondly, if pure, high resistivity silicon was utilised then the deple~
tion region would extend further into the semiconductor at reasonable
reverse voltages and so more energetic particles could bé counted.
Thirdly, they operated‘at room temperatureq Much of the effort since
1960 has been devoted to improving the performence of such devices.

The basic construction of a surface barrier counter is shown
in Fig. 1l.4. A thin gola layer (about 300 &) is evaporated onto a
chemically etched slice of n~type silicon which has an ohmic back con=-
tact. A high field depletion region is formed in the gilicon, the
thickness of which depends on the reverse bias applied to the device.
An eﬁergetic particle enters this region (preferably fhrough the gold

2

electrode) and is arrested instantaneously ( 107t sec). The hole-
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electron pairs liberated in_the lonisation processes are collected by
the electrodes in a time less than the dielectric relaxation time of
the depleted siiicon. If the time constants of the associated electronic
equipment are correctly set then rise times of at most 10n sec are
usual.

Sémioonductor countergs of the highest performance are surface
barrier devices in which evapofated metal films are used to make ohmic
'and rgctifying contacts to semiconductor surfaces. The correct physi-
oal description of these counters has never been determine&, and per-
haps because of this the yield of the process and the reliability and
life of the devices falls far short of p-n junction counters of slightly
inferior performances.

The purpose of the present work is to investigate in detail
the structure and properties of evaporated metal films on silicon and
the properties and ageing characteristic of the contacts so formed,
paying particular attention to the materials used coﬂventionally in
semiconductor counter technology.

Metal-semiconductor contact theories are discussed more
fully in Chapter 2 and the specific problems encountered with opeﬁa—

tional surface barrier detectors are summarised in Chapter 3.

t




1.9

References to Chapter 1

(1) G. Dearnaley and D. C, Northrop. Semiconductor Counters

for Nuclear Radiations, L. & F. N. Spon ILtd., 2nd Edition,

1966.

(2) K. G. MoKay. Phys. Rev., 76, p. 1537 (1949).

(3) K. G. McKay. Phys. Rev., 84, p. 829 (1951)Q

(4) Co Orman. M.S. Thesis, Purdpe University (Jan., 1951).

(5) K. G. McKay and K, D, McAfee, Phys. Rev., 91, p. 1079 (1953).

(6) J. W, Meyer and B, R. Gossick, Rev. Sci. Insti, 27, p. 407,
(2956). |

(7) F. J. Walter, J. W. T. Dabbs, L. D. Roberts and H. W. Wright.

Oak Ridge National Lab. Report, CF 58-11-99 (1958).

(8) Jo We Mayer. J.A.P., 30, 12, p. 1937 (1959).
(9) F. J. Walter et al.. ORNL Report, CF 58-11-59 (1958).
(10) Jo. M. McKenzie and D. A. Bromley., Bull. Am. Phys. Soc.

Ser, II, i, No. 7, P 422 (1959)1




2.1

Chapter 2

Metal-semiconductor junction theory, recent research

and real semiconductor surfaces

2.1 Introduction

A considefable amount of literature has appeared on metal-
semicopductor junctions over the lagt seventy years and this was excel-
lently>reviewed up to 1955 by Henisch(l). Recently both Turner(z) and
Mead(B) have covered the period 1955~67. |

2.1.1 Historical developmnent of devices

Metal point contacts on natural crystals were investigated

- in 1874(4) but it was not until 19Q4 that point contact rectifiers were
used in radio telephony(5)o Silicon and germenium detectors were de-

. veloped rapidly during the period 1940-45 but the advent of the transis-
tor in 1950 tended to retard their development. However, transistor
actidﬁ has been obtained using metal-semiconductor su?face barriers
Vformed by electro-plating metals on semiconductors(6). Since 1950

much effort has been concentrated into obtaining reproducible semi-
conductor surfaces (using single crystal ma%erials) and subsequently
metal-semiconductor junctions have been developed for nuclear particle

deteétors, field effect transistors, hot electron diodes and metal

base transistors.

2.1,2 Development of modern rectification theories

In 1931 Wilson(T) explained the behaviour of semiconductors
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in terms of the band theory of solids and this paved the way to a general
understanding of metal-semiconductor contacts, At first specifi¢ prob-
lems were attacked, notably that of the cuprous oxide rectifier by
Mott(s)‘in 1939 and later Schottky(9> put forward a more general theory
suggesting that a potential barrier could ariée from the stable space
charges witﬁin the semiconductor due to the presence of a metal, Basi-r
cally his idea was that if a semiconductor material, whose work func-
~ tion was less than that of a metal, was brought into contact with the
metai then the electrons in the conduction band of the semiconductor,
being at a higher energy level, would flow into the metal. Thus the
semiconductor would be depleted of electrons and a positive space
charge would build up in the semiconductor. Hence twp space charge
_ regions, one on either side of the interface, would be built up and
this electric field would oppose any further flow of electrons. The
magnitude of the potential barrier so formed was just equal to the
difference in work functions of the two materials. For an n-type semi-~
cgnductpr the cérrier concentration is very much less than that in the |
ﬁetél and so the space charge region extends much deeper ipto the semi-
conductor, (Fig. 2.5). This spgce charge region is called the deple-
l_tion region. In 1942 Sohottky(lo) pointed oﬁt that such a model pre-
dietéd a voltage~dependent capacitance for the metal-semiconductor con=-
tact, which was in agreement with experimental resultse. |

| 'Current-voltage characteristics were explained by a majority

carrier diffusion process within the depletion region, but in 1942
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Bethe(ll) noted that this applies only when the depletion rggion is
very thick compared with the mean free path of the carfiers concerned,
His diode theory assumes that carrier collisions within the barfier
reglon can be neglected.
| Results published by Méyerhof(lz) in 1947 concerning metal

point contacts on gilicon and germanium did not agree with the predic-
tions of the Sohottky model énd this led Bardeen(lB) to propose that
this lack of correlation was due to the presence of surface states
‘wifhin the forbidden energy band of the semiconductor.
| Tamm(l4) anﬁ Shockley(15) had both shown the theoretical
validity of these discrete surface states a decade earlier and Bardéen
propqsed g new mechanism of barrier formation. This involved a charge
| double layer at the free surface of a semiconductor formed 5y a net
charge from electrons in surface states and a space charge of opposité
sign extending into the semiconductor. Brattain and Bardeen(l6) conw-
- firmed this theory with experiments on surfaces of germanium end sili-
con, Thig idea enunciated by Bardeen is still-the basis of moderh

metal-semiconductor junction theory.

2,2 Metggfsemiconductor junction theo:x

2.2.1 Free metal surfacg

Although we define the thermionic work function of a metal,
¢M’ to be the difference in energy between an electron at rest in a
vacuun just outside the metal and an electron at the Fermi level

(Fig. 2.1), this does not imply an abrupt change in potential at the
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interface - in fact an electron outside the metal induces a pos;tive

charge on the metal surface and is thus attracted to it., This image

2
force is equal to ————= for an electron a distance x from the

o l6ee X
metal surface. °
It is well known that the potential energy of the electron
(Fig. 2.2) is given by S
e |
Vinage ="7ﬁ§¥223? | (2.1)
(See Glossary of(Symbols.)
When x is very small, i.e. comparable to atomic distances, this rela-
tionship.is obvioﬁsly not valid and for values of xe(;o a constant
force is assumed (region A - B) in Fig. 2.2(a).
If an eleetric field, ¥, is applied to the metal surface
in order to draw electrons from the metal (Schottky Effect) then the
effe¢ctive work junction of tha metal is reduced by an amount

il

This is shown in Fig. 2.2(Db).
~ Moreover, if a monatomic layer of a foreign metal is ad-
sorbed bn_the metal surface a charged double layér is estaﬁlished,
resulting in a further lowering of thelwork function, The transmission

(17)

~ of electrons through such barriers is well documerited.
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2.2,2 Free semiconductor surface (nftxpe)

202f?ql No surface states

Fig. 2.3 defines the work function, ﬂs, of a semiconductor.
However, the Fermi level is a variable level in the semiconductor band
gap end so it is more usual to refer to‘the electron affinity, Xs,

which is the difference in energy between the bottom of the conduction -

hand and free space.

2.2+2.,2 With aeceptor-like surface'stateg

The effect of fhe termination of the crystal 1attice on the

solutions of the Schrodinger wave equation led both Tamm(l4) and
Schockley(ls) to postulate the existence of allowed energy levels with-

in the forbidden band for & semiconductor. These levels would be loca-

1iéed at the surface; According to Shockley if the 1atticé spacing

is small then one discrete surface state should ariselfor each surface

atom, i.e. about 1015 states cm”z. The actual surface charge density

:wiil he influenced by adsorbed impurities which cen either act as

energy states or affect their occupancy. Recently, Maﬁy et al.(ls)

have given a full theoretical treatment of semiconductor surface

states and their occupation statistics.

Fig. 2.4(a) shows the non-equilibrium situation with the
surface states filled up to some valu9~¢o above the valence band with
‘the.remaining empty ones distributed over the energylgap; Since |
there are sfates empty below the Fermi level some cohduction electrons

fall into them, thereby charging the surface negative, Thus a positive
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. space charge layer forms in the body of the semiconductor due to the

depletion\of elebtrons_an& consequently the energy bands at the surface

bend upwards with respect to the Fermi level until equilibrium is

attained (Fig. 2.4(b)), The height of the potehtial barrier formed

| by the. charge transfer can be calculated by éolving Poisson's equation

within the depleted region of the semiconductor. This yields
_ eND>b?

2,
)" T (2.3)

A gimilar result is obtained for donor-like surface states
which lie above the‘Fermi level except in this case the bands bend
downwards. |

There is a gradual tyansition from the fully depleted region
to the region 6f bulk donisation in the semiconductor and this is re-
ferred to as the ieserve region - Figs. 2.4(c) and 2.4(d). In the
case of éilicon we are oﬁly interested in this region when considering
low barriers. |

2e203 Equilibrium between a metal and semiconductor

2,2,3,1 Without surface states _(¢M>¢S). "

Fig. 2.5(a) - (&) shows the various stages involved in
aiigning the Fermi levels when a meétal and an n-type sémiconductqr
are broﬁght into coﬁfact. L& Schottky barrier is formed as described
in 2,1,2., This is a similar process as in 2.2.2.2 except here the
hegative charge resides in the metal instead of in the surface states.

From Figuaéiit is evident that
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s =% | i (24

or eV, = ﬁM - Xy - ¢F | (2.5)

2.2.3.,2  With surface staté§ (acceptor)

The enefgy-bénds &f the samiqonductor will already be bent
upwards if the syrface states aréuﬁz;;;:;ga?;;Zated with respect to
the Permi level (Section 2.2.2,2). As the métal’and‘éemiconductor‘

are brought together (Fig. 2;6) the FPermi levels will coincide and the
.enérgy bands bend upwards only slightly more, The actual amount of
bending will depend on the amount of charée that the surface states
can accomédate. The main point is that some of the electrons leave
the surface states and enter thevmetal aﬁd the contact potential is
dropped almost wholly across the vacuum d . The field due to the con-
tact potential ié ﬁerminated'by'the sﬁrfaée gtates which appeai t0
sereen the Bulk of the semiconductor from external effects. We can
consider the chargé at thé metal surface, QM’ to be balanced by an
equal charge partly in the semiconductor, QSC’ and partly in the sur-

faoce states, QSS’ such +that

=% 7 Qo * g | | (2.6),

Bardeen(l3) hag dealt fully with the various cases thét arise due
" to a variation in the density of the surface states and the magni-

tude of 5 .
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2.2.4 Curreﬁt—voltage relationship

The rectification characteristic of metalfsemiconductor junc=
tions can Be derived in several ways and has been doné elseﬁhere(l’2’19).
.The two main approaches to the problem are:

(a) Bethe's diode theory(ll) which ié valid for high barriers in which
the mean free path of the electrons in the semiconductor, 1, (i.e. the
average distance travelled by the carrier between,successivé collisions
with the(lattice) is 1arge compared with the disténee dywithin the bérrier

5

in which f$he potential changes by kT . In silicon 1~10"° cm and s0 this
theory(z) is restricted to the cérrier range )

10M¢ ND<1018 donors om™,
(b) Diffusion theory which assumes the current flow across the barrier
is-a diffusion process and so d is 1arge compared with 1.

This means if we wish to appiy these theoxries td nuélear des -
tectors we shoﬁld use diffusion theory because for 4,000.n.cm nétype
gilicon (which is typical of the silieon resisfivity used in device

12 3

. menufacture) N =10"° donors cm ~,

D
For nuclear detector application we are primarily interested
in the reverse characterigtic of metal-semiconductor junctions and so

a fuller discussion of reverse current mechanisms is included in

Chapter 3.

We should also note that it has become the practice(zo’zl)

to regard a metal-semiconductor device used in nuclear radiation
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detection as a p-n junction when the surface layer of the semiconductor
has bécome inverted (2.3.3). Here the metal is regarded as a means of
making contact to this inversion layer, Ordinary p-n junction theory
is then applied. |

All theories neglect the 5 - 20 £ o;i@e layer at the metal-
semiconductor interface and regard it as transPareﬁt to electrons, To
a first approximation the theories arrive at a current-voltége rela-

tionship given by

eV -
I= I [expo (- ==2) - 1] | (2.7)

where n = 1 in the case of an ideal diode.

2.3% Real semiqonductor surfaces

A semiconductor surface cannot be regarded merely as én

- abrupt cessation of the reguiar periodicity of the crystal lattice
and it is known that the electron sfates in the region of the surface
are not the same as those of the bulk material (2.2.2.2). Surfaces
may be prepared and studied in two distinct ways. First of all there
are "clean surfaces" whlch are the best approxlmatlon to any idealised
model and are prepared by either cleaving or elaborate cleanlng in
ultra high vacuum. Secondly, there are "real surfaces" which are
surfaces‘prepared under normal laboratory conditions by poliéhing
folléwed by chemical etching., All work referred to in this thesis
was.done on real surfaoes because these afe the surfaces we are

interested in regarding device manufagture'and operation.
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There is a vast litefature covering work‘on réal*surfaces
(Meny et al,(*®) 1igt 411 references on the topic ‘alcne!‘) and T shall
only attempt to summarise results thatiare imﬁdrtant to our investiga-
tions.

2e35e1 Mbdel of the real semlconductor surface

The 1deallsed model of the free semlconductor surface (2.2.2. 2)
has only to be modified slightly to include the cage of the real semi=
iconauctor surface, Thié is shown in Fig. 2.7 |

For §ilicon the o;ide thickness will depend on the-exposﬁré |
.time of the surface to the at@osphere following etghing(zz) and can be
<10 8 (4.4.2). This oxide léyer and the surface proper are the sites

~ of the localised electronic.states whose occupéfion can be varied by.
 changing the gaseous or liguid environment.

Silicon end germanium exhibit two distinct types of surface
stateé - fast states located at the semiconducﬁorwoxide interface
which are characterised by transition times between the states and the»
bulk’“loms sec. and slow states. distributed w1th1n the oxide and at
its outer surfaoe and characterlsed by time constants gseconds or
longer. |

Brattain and Bardeen(16) measured the contact potential and
surface phqtovoltage of etched germaniuﬁ surfaces aﬁd shoﬁe& how the
barrier~height, VD’ (or surface potential.ﬂD, Fig. 2.7) could be

varied.




Vacuum level

2.15

Electron Energy

slow ////

states

Ambient

Ao

B

ity
HBRILELER

¢oadeé; ]I

T AEERE

fast states

«—> .
§ ~ 8-20 R -

oxide space charge Bulk semiconductor

film layer

is the potential drop across the oxide due to dis-
tribution of charge in slow states. (Included in
electron affinity of semiconductor because it is
negligible.)

Fig., 2.7. Energy level diagram of a free real semiconductor surface.




2.16

1 203%,2 Etched silicon surfaces

For real silicon surfaces the deﬁsity of fast states =z
10t - 10 cn™2 compared with a density of surface atoms 2% 10°° cm-z,
indicétipg a nearly perfect matching betWéén the'semicOndﬁctqr and
its oxide;-‘ﬁere the fast states are regarded as due.fé the incom—
plete bonding and mismatch between the‘oxide and semiconductor
lattices@"Impuritias and lack of stoichiometry in the first few oxide

'laye;s may also be sources of fast states. The s}ow state density for
-giliconxs 1013 cm"'2 and these states are congidered to originate in

ions adsorbed from ambient gases.,

Many et al.(zs)

have emphasiéed the importance of gimul-
taneous measurements of contact»potenfial and surface conductance in
ordervthat chaﬁges in work function arising from alﬁering a gés ambient
can be correlated with 5oth changes in surface potential and changes in
electron affinity asépciated with electrlic dipoles of adsorbed species,

In fact experiments indicate that the adsorbed molecules on etched sur-

faces do not possess eleetric dipoles.. .

2.3.3 The surface potential of silicon surfaces following_treat-

ments used in nuclear detector fabrication

Bhohed silicon surfaces exhibit high values of the surface
recombination velocity S (2:105 - 10% on sec“l) so that the effective
lifetime of a silicon wafer may be very much less than that of the

~bulk carrier lifetime.
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Buck and McKim(24) investigatedlhow the surface,conductivity
and the surfgce recombination velocity of n-type silicon varied for
different ambients and surface treafments, These surface treatments
are identical to those used.in the manufacture of surface barrier de-
tectors before the evaporation of the gold layer. The treatments cone-
sisted of soaking HF/HNO5 etched waférs in the following soiﬁtions:

| (i) Werm sodium dichromate. |
- (ii) Boiling déionised water.

(iii) Concentrated HF,

(iv) Ordinary qﬁench of HF/HNO3 eteh in éold deionised water.
The results have been summarised by Holmes(25) and are shown in Fig.
2.8(a), (b). The main points are that
(1) Both oxygen ambients and surface treatments in sodium dichromate
solution and boiling deionised water tend to invert the surface,.i.e.
give the n-type silicon a p-type surface layer and the:eby a higher
surface potential.

- (2) The above treatments also reduced S to about 40 cm sec™t,

(3) The HF/HNO3 etch was little affected by ambients and preserved
the n-type character of the silicon, but 5 was large (104 cm sec-l).
(4) The HF soak initially left the sunface gtrongly n-type with a low
S but after exposure to oxygen the surfaqe tended to behave as in (3).
(5) Physically adsorbed-water vapour tended to leave all surfaces

more n-type.
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These shifts in potgntial are thought to be brought about
either by a change in occupation of a constant number of surface
states or the activation or paééivation of existing defect centres.
Ixcess oxygen appears to be an activating agent which brings the
ceﬁtres and hence the states associated with them inside the fdfbidden
gap whereas physically adsorbed‘watér acté as a neutralising species
which induces the centres to shift into an ineffective position.

2.4 Recent research on metal-semiconductor contacts

A considerable amount of research has been carried out on
metal-semiconductor contacts in the last four years, probably due to
the interest in the metal base transistor. Measurements of the barrier

height, y have been made for a variety of metals evaporated on both

2,3)

¢MS
‘etched and cleaved surfaces( and attennation lengths of hot elec=~
trons in various metal films have been measured using the semiconductor

as a collector(26’27’?8),

This has resulted in an accumulation of
information regarding surface states and metal=-gsemiconductor junctions.
Consequently ‘there has been much speculation regarding the correlation
of metal-semiconductor barrier height with metal work function and.the
effect of surface states. The literature was reviewed reoently(s).

In this laboratory, M. J. Turner has made exhaustive measure-
ments of the diffusion potential (Vb) for various metals evaporated on

both etched and cleaved siiieon(g). His conclusions regarding metal-

silicon contacts are as follows:
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(1) For etched surfaceé, ¢MS varies with the'work.fungtion of the
metal, The effect of the surface states is small and so the simple
Schbttky theory is approximately obeyed. -

(2) Fgf cleaved surfaces the surface state density is the impor-
tant paraheter making ¢Mé independent of the work functiqn of the:
metal.

All of the work referred to above has been carried out on small ares
devices utilising low resistivity semiconductors. We will see in the
" next chapter that fhese devices do not meet the requirements of sur-
face barrier nuclear detectdrs° Nevertheless the fundamental ideas

and experimental results are of the utmost importéncea
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Chapter 3

Surface Barrier Detectors

We have seen how a surface barrier detector operates (Chapter 1)
- and the physical processges involved in making a metal-semiconductor con-
tact énd how this depends on the state of the semiconductor surface
(Chepter 2), Whether a metal-semiconductor contact is a useful device
for detecting nuclear particles depends primarily on its energy resqlup
tion. In this chapter fhe factors governing the resolution of a detec-
tor and how one achieves aﬁ acceptaﬁle noise level aie congidered. The
latter half of the chapter concerns device manufacture and associated
problems.

3,1 Depletion layer thickness and diode capacitance

If the metal-semiconductor junction is considered to be &
simple Schottky barrier with donor centres uniformly distributed and
fully ionised, then the depletion width,.X s Can be found by solving

Poisson's équation(l) to yield

: \
P-4

5 :

2(VD + VA)eeo |

A= e (3.1)

D

1
For n-type silicon, A= 5.3 x 10“'5 [p(VD + VA)] 2 om when the resisti-
vity o is in.ncm and (VD + VA) in volts.

It is obvious that for long range particles when A will need

to be large that it is beneficial to use high resistivity silicon.




3.2

Again for the case of a Schottky barrier, with a contact area

A, the depletion layer capacitance ié given by

Cdep = A m (3-2)

Cine = BTy (3.3)
inc 2 VA + VD
The refinements necessary to take into account charge in surface states

have been dealt with elsewhe‘re(z)o

3,2 Operation of cqunter
The effective circuit of an operational counter is shown in

Fig. 3.1, The time constant of the circuit is given by T = CR, where

B Ry

C=0C,+C and R = === (3.4)
] RL + RD \ |

d
In practice>t1>770, where ch is the charge collection time
for both carriers, am175<<25 the dielectric relaxation time of the
'semiconductor. For reverse voltages greater than ld v, RD is typi-
cally about 100 M,

3.3 Resolution criteria

305e1 Statistical limitation

When an energetic particle releases N ion pairs in a perfect

detector then the charge collected q is given by

q = Ne - : (3.5)
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Fig. %.1. (a) Actual effective circuit of a counter.
(b) Bffective circuit of an operational counter.
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_ Por N entirely independent events then the statistical devia-
tion, SN’ in N is ,\fﬁ, but in the case of related events KN is,JFN, where
F =6N2/N and is called the "Fano factor"(?),

The standard deviation of q is therefore s s Where
6 = e,JF'.N ' (3 .6)

and the resolution of a counfef, R, due to these fluctuations ig defined

by
s
R=-=
q
F
-[E (3.1)
Three ways are used to express R.
W

~(a) TFor a particle energy W and a mean energy per ion pair w, N = p

w
S0 R SJ;\;“ . (3438)

In silicon w = 3.6 eV and if W= 1 MeV and F = 1 (worst case) R is

0,19%.

(b) The resolution is often expressed as the energy of a particle

which would produce a signal equal to 6 i.e. %.w,

v _ frww (3.9)

Again for 1 MeV particles in a silicon counter with P = 1 the resolu-

tion is 1.9 keV,
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(¢) The most common method used is to plot the pulse height spectrum
obtained when particles from a mono-energetic source are incident upon
the counter and measuring the full width of this distribution at its
half maximum values (FWHM)., This is expressed either as a ratio or
percentage of the peask value or as an energy. If the pulse height
spectrum is Gaussian the FWHH is 2.35 times the resolution defined above
for the standard deviation,

These values give the ::::ﬁ;n resolution possible (if P =1)
due to the fluctuations in N alone and this may be insignificant com-

pared with the noise contributions from the following sources.

365,22 Incomplete charge collection

This is generally much smaller than 3.3.1 provided one arranges
for the charged particles to be incident through the gold electrode. The
geometrical effects of incomplete charge collection have been discuséed
elsewhere(4)° |

303%¢3 Thermal noise

All noise is expressed as the energy of an ionising particle,
AW, which unld produce a signal equal to the TeloSo nqise. In the |
case of thermal noise orx Johnson noise which arises because the velo~
city distribution of the carriers leads to a fluctuating distribution

of the carriers in the conductor AW is given by(4)

N .
2

AW =2 (xrc) (3.10)

where k is Boltzmann's constant and € = Gd + Cso
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For silicon at room temperature

AW = 1.4 (}% keV when C is in pF.
Typically, for a 1 cm2 surface barrier diode of 4,000 ohm cm,
n-type silicon operating at 10 V reverse biag for a.lphe. detection, C
would bezz 100 pF. Hence, A W = 14 keV (or FWHM 31 keV) and so if
possible it is best to oﬁerate et higher reverse voltéges in order to
reduce this source of noise,

3.3.4 Current noige

This arises due to the discrete movements of holes and elec-
trons within the counter. All processes which tend to disrupt the
-povement of the carriers such as trapping or recombinatiéh will con-
tribute to the noise level, |
(1) Shot noise

If there is no correlation between charge carriers while in
transit from one electrode to the other, then for N! charge carriers

AW is given by

L 1 :
AW = w(%i) " (%)2 ‘ (3.11)

where the charge collection time tc‘: <'L’ (= CR).
In order to obtain an estimate for AW generation-recombina-

tion noise must also be considered.

(i1) Generation-recombination noise

In fact the carriers in a counter may undergo trappinég or
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recombination before they are collected at the electrodes or carriers
may be thermally generated at some point in the counter and so these
shorter current pulses contribute +to the noise. If the mean free time
of the carriers isT ' then
« L
q% o =
AW = w (%—) (—% - (3.12)
\ T ‘
c
Both shot noise and generation-recombination noise are to an extent
mutually exclusive and for a 5 MeV alpha particle incident upon = sili;

con counter the maximum energy resolution either source could give is

AW = 3.0 keV.

(iii) Excess noise

Excess‘ﬁoise in semiconductors has been dealt with fully by
van der Zie1(5)o It comprisesxall current noise which is greater than
that due to shot noise or generationwrecombination néise. 5o far as
surface barrier detectors are concerned both surface treatments of -
the‘silicon‘and the nature of the ‘ohmic? back contact will contribute

to this source. A complete formulation is not possible.

3.4 Reverse current mechanismg

304.1 Electron emission

3ehalol Pfineiple of rectification

In Fig. 3.2(a) electrons in the metal are in dynamic equili-
brium witb those in the semiconductor. The transition rates of elec-

trons from metal to semiconductor and from semiconductor to metal are
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equal.v If the semiconductor is made positive with respect to the metal
(Fig. 3.2(b)) the probability of a transition from the metal is still

- proportional to exp(ngMS/kT) but the probability of a transition from
the semiconductor conduction band into the metal, which is proportional
to eip(—g(VD + VA)/kT) is reduced, i.e. there is a net electron flow
from the metal to the semiconductor. When the metal is made positive
with respect to the semiconductor (Fig. 3.2(c)) then the reverse is'
true and the probaﬁility of electron transfer from the semiconductor
into the metal is greatly increased. This is the electron transfer
mechanism envisaged in both Diode thepfy and Diffusion theory.

3.4.1.2 Diffusion equation

it has already been pointed out that the barrier thickness
is large compared with)the mean free path of a charge carrier for
metal-semiconductor contacts when ND<flOl4 carriers ome (section 2.2.4).
Consequently the charge carrier experiences numefous collisions within
the barrier. Moreover, if the mobility of the carrier remains field
independent and both image force lowering of the.barrier and tunnél-
ling are neglected then the currenﬁ déhsity for a Schottky barrier in

reverse biag is given by

. 2Npe 3 -eV,
J’D !° [(V +V ) exp - exp| H (3.13)

provided eV »kT.
It is obvious that a saturation current will not be observed,

-the reverse current being voltage dependent. For a detector of




electrons

=

M3
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Mg. 3.2, Principle of reotificati&n
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i
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b) Reverse voltage applied.

a) Bquilibrium condition.,
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4,000Aa.cm n-type silicon at BOOOK with a gold-siliconvbarrier for

which ¢Ms = 0,80 eV this reduces tos

[ ]

1 =gV
dp = 3.8 x 1078 (0.38 *‘ngg 1 - exp( iﬁ%) A en™? | (3.14)

when VA is expressed in volts.

This expression is plotted in Fig. 3.3 for d>'TA> -100 volts.
If g = 0.75 €V the constant becomes 2.8 x 10“7 a#d the reverse current
increases by almost an order of magnitude (Fig. 3.3). Similarly if
¢MS = 6,85 eV the constant becomes 4.9 x lOm9 and the current decreases
by more than ten times (Fig. 3.3). Again if the temperature is decreased
or increased by 18%K then ‘;D would change by the same amounts as’above.

In some cases reverse currents less than lu A en™? are ob-
served for surface barrier detectors, but in general the observed cur-
rents are slightly laréero

3.4¢1e3 Diode equation

The diffusion theory is not really valid for junctions under
high reverse biags when the drift velocify of the carriers within the
barrier exceeds the thermal velocities for the‘particular temperature.
Solution of the diffusion equation under these conditions yields-a
gsolution almosgt identical to the diode equation(é)‘which predicts a

saturation current in the reverse direction,dfs, given by

l .
' Kkp | % ‘evn)
bym oy (2 (R (3-25)
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Fig, 3.3. Reverse currents given by Diffusion theory and Diode theory
as function of reverse voltage and barrier height.
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. 2 g | .
or ‘YS = A% O exp( "fc%@) (3.16)

2

A¥* has been calculated by Crowell(7) for a variety of semiconductor
tensor effective masses including the silicon [111] ‘direction; At

o b =] -2 | .
300°K when ¢MS = 0.80 eV, =3 :x:‘lo A em . Values of Jg are indi-
cated on Fig. 3.3 for the barrier heights referred to in 3.4.1.2.

3.4.2 Hole diffusion current

Ho?.es can be generaﬁ:ed. in the undepleted n-type silicon by
electrons undergoing transitioné into recombination centres which may
exist in the forbidden energy gap. If these holes are vs;ithin a d:iffu;
sion length of the high fiem existing in the depletion layer then
they may be swept across it and be collected by the metal,

The generation rate for holes G is given by
6% = 5,

where Py is the equilibrium density of holes in the n-type silicon
and t’r is the recombination ’cime‘(s) .
The diffusion current is the product of the generation rate

and the diffusion length LP.
1

ep D = t" 3
Iy = ——%——_U x and b, = (Dp r) (3.17)
r

For n-type silicon resistivity 4,000 cm p 10% om™?

then JDz 1 x 10"9 A cmﬂ2.

and if 'Zo’r"’ 10  Msec
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S'briotly,'lfr will not be the bulk lifetime but will depend on
the surface recombination velocity s and so t‘r should be replaced by
an effective lifetimeifeff which for a thin detector of thickness 4

will be given by

1 1 2s |
-t 4 2B - (3.18)
v(-31"£‘ .Ur d

This has been allowed for in the above estimate of JD.
The above analysis is only valid for (d = X)) L. The case of

(d = A\)<TL has been dealt with by dossick'?) and as the detector be-

comes fully depleted JD does not remain independent of the voltage,
From the>example given one can see that the contribution to

the total reverse current from this source is negligible,

3¢4e3 Generation current

None of the above theories take into account generation
current. Sah, Noyce and S-hockley(lo) have shown that the maximum value
of the current which arises due to the generation of hole-electron pairs

via recombination centres in the gpace charge region is given by

where ny is the intrinsic carrier concentration.
Again for a 4,000.A- cm n-type silicon counter with Z’r = 100 M
sec. and under a 100 V reverse bias then Jg = 24 % 1077 & cm'z._ From

equation 3.1 it can be seen that J g.:i.s proportional to (FV)%.

J St —— n (3'19)
2T, ™ | |
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3044 Bxcess current

Generally the reverse current exceeds %/Lﬁucmwz (which .is’
about the value expected from 3.14 and 3.16) and special encapsula-
tion techniques have to be adopted in order to reduce it to an accep-
table level. This may be attributed tola number of sources. First
there may be an electron~hole component due to generation at the-sur-
face. If there is surface contamination which gives rise to energy
levels as ﬁhe surface of the crystal these may provide efficient re-
combination centres. An expression for this component is possible(ll)
but a numerical evaluation involves a knowledge of the number of states,
their energy location and‘their capture probabilities and these factors
will change with ambient gases and the particulaer surface contaminant.
Secondly there will be large currents associated with scratches and
surface channels gt the edge of the barrier unless proper care has
been taken during the surface preparation of the semiconduétor.

3.445 Criteria for low reverse currents

From the foregoing one can see that the main considerationsg
in order to achieve small reverse currents are as follows:
(1) ILarge value of f ..
(ii) High value of carrier lifetime.

(iii) The semiconductor surface must be free from contaminants and

scratches.
3.5 Reverse current noise
3:5.1 Space charge generated noise

The totél number of electrong Né@ in the depletibn layer due
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to generation is given by n X volume of space charge region, where n

is the number per unit volume. From equation (26)

\

Jg = é%%- = ne/u“~%%
‘ n, A )?
i.e. Nge 23’1-/"nvA (3.20)
Whgre A is the area of the device,

Similarly the number of holes will be Ngh where

ni A,AB |
Nen = EE;;:;f; (3.21)

Therefore the number of charge carriers in the depletion region Nc is

3
n, A\ :
NG‘:—%——V—— L + L (3.22)
r A /un f%p
The generation events are independent of each other and so the current
due to these carriers will be éubject to full shot noise. (Recombinae

tion noise may be neglected assuming carriers are not retrapped on

account of the high field present.) Putting equation 3.22 in equation

3.11
n, A 5 % \ 2
4t; VA Vs Mp Te

T
Taking - as unity, then for a 4,000n cm n-type silicon device at
c
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100 V reverse bias with T'r = 109}Lsec. and area 1 cm2
AW = 0.59 keV.

3,5.2 Blectron emisgion noise

For a goldnsilich counter operating at?room temperature the
value of the reverse current due to electron emisgﬁon into the semi-
conductor is about 1luA om™2 (equation 3.14)., An éstimate of the
maximum number of effective electrons in the depletion region for the
same device as above at 100 V reverse bias due‘to this current is
8.2 x 103. These carriers will 5e subject to full shot noise (equation

31l giving a resolution

AV = w(“_sf,e x 103)’%r (5_)%

Q
. v .
i.e. AW = 0023 keV taking =~ as unity.
¢
3¢53 Hole diffusion current noise

This contributes negligible amount of noise.
It is apparent from these considerations that excess noise
will dominate and hence the ultimate resolution of surface barrier

diodes is governed by the extent of the excess noise.

3,6 Detector fabrication and encapsulation techniques

3.6.1 Front contact

Some workers prefer merely to etch and encapéulate their

gilicon slices and then evapérate a thin layer of gold in order to




3017

(12)

achieve a rectifying contact » Other groups treat the surface
after etching to ensure that an inversion layer is formed(13’l4’l5)
and then evaporate a gold layer which makes contact‘to the qxide. The
surface treatments have been described in Section 2¢%3+.3., DEven after
these surface treatments whigh make the surface of the n;type'Silicon
become p~type it is then found necessary to expose the detectors to a
humid atmosphere in order to achieve an acceptable noise level.
Detectors manufactured by this technique ékhibit extra-~
ordinarily low reverse currents= 10™C A om™> and this, presumebly,
is because the treatments not only keep the surface conductivity low
and form a high barrier, but also reduce 8 quite considerably, thereby

reducing the generation current to a minimum,

30642 " Ohmic back contact

The type of back contact employed depends primarily on the
device application. For‘thin'%% counters a methbd is required which
does not impede the energetic particle in any way o - Gold evaporated
onto the back face of the silicon slice which is coarsely 1épped(16)
and electroless nickel plating deposited onto a similar surface(17)
have both been used successfully. Unfortunately these methods intro-
duce many recombination levels and consequently the contacts inject
éarriers when operated fully depleted. A similar drawback'is'éxperi-‘
enced with counters manufactured by evaporating gold on bbth sides.

Andrews(la) was the first to'point out the advantages of

evaporating aluminium on etched n-type silicon surfaces to form an
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ohmic back contact and this method has been uséd successfully for a
number of years. Unfortunately these contacts tend to rectify after
a time and so the respluiion'does nbt remain constant(19). Moreover,
good rectifying characteristics have also heen claimed for e%aporated
aluminiuvm on n-type silicon(zc).

Alloying and diffusion methods were rejected because of the
degradation in carrie¥ lifetime with the introduction of unwanted imf
purities due to the heating processes involved. Walter and Bates(zl)
have shoﬁn this to be the case even after a thermal cycle to only 50000
in clean conditions. However,lrecently Owen(l2) has succeeded in pro-
ducing non-injecting stable back contacts by a phosphorus diffusion
to give a thin Nt fegion. Contact to this is made by an evaporated
meﬁal £ilm, |

3.6,3 Encapsulation ;

Nearly all surface barrier diodes are encapsulated using an
epoxy resin technique introduced by Fox and Borkowski(ls). They ob-
served microplasmas at the edge of the junction when breakdown occurred
under high reverse bias. Using a combination of an amine-~free epoxy
resiﬁ doped with iodine (to ensure a p-type inversion of the silicon)
and an amine type epoxy resin (which kept the surface strongly n~tybe)
they removed the edge of the gold film from the electric field of the
Junetion. At the present time an edge protection technique utilising
the amine-free epoxy resin alone is used in order to reduce surface

leakage and is found to give satisfactory results(lz).
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3.604 Guard rings

Guard ring techniques are sometimes employed(22’16) in order
to reduce gurface leakage and hence noise, They are generally only
used after processes have been employed in the device manufacture
which encourage large surface currents.

3.7 Formation of the rectifying contact

In 1964 Gibbons(23) reported that the reverse current of
gold-n=-type silicon contaéts decreesed by more than three orders of
magnitude wheh oiygen was admitted to the vacuum system; subsequent
re-pumping %o 10'4'mm. Hg indicated that the process was irreversible,
It was suggmested that this could be due to the oxygen atoms on the
gilicon surface being desorbed by the impinging gold atoms during the
evaporation process and that thé oxygen atoms then diffused through
the gold layer when air was admitted to the systems

‘Siffert, Leustriat and Coche(20’24) observed similar pheno~-
mena and have investigated the degree of rectification of twenty
metals evaporated on silicon as a function of time. They conclude
that the rectification is due to the migration of oxygen through the
metal film and oxide layer, the rate at which this proceeds depending
entirely on the work function of the metal.

Recently, Walter and Boshart(25) prepared silicon wafers
as in 2.3.3 and left them for one month before evaporating the gold
layer. They found that in the case of the silicon slices which were

only etched, Vh was zero while in the vacuum chamber (capacity plots
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were used to de£ermine VD) but that a barrier formed.upon exposure to
oxygen. |

Turner(z) has measured VD in vacuum for the gold-sgilicon
system and found that the barrier existed immediately after the evapora-
tion process. He claims that subsequent admittance of oxygen has very
little effect, Moreover he found the properties of the gold-silicon
- contact to be independent of the gold thickness - this is in complete

disagreement with Siffert et al..
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4.1
Chapter 4

General Experimental Apparatus and Specimen

.Preparation Technigues

4.1 Vacuum deposition equipment.

Two evaporation systems have been utilised for the deposition

of the aluminium and gold. films.  They are described separately.

(i) A modified Edwerds high vacuum costing unit model 6.E.2,

| This gystem had a 6" diameter bell Jar which could be repleced
by a 6" diameter glass cylinder with L gasket seals and a metal top plate.
Fixed to this metal pla#e was a multiple substrete carriage ﬁith facili-~
ties for moveable masks and shutters. There was also provision for extrs
electrioal leads into the system. A liquid nitrogen cold trap was de-
signed and fitted to the unit and an extension range added to the Penning
gauge. Thig system attained an ultimate pressure of 1 x 1O='5 torr, A
Mullard ionigation gauge was used to calibrate the Penning gauge. All

of the aluminium films were deposited in this system.

(i1) An Edwards high vacuum coating unit model 120E.3;

| Thié had a 12" diameter bell jér.whioh could also be réplaced
by a 12% diameter glass cylinder. The same specimen . mounting jig, etc.
used in (i) could easily be fitted to this system as shown in Fig. 4.1,
This wnit had an Edwards NT4 liquid nitrogen tfap added for most of the
work. An operating pressure of 4 x 10"6 torr was attained in epproxi-

mately one hour, The pressure was recorded on an A.B.I. VC.10. ionisation
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gauge control unit utilisiﬁg a 29D15 head, because the Penning gauge
was found to be erratic and unreliable. All the gold films were de-
posited in this system. The detectors were also made using this unit.
Gold was evaporated from resistance heated molybdenum boats
and aluminium from suitably prepared tungsten spirals (Section 5.2).

4.2 ‘Film thickness and rate control

An Bdwards Thin Pilm Monitor, model 1, was used to control‘
the rate of film deposition and film thickness. The 6 Mc/s quartz
crystal, which oseillates in shear mode, was situalbed alongside the
specimens in the evapérating vapour stream (Fig. 4.1). An aperture
(0.25" diamgter) to the crystal just larger than the active area of
- the oscillating crystal was found necessary, otherwise reproducible
resu;ts were not obtained. This is because the crystal varies in sensi-
tivity over its active area(l). The monitor output was fed to a Beckman
potentioﬁetric recorder. Crystals were calidbrated for both aluminium
and gold by a multiple beam interferometric technigue, based on Tolanskg,
white light fringes of equal chromatic order(z’a).

The basic exberimental.arrangement_is shown in Fig. 4.2(a)
and Fig. 4.2(b) is an enlarged view of the interference plates. Dark
line fringes with steps are observed in the spectrometér,'Fig. 492(0)

and the thickness of the film At is given by

N [AN

SR DD Wl

These parameters are indicated in Fig. 4.2.
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4e3 Current-voltage testing apperatus

Gurrent—ﬁoltage characteristics were measured to 2% aceuracy
using.the circuit in Fig. 4030 The voltage across the specimens was
measured on a Keithley Eléetrometer 610 A. and the current through
the devices was determined by measuring the voltage developed across
a series of M% registors using a Keithley Microvolt-Ammeter, model 150 A,
The voltage across the resistors was less than 10 nV at full scale de-
flection for all current ranges congsidered. The 10 voltf fos.d. oub-
pufs ffom the Keithleys were fed to the X and Y inputs of a Moseley
"Autograf" recorder and the T - V characteristics plotted automatically
by varying the outpuf of the D.C. supply. Using & sultably designed
variable voltage supply in conjunction with variable resistances, bias
voltages in the range 0.0l v/inch - 10 v/inch and ocurrents from 10™? A/
inch « 107° A/inch could be conveniently recorded. |

4.4 apecimen preparation

The basic spécimen preparation of the silicon slices‘priqr
to the evaporation process involved:-
(1) The formation of an ohmic contact to the slice.
(ii) Suitabiy preparing the reverse face of the slice for the
partieular experiment envisaged.

404.1 Formation of the ohmic contact

The appropriate resistivity silicon (depending on the applica-
tion) was cut into slices with the faces perpendicular to the [111]

direction by means of a diamond impregnated wheel (n-type silicon has
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been used;exelusively)o The cutting damage was then removed by lepping
on glass plates with silicon carbide powders starting with 240 grade and
finishing with 606 mesh., - E.oge mimte etch in White etch(4), HF/HN03
in proportions 1/3, removed the ;::::::;?surface damage before evapora-
ting a layer of gbld/antimony (1%) alloy on one surface which was then
alloyed in situ at about 500°C for a few minﬁtes. This formed a good
ohmic contact to the n-type silicon. (Electrical contact to thig alloyed
region was made at a later stage.) The ohmic contact was then covered |

in black wax to protect the alloyed region from attack in the subse-

quent front surface preparation.

4.4;2 Chemical etching Qf-the front surface

Af%er the alloying process it is necessary to ensure that the
front surface of fhe wafer is clean, highly polished and free from all
surface damage and contamination. Aneher(5) has shown that the strong
affinity for oxygen.of the free valence bonds at the silicon surface
causes a layer of silica about 10 R thick to grow after etching., The
fact that this initial oxide layer is not thicker, as has often been
postulated, has been confirmed by Holmes and Newman(6) using medium-
energy electron diffraction techniques. ‘Irving(T) has reviewed the
chenigtry and kinetics of the chemical etching of semiconductors and
we may regard the process as one in which the surface atoms are being
continuously oxidised by one of the etch constituents, the other con=-
stituent disséiving awey this surface oxide. 1In the case of siliéon,
HF/HNOB[mixtures are commonly used. Here the HNO, oxidises the silicon

3
and the HF dissolves the oxide.
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The etching of silicon in HF/HNO, solutions has been exten-

3
sively investigated by Klein and D'Stefan(e) who pointed out the various
factors which influence the resulting surfacéo In order to obtain re-
producible silicén‘surfaces suitable for the experiments it was found
necessary to use theseletehants° Particular attention was paid to the
followings surface preparation of the slices prior to etching, etch com-
position and purity of the constituents, etch temperature, agitation of
the slices in the etchant., The detailed process was as>follows=-

(a) Surface lapped using alumina powders finishing with B.A. 304

on selvyt cloth. = Specimen had dull polished appearance.,

(b) Wafer ultrasonically shaken in (i) carbon tetrachloride,

(ii) acetone, (iii) methanol, (iv) demineralised water.

(c) Wafer etched in appropriate HF/HNO3 solution, ¥

(d) Wesh in acetone - to remove black wax protecting the alloyed
region.

(e) Several ultrasonic washes in carbon tetrachloride.

(£) Two ultrasonic washes in acetone.

(g) Two ultrasonic washes in anhydrous methanol.

The slices were finally blown dry in a nitrogen ambient before
transferring immediately to the evaporator, Transistor chemicals were
always used in the above processes, During (¢) the wafer was held in
polythene tweezers and agitated in'a random menner for seven minutes -
aatgmaic, |

methods were not sufficiently random and etch flow patterns

remained afterwards. Quantities of etch were used which ensured no

* The HF/‘HNO3 ratios are quoted in the relevant sections.
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appreciable temperature rise of the solutions. The etch was quenched .

7

by flooding with demineralised water (resistivity'>>10 Jx-cm) and the
glice was ultrasonically agitated in libéral quantities of freshly
deminetalised water in a clean polythene besaker. [ Holmes(4) has pointed.
out the need for flooding ﬁhe‘etch'as oppbsed to transferring the wafer

to the demineralised water .]

4.5 Surface topography

The topography of thé etched silicon slices prepared by the
above methods was investigated. On a macroscopié écale the surfaces,
although undulating, rarely resembléd the peel of an orange and inspec-'
tion with our optical microscope using oblique illumination revealed
little detail, Agoordingly attention was paid to eleétron microscope
replication techniquése» |

Replicas formed by shadowing carbon-platinum (resolution sbout
30 K) revealed no major surface impe:fections at high magnification for
| any of the etched surfaces employed iﬁ later experiments. This ig the
most sensitive technique-available, the resolution being goeverned by
the baokground structure caused by the contaﬁinating hydrocarbons in

€9).

the vacuum system (The coating unit employed for the replication
processes was an A,E.I, model with no liquid nitrogen trap.) A repli-
cated surface,prepared as in section 4.4.2 using CP4A etch,is shown

in Fig. 4.4. The shadowing angle was 45o and it is evident that the

surface is relatively smooth and homogeneous.,




4.10

04§r

shadowing angle 45#
Pig.4 .4 Carbon-platinum replica of etched silicon

surface.

Jig. 4.5 Two stage carbon/f'ormvar replica of etched
silicon surface pre-shadowed at 45 with

gold-palladium.



At lower magnifiéation a two gtage carbon-formvar replica-
tion technique ﬁas adopted. The replicés were pre-shadowed with gold-
palladivm at 450. A silicon surface replicated usiné this method is
shown in Fig. 4.5. From the miéfograph one can see that small prqtru—
sions Q.1 - O.S}L high are scatteréd over the surface and that rather-'
abrupt plateaus about 400 £ high are present. The largest plateaux are
about 1 = ?f* in diameter and it is not clear how theég can arise during
the etching process., I believe these plateaus to be genuine features
and not art?faots and they could well be stains oﬁ the surface following
the quenching of the etch. Silicon hydride stains which can be present-

follow1ng etching in HF/HNO mixtures are about this thick (300 g)(lo)

3
Recently Rawling and Broselard( 1) have’ repllcated smmilarly

etched silicon surfaces while investigating epitaxial silicon nucleation

and confirm that the surface is smooth on a microscopic scale but that

undulations of about 2 - 29/” variation may occur in peak-valley height

across the silicon slice.




()
(2)

(3)

(4)

(5)
(6)

(7)
(8)

(9)

(10)

(11)
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Chapter 5- E X

Evaluation of Aluminium as an Ohmic COntact :

The electrical properties of evaporated aluminium contacts-
weato,
on n-type silicon (in the resist1v1ty range 0.5 = 105 ~Ne cm) e studied
over & period of one year. Standard surface preparations and evapora-

tion conditions were used,

Hel Surface preparations
Slices of silicon were prepared with alloyed back contacts
as described in 4.4.1l. The top surfacesof the slices were then sub-

jected to one of the following £§eatments?

A, Polishing to 0025/¢ diamond finish - degreased - 30 sec.
etch in HF/HN03 (ratio 1 : 6),
B. As in 4.4.2., using CP4A etch(l) = surface then anodically

oxidised* ~ oxide later dissolved in HF.

- G, As in 4.4.2, using'0P4A etch - etch time seven minutes.
D. ~As in 4.4.2. using HF/HNO5 etch (ratio 1 : 6) - etch time
seven minutes.
E. Same as“Dlm surfaée then repeatedly oxidised in boiling

HNO., and oxide removed in HFo+

3

These treatments are summarised in Table 5.1.

¥ The surface was anodically oxidised in a solution of boric acid and
sodium tetraborate using a technique developed by K. V. Anand (2) in
our Laboratory. The oxide layer was about 0. 3;L thick.
T The oxide growth by this process is about 40 R and the process was re=-
peated about 15 times. Care was taken to wash (in deionised water) and
dry the sample after each step, otherwise staining resulted. Beck (3)
has reported that this process gives reproducible surfaces. '




The samples were stored under methancol until about one minute
before entry into the vacuum chambér. A batch, oomprisiné one sample
of each of the surface preparations A - B, hed aluminium evaporated
simultaneously to ensure identical evaporation conditions. This was
repeated for various gilicon registivities.

The surface preparation A was chosen because if a metal is
deposifed (by electroplating or by evaporation) on such a semiconductor
surface then it is known that an ohmic contaof resuits. Thgs, a conw-
tact prepared in such a manner served as a standard with which to com-
pare the others.

5¢2 Bvaporation of aluminium

It is well known that aluminium is easy to evaporate atb

3

pressures bélow 107 torr and that it alloys freely with refractory
metals and reacts with carbon and oxide orucib;es. As a result of this
the aluminium does not evaporate at a constant rate but the rate fluctﬁr
ates as the aluminium flows from the melten globule to the.hottest part
of the filament. The fluctuation in rate of evaporation was easgily
demonstrated using the Thin Film Monitor. IFor reproducible expériments
it was necessary to deposit the alﬁminium at a congtant rate and uni-
formly over a large surface area. This was. achieved as follows. A
multi-strand tungsten filament was loaded with 99.99% pure aluminium
wire (iohnson, Matthey & Co,) and was heated in the vacuun system at

a high temperature until the whole of the filament was uniformly wet

by a layer of molten aluminium. In subsequent use an -aluminium source




o

’ gg;gzgnce. Details :
.A Diamond polish - 30 gec. etqh.
B Normal lgpping'- CP4A etch = anoéic oxidg.l“:
C Normal .1appingA (4.4.2) - CP4A etch.
D Normal lapping (4.4.2) - HF/mro3 etch,
E Same as D. - Thin oxide growth/removal

procedure.

Table 5,1. Summary of Surface Preparations.

3
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Ded

prepared by this technique was at a constant temperature throughoﬁt its
whole length and vaporised uniformly. Accordingly, the evapofation rate
was easy to control, |

| The aluminium was deposite& on the silicon at a rate of 5 ﬁ/aec
and to a thickness of 600 2 through cleaved mics masks, These masks
allowed g rectangular area (1.5 x 0.35 cm) and eight dots (6.20 cm
diameter) of aluminium to be formed on the silicon slices. In the ocase
of surface preparation B, the slices were only large enough for five

dote to be evaporated.

563 Mbasuiements

After the aluminium deposition, contact was made to the alloyed
region of the silicon by spreading air drying silver pain£ (Johnson,
Matthey FSP. 51) over the area and pressing a dise of gold plated nickel
on top. Contact was then easily made via the metal dise., The devices
were stored inside a dessicator in a dark cupboard between measurements.

Current-voltage characteristics were plotted immediateiy aftér
fabrication of the devices and at various time intervals. These elec-
trical measurements were made in the dark to avoid photovoltaic effects
and contact to the aluminium was made by lowering a gold probe on each
area in turn. On the first day the pressure of the probe had no effect
on the readings but after a few days a slightly different set of results
would be obtained if the probe was re-~lowered at a different pressure.
This was almost certainly due to the surface of the aluginium oxidising

and the probe piercing this oxide. The general shape of the characteristic
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was not affected and after a period of about one month the effect of
pressure was negligible - presumably the oxide layer had thgn grown
sufficiently o become durable. According to Hass'4) the aluminium
oxide grows rapidly to a thickness of 15 - 20 R immediately upon ex-
posure of the film to the atmesphere and that it reaches a limiting
thickness of about 45 % over one month.

All plots referred to as 'forward characteristics! are thosg
when the metal is made positive with respe;t to the sgmicpnductor. One
complete set of data was obtained in situ immediately after the deposi-
tion énd the changes in charactgristics noted when air was admitted to
the system,

Some of the aluminium films were later removed énd studied

in an A.E.I., EM6.G. electron microscope.

5.4 Experimentél results

A summafy of many I/V characteristics is contained in
Tables 5.2, 5.3, 5.4 and 5.5.- It was clear from the I/V plots taken
over a period of one year that the speed with whidh the aluminium-
silicon contact deteriorated into a iectifying contact depended solely
on its surface preparation. Mbthods C and D tended to produce a con-
tact which showed signs of rectification within a day or two whereas
ppeparations B and E pfoduced qhmic contacts, [ There has only been
oﬁe exception to this rule - a speqimen prepared by method D which was

used in an unrelated experiment has remained perfectly stable for nine

monthsa]
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A typical deterioration of an aluminiumesilicon device from .
an ohmic characteristic to a rectifying.one is shown in Fig. 5.1l. 1t
is obvious from Tables 5.2 = 5.5 that the actual time socale involved
for the transition depended on the particular area chosen, however, the
ageing gf the diodes was the same.

The values of the resigtance obtained prm the.areas on sure-
faces A were as expected from the geometry and bulk resistivity values
and changed herdly at all ({5%) over a period of one year. Fig. 5.2(d) .
Moreover, in the case of the aluminium depoggg on the surface A of the
low resistivity material, no change in the resistance was oﬁserved at
all ovér the first week where ény effect of & series resistance due to
oxide growth would have been mos+t predominent, (Fig. 5.2(a)).

None of the noﬁ—rectifying areasg on any of the other surface
prepérations gavé values of resistance expected from the cdntaot ares
and bulk resistiﬁity values, The value obtgingd'progresgively in-
creased with time.(up to one year), Fig. 5.3 = even if it did not
show gigns of rectification; For surface preparations B - B the
series resistancg*of devices on low resistivity silicon, after recti-
fication, was between 60 - 100 ohm, instead of thé calculated value
of abou@ 3 ohm - indicating an interfacial layer resistance of
around 100 ohm. Thig could not be dccu?ately meésured on the high
resistivity slices because their calculated values were two orders of

magnitude greater.
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Fig. 5.1. Typical Deterioration of an Aluminium~Silicon
Device from an Ohmic Characteristic to a
Rectifying One.

5.8




(2)

®

&
Al 1.1,
Surface A. 3
0.50. cm, ']‘
After evaporation «
and one week later. 2 &
3 ohm resige
1 tance,
_ i _ I |
-0:02 -0-01 0-0% 0-02
VOLTS —
-1 '
-2
-3
-4
, 4
Al 17.9.
Surface A, Z
930 - cm.
After evaporation T
and one year later. 2 <
| 200 ohnm
1 resistance
’ : !
o -0 0-5 10
VOLTS —
4-1
1-2
4-3
-4

Fig. 5.2. Stable Ohmic Aluminium~Silicon Contacts.
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Fig. 5.3.
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One week later 1lOa..
Two weeks later 14.5n..
One year later 25n..

Increase in Resistance with Time of & Non=Rectifying
Aluminium-Silicon Contact.
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The fact that the small areas on the slices showed éigns of
rectification at different rates, whereas the iarge rectangular area
merelf became more resistive indicated that the aluminium contact was
probably a patchy one. This was confirmed by taking é 1arge'rectangu-
lar area after a period when the characteristics of the small dots showed
signs of rectificétion and scribing it up into smaller areas. By lower-
ing the probe on each area it was found that some of the areas were.
ohmic and some were rectifying.

The reverse characteristics of some of thé diodes were not of
the conventional shape - Fig. 5.4(a) and (b). This was not confined
to "aeged" diodes but appeared in all stages of the rectification pro-
cess from 10“'3 - 1()"'6 A reverse current. There Waé no other marked
difference between thefqharacteristics of the specimens which exhibiﬁed
this anomaly and the other diodes.

After one year, when tﬁe diodes formed on surfaces C and D
hed aged the forward characteristics of a mumber of diodes were investi-
gated in more detail to see if they obeyed the éimple diode equation
2.7. Two distinet types of log plots were obtained, Fig. 5.5(a) and
(b).. The '"n" values from thé linear graphs gave 2<n<4.

55 Effect of environment on characteristics‘

5}5;1 Experimental

Some slices of silicon were prepared using methods C and D.
Before entering the vacuum system the slices were subject to the atmos-

phere for about one hour in order that contacts‘could be made to them.
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Fig. 5.4(a) and (b). TIllustrating the unconventional reverse
characteristic.
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Al.19.5.
Surface C
-3 930 ohm cm.
10 B series resistance N
1074 .
107 | ﬁ 1
A1.19.5
107
— N = 2,' 8 B . “
e | A1.11.8. 4
,10 Surface D
110 ohm cm,
—ALA1.8
1078 t -
Temperature BQOOK
10-9 | | } | i I L ] "\ | LS ) |
e 0 0.4 0.8 1.2 1.4 2.0 2ed 2.8

FORWARD BIAS (volts)

Fig. 5.5(a2). Showing how some typical aluminium-silicon diodes obey
the diode equation. ‘
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Showing how some typical aluminium-silicon diodes obey
the diode equation. '
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The rate of evaporation and thickness of the aluminium films were the
seme as before. The current-voltage characteristics were plotted:-

(a) Immediately after evaporation in vacuum.

(b) In the éhamber one hour later.

(¢) Just after air admission.

(4) During re-evacuation of the system.

(e) 1In air again.

(f) Two days later.

(g) One week later.

All areas yielded almost identical curves at all fimes and
ageing progressed at the same rate for each aluminium-silicon contact.
5.502 Results |

None of these aluminium-silicon contacts was initially ohmic
and the only difference between surface preparations C and D was that
the diodes on surface D were more rectifying. There was an insignifi-
cant change in the characteristics after one hour with the specimen
8till in the vacuum chamber. When air was admitted to the system no
immediate change took place, but after ten minutes the characteristics
changed quickly, Fig. 5.6(a). The system was then re-evacuated and
the characteristics re-plotted ~ but the change was irreversible.
There was now a marked degree of rectification and upon exposufe to
the atmosphere the rectification(:::::ss:h as usual, Fig. 6(b). Note
the change in scale of Tig. 5.6(a) and Fig. 5.6(b). The 'knee voltage!

of these devices was greater than any of the previous ones.

-
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(b)

Al.7.4. 0.5 ohm cm

Surface C,

KEY
1) In vacuum, .
2) BExposure to air.
3) Two hours later.
4) Two weeks later.
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Rectification of Aluminium-Silicon Devices
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It appeared that the exposure of the slices to the atmosphere
for a while prior to evaporation inhibited the formation of an ohmic
contact between the aluminium end the silicon., Moreover, the rate at
\ . cle_va\o?o.o\
which rectification subsequently yuweesied was the same for all aslu-

minium areas on each slice,

5.6 Physical structure of aluminium £ilms

The properities of evaporated .alﬁminimn films have been the
subject of much research over the last thirty years and this work has
been summarised by Holland(4). Nearly all the work céneerning the
structure of evaporated films has been on films deposited on alkali
halide substrates, by observing the structure as a function of substrate
temperature., Recently Vernier, Coquet and Landrot(s) have used elec-
tron microscope techuniques to investigate the structure of aluminium
films on carbon substrates. They observed a textured structure when
the rate of deposition was greater than 100 3/sec. in which the alu-
minium (111) was parallel to the supporting film, Suito et al.(6> |
evaporated aluminium films on cleaved rocksalt at room temperature
and. then annealed them in air for several hours in the temperature
range 100 ; 600°C and found three types of oxide were formed. I have
found only one reference to an investigation of the structure of eva-
porated aluminium films removed from silicon surfaces. This is by
Archer and Atalla(7), who claimed that such films were amorphous - but

they did not present any photographs.
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Fig. 5.7(a) and (b) are itransmission pictures of an aluminium
film deposited at 10 ﬁ/sec. and then removed from the silicon slice.
The effect of the rate of evaporation (in the range 2 - 20 R/seé.) is
merely to increase the grain size slightly - the faster the evaporation
process the larger the grain size, The grain size is about 0.%}Lfor thé
film in ?ige 5.7 and there was a complete aﬁsence of any holes in the
film vwhatsoever. The electron diffraction pattern obtained from this
film is shown in Fig, 5.8, The pattern'is spotty due to the largish
grain size and shows that the film is composed of randomly oriented
crystal grains of the usual f.c.c. structure.

A very thin film of aluminium deposited on etched silicon under
unknown evaporation conditions and which had been subject to the atmog-
phere for over one year wasgs removed and the diffraction pattern is |
shqwn iﬁ Fig. 5.9. The diffuse rings are typical of an amorpﬂous struc-
ture; almost certainly aluminium oxide in this case.

5.7 Coneclusions

Only two major facts emerge from the measurements of the alu-
minium-gilicon contacts. ¥irst, the silicon-dioxide film on the gilicon
surface has no appreciable resistence. Secondly, there is a signifi-
cant correlation between the surface preparation and the life of an
evaporated aluminium ohmic contact. Moreover, if freshly etched silicon
surfaces are exposed to the atmosphere for a period of time before the

aluminium is deposited then true ohmic contacts are not formed at all.




5.19

rf JI f t
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0
Rate of deposition 10A sec.
Pig. 5.7 Iransmission pictures of evaporated alumin-

ium films deposited on etched silicon.



Pig. 5.8 Diffraction pattern from evaporated aluminium

film in Pig. 5.7.

Pig. 5.9 Diffraction pattern from aged aluminium f£film.
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The electron microscope study of the aluminium films re-

vealed that aluminium films evaporated on etched silicon surfaces were

not amorphous as reported previously(7) but erystalline, However, re-
moval of a very thin film which had been exposed to the laboratory
atmosphere for over one year indicated that an initially crystalline

film can deteriorate into a decidedly amorphous structure.
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Chapter 6

Structure of Bvaporated Gold Films Deposited on Btched Silicon

6.1 Review of film growth

During the past ten years a large effort has been devoted to
the epitaxial deposition of gold from the vapour phase on va;ious types
of substrates. The majority of these substrates have been either molyb-
denum disulphide or one of the alkali halides. The former substrate is
generaliy used for observations of the growth process in situ in the
electron microscope so that the degree of alignment of the crystallites
may be assessed and the latter substrate is used to facilitate easy film
removal, Gold deposited on mica has also received substantial attention.
As a result of all this work theAmechanism of film gfoﬁth in terms of
nucleation theofy and island growth is well documented and literature

(1,2,3,4,5)

reviews have been given at regular intervals The important
deposition parameters have been éummarised in most of these reports.

It is well known that the growth sequence of vapour deposited
films consists of a nucleation stage followed by growth and coalescence
of the nuclei, leading to a chammel stage and finally the formation of
a continuous film by the filling in of the holeso Moreover, the‘liquid-
like behaviour of the islands during coalescence has been excellently
demonstrated(6)a

Although there is much interest in metal-semiconductor con-

tacts fabricated by depositing gold on etched silicon held at room
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temperature very little atﬁentioh hés been paid to the étruoture of the
gold films. I have investigated some of the structural properties of
these films., The normal methods of device manufacture were adhered to
as far as possible,

6.2 Experimental procedure

All depositions were carried out with the silicon substrate
held at room temperature. The rate of evéporation and thickness were
controlled as explained previously (sectién_4,2). All silicon slices
were prepared as described in section 4.4.2. The teﬁperature rise of
the substrate during the deposition process depends on the radiated '
energy it receives from the source, the kinetic energy of the incident -
moleculeé and the latent heat of vaporisation of the condensing molecules.
For the samples used in the experiments the magnitude of ?he temperature
rise was estimated at less than 10°C end a thermocouple strapped to &
substrate indicated a temperature rise of about 300 during the longest
depositidn; |

The gold films were stfipped from the silicon using a cold
removal technique by immersing the substrates in an HF/HNO3 mixture
(ratio about 1/40) followed by washing in deionised water. Each series
of experiments was carried out on one slice of silicon using masking
techniques and the slice was later divided into various specimens by

means of a diamond tool -~ this ensured sample homogeneity. The films

were examined by the usual electron microscope techniques.
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The parameters which were varied are as followss-
(a) Rate of deposition.

(b) Subatrate preparation.

(¢) Substrate orientation.

(&) Substrate environment,

6.3 Experimental results

All the gold films removed from the silicon slices fell into

one of the following three categories.

Type A = Polycrystalline discontinuous films composed of

randomly oriented grainsg.
Type B ; Polycrystalline, continuous, hole-free films composed
of randomly orienﬁed grains,
Type C = Polycrystalline, continuous, hole-free films composed
of highly oriented grains. |
The grain size was always aboﬁt 200 % or less énd the para-
meters which affect the growth of each particulér film are discussed

separately.

(1) Type A films

| The gpverning parameter in this case was the substrate environ-
ment, Initially all depositions were carried out at moderate pressures
?(<:}0'5 torr) without a liquid nitrogen cold trap fitted to the coating
unit and regardless how the parameters (a) - (c) were varied the films
were always of this type. Typical films are shgwn in Fié. 6.1l. The

film thickness was 300 R and the rates of deposition are as indicated
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alongside the figures, Thicknesses of at least 800 % were necessary
before a continuous film was formed.
When the cold trap was attached to the system no films of

this type were again observed,

(2) Type B filmg

| These films were charaeterised by substrate preparation and
also by rate of deposition, If the silicon slice was not immediately
transferred to the evaporator following etching but left exposed to‘the
air for a day or two then\provided the rate of evaporation of the gold‘
waslow enough a type B film was deposited. Fig. 6.2 shows a series of
transmission and diffraotion pictures for films deposited at ratés of
0.5 & seo"l, 3 8 sec™! and 20 8 sec™  on the same silicon slice which
was exposed to fhe laboratory atmosphere. .All the films are of 300 R
thickness. The crystallites became more oriented as the rate of deposi-
tion increased.

(3) Type ¢ films

These are the films which were always depdsited in later
experiments. The important parameters.here_were the surface prepara=
tion and its crystallographic orientation. Provi&ed the gold was de-
posited on freshly etohed gilicon (111) faces then a type C film always
resulted - in this case the rate of deposition seemed to have little
effect on the structure. A sequence of iransmission pictures illuse
frating the film growth at 3 X sec™t on freshly etched silicon is shown

in Fig. 6.3. When the mean film thickness approaches 100 R the film is




Diffraction pattern.

Fig. 6.1 3001 gold films evaporated on etched

silicon with no cold trap.fitted to system.



201 sec,

I'ig. 6.2 Effect of evaporation rate for 300A gold films

deposited on silicon which was exposed to the
atmosphere after etching.
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virtually continuous. - The effect of annealing one df these films at
10000 for half an hour before remqval from the silicon is shown in Fig.
'6.4.' A small amount of grain growth has taken place. Films deposited
on silicon surfaces prepared using the oxide removal technique were
composed of crystallites which were particularly highly oriented. Ana-
lysis of the diffraction patitern shows that all the oriented films have
the (111) face of the gold in the plene of the film (i.e. both the (111)
féces of the gold and the silicon are in the same pléhe). Moreover, the
crystallographic directions of the individﬁal gold crystallites are highly
oriented with respect to each othex.

It is worth noting that these oriented gold films have only
appeared-on the silicon (111) face. When gold was depbsifed on both
the silicon (100) faoe and the silicon (101) face (with the silicon
3till at room temperature) randomly oriented films of type B.resulted
even though the rate of deposition was varied in the range 0.5 = 20'3
sec™t (Fig. 6.5), |
6.4 Discussion

We conclude from the fact that no type A films were observed
once the cold trap was added to the systeﬁ that the film growth for
these films was influenced by a contaminating layer of diffusion pump
oil over the silicon surface. In the case of the type B films it appears.
that once an oxide layer of a certain fhiokness has grown on the silicon
surface then the silicon has very little influénce on the growth condi-

tions - the critical oxide thickness depending on the rate of evaporation.
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2001 300K
Deposition rate 3% sec.
Fig. 6.3(a) Showing the -formation of films deposited
on freshly etched silicon as a function
of thickness.

( Diffraction picture overpage )



Pig.

6.3 (b)

Diffraction pattern from 3002

gold film in Pig.6.3(a).

.?
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The fact that the films of type B and C are composed of very
smaii crystallites is not very surprising. It is well known that the
nucleation rate is cdnsiderably higher for low temperature substrates
than for high temperature substrates bécause in the latter case the sub-
strate can provide sufficient energy to the incident molecules to either
enable them to re-evaporate or to migrate across the surface of the sub~
strate to a site of lower energy. In the case of gold on room tempera-
ture silicon it appears that only a small nucleation barrier exists and
that many small, stable, aggregates are formed'in the initial stage of
the film growth, resulting in a continuous film at a felatively small
average thickness (about 100 E), The. orientation of the éilicon sub-
strate is certainly an important parameter influencing the structure
of the gold films, However, it is not clear from these investigations
that the strong periodicity of the substrate surface is in fact the pre-
‘dominant force influencing the condensing atoms since it is known that
textured gold films can be foﬁnd on glass substrates(7),

It is interesting to nbte that_recently gold has heen deposited
on the germanium (111) face at room temperature resulting in the gold
(111) plané aligning with the germanium (111) pla.né(a). Also, epitaxial
gold films have been deposited on the low index faces of heated germenium -

(9)

substrates‘’/. Apart from these reports there has been little attention

paid to the structure of metal films on semiconductor surfaces.




Before anneal.

After anneal.

Film thickness 300A Rate of deposition 3I sec*/’

Fig. 6.4 Effect of annealing oriented gold films.



Transmission

Diffraction

Fig* 6.5 300A gold film deposited on the silicon

(l00) face at 201 sec*
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(2)
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(4)
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Chapter T

Resistivity'MEasurements of Gold Films on Silicdﬁ

Ts1 Introduction

Although electron microscopy is a powerful tool for éxamining
the physical structure of thin crystals it is not the best means of
assessing ﬁhé imperfection density of metallic films. According to
transport theory, for a perfect, statioﬁary, metallic lattiée the elec-
tron waves would pass through unhindered and therefore no electrical re-
sistarce would be observed. However both the thermal motion of thé atoms
and any crystal imperfections cause scattering of the conduction elec-
trons, thereby giving rise to a finite resistance of the metal, By
measuring the resistance of thin metallic films as a function of thick-
ness the important scattering processes taking place may be identified.
This additional informationm, cqupled with eléctron mic:osoope studies
leads to a realistic assessment of the structure of the films.

Matthiessent!s rule states that

Ptotal = Pideal * Presidual

where Ftotal is the total resistivity, is the reslstiv1ty @ue

Pideal
to scattering arising from the thermal motion of the lattice (strongly

temperature dependent in a reversible fashion) is the

and Presidual
resistivity arising from lattice defects (generally temperature inde-
pendent for bulk metals -~ but not necesgarily so in the case of thin

evaporated films).
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For thin films when one boundary dimension is comparable‘to
the mean free path of the conduction electrons, then another compohent
of resistivity becomes important and must be added to the above rule.

The total resistivity is now given by

Ptotal = fideal * Presiduel * Pthickness
where Pthickness is the resistivity due to boundary scattering of the
electrons. |

The sctual magnitude of Ptnickness depends solely on the
type of scatitering which takes place at the boundary of the thin film.
The two extreme cases are those of perfectly diffuse scattering and
ﬁerfectly specular scattering (both héve beeh dealt with theoretically
b& Sondheimer(l))° Diffusely scattered electrons qompletely lose
their drift velocity upon collision with the boundary whereas the
- velocity component normal to the surface is reversed when an electron
is specularly scattered. In the latter case[’thickness becomes zero.

A conduction electron has a de Broglie wavelength of about
5 R associated wiﬁh it and so any surface which is smooth on this
scale should ensure that specular reflection takes place, Iﬁ the
case of most types of substrateé used in the deposition of thin films
the above criterion is nét fulfilled and the reflection at the boun-
daries is very much diffuse., The resistivity of annealed gold films on
bismuth‘oxide(Q’a) have been interpreted in terms of nearly specular
reflection but are not very convincing. Reeently Chopra et al.(4),

sputtered goid on freshly cleaved mica held at 30000 and obtained
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gingle crystal films. Their resistance~-thickness curves are indica-
tive of specular scattering at the cfystal‘boundariesc
- From transport theory the ooﬁductivity,Di , of a metal with

a single conduction band and which is isotropic is given by(s)
) | .
_Ne :
X = m T : (7'1)

where N is the number of elecirons per unit voluﬁe, m is the electron
effective mass, e the electronic charge anﬂ.'Cj,the relaxation time
_ associated with electrons at the Fermi level, This leads to the defini-

tion of a mean free path g@‘,given by

where v is the éieotron velocity at thé surface of the Fermi distri-
bution, The collisions must be élastic (i;e. the magnitude of the
scattered electronts wave vector, |k| , is unchanged by the collison)
in order to define a.relaxétion time for the scattering process. In
fhe‘casevoﬁ pure metals,abdve the Debye temgeratuxe, the scattering
is pfedominantly due to lattice vibrations and 1 becomes the ﬁhonon
scattering mean free path 1 (400 8 for gold), For vendomly distri-

buted imperfections we can alsd define a mean free path 1, but it is

i
usual to include both the lattice and imperfection scattering in the

relation:

1 1 1 :
T = e . (703)
FARE TN

 where i is the effective mean free path.
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/

Here the imperfection scattering ingludes scattering from impu}ity atoms,
structural defects'and grain boundaries. o |

In the csse of & thin £ilm the artificial limitation of the
mean free path,‘ﬁ- by the boundaries, causes an increase in the resisti;
vity, whlch, for completely diffuse boundary scatterlng is glven by the -

Fuchs=-Sondheimer relatmon*

P =Poo (1 + %%) : when (t>£) T (7.4)
and it A wien (<€) - - (7.5)

P = () [ln -%+ 004228] |

where t is‘the thickness of ﬁhé fiima
The history of attémpts to relate resistivity-thickness

- curves with these equations and the requirements of such measureménts

have been reviewéd by Mayer(s). It was decided télmeasure the resis-

tance éf gold films deposited on etched‘silicon.és a function of thick-

ness in order to determine the effective mean free path;lgg

T.2 Experiméntal

Slices of 4,000 ohm cm n~type silicon were prepared as des-
cribed in sgction 404p2b The gtch consisted Qf 50 ce HNO;? 20 cc
CHBCOOH and 1? ce¢ HPFy and the etch time was seven minutes. = Land
strips were first of all evaporated on the gilicon gnd leéds attached
to these areas by means of air drying silver paint (Johnson Matthey

FSP.51). The leads were pinned to the silicon with a drop of quick

setting (45 sec) epoxy resin, Fig. T.l. Four areas of gold 1 % 0.15 em
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were deposited on each glice at the usgal fate for oriented growth
(3'X/sec)o The thickness of each area was differént and waéwdeter-
mined from a microscqpe $1ide piaced alongside the specimen. The
above method of making coﬁtact to the gold was perfectly satisfaé-
tory for film thicknesses greater ﬁhan 100‘3, provided the land areas
were tapefed as shown iﬁ Fig, 701(b).~-For measurements with t<:100 R,
contact was made by evaporation onto the reéistive film strip ends
and land areas ggggg the main deposition had taken place (this wa.s
achieved by rotating masks) When the former contact technlque was
used, anomalous effects were observedAfof films with t<<100 R when
gaseous ambients were admitted to the system and these effects dise
appeared when the 1atter method of oontac% was employed. [Sﬁch en-
vironmental changes have been observed by & number of Workers(7’ )
using thg first contact technique - their observations are of dubious
origin and may well be due to weak regions of the film where it joins
the contact areas] .

All resistance values were madévusing.a MarconiBridge TFETOQ. A 4-
probe technigue was used on both the thiekest‘and the thinnest films
deposited and measured resistivitieé weée.identical Withﬂthe values
dbtainéd from the bridge method - indicating‘negligible>coﬁtaot regsis-
tance. The measurements were initially recorded immediately fplléwiﬁg-
the’deposiﬁion.procéss with the specimens in situ and»resistance

values obtained for the thickness range 80 -~ 800 R.




Resistance of film in obhms

Alr-drying silver paint 4 T.6

thick gold
silicon _ land area.

slice quick setting epoxy-
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to silicon (b) Enlarged Cross Section (Film Thlcknesses

(a) Plan View. Greatly Exaggerated).

Fig. 7.1. Illustrating method of resigtivity measurement.

20§
300 & gold film at 300°K.
16 |~
_ {24 hours
~e  later
0 }— :
L after anneallng —_—e
at 100°C for 30
minutes ‘
5' I
') I 1 i ! ] !
o 20 a0 40 50 60

Time in minutes (following deposition)

Fig. T7.2. Resistance-time plot of a typical gold film.




T3 Results
After deposition of the gold the resistance of all films

decreased with time. A typical resistance~time plot is shown in
Pig. T.2. At first there was a rapid drop of resistance (probebly
due to the film cooling) and~this was followed by a gradual decrease
which lasted abéut one Weék or longer, Obviously any resistance=~
thickness relationship was quite meaningless until the film became
stable and it was found that annealing the fiims for about half an
hour at 100°C produced a dramatic reduction in the resistivity.
After amealing the film was completely stable and no further chenge
could be detected, Subsequent annealing at 15000 or 20000 had négli-
gible effect but heating above 200% caused the resistance to in-
crease = presumably due to agglomeration of the gold. All films
for the thickness-resistivity plot of Fig. T.3 were annealed at-100°c
for half an hour following the gold deposition, o

- The Fuchs-Sondheimer relation for diffuse scattering and
for t:>ﬂz(equationl7,4) was fitted as foilows. From equations 7.1
and f.z' p = DA%; where D is a.constant Whiqh has the value 9.8 x 10~
ohm cm?lfor gold (taking'Pbulk = 2.45 x 10-6 ohm cm and 1P = 400 R).
This value of D should apply to gold films as well as to bulk gold
(Chopra et al;(4) have shown that 1p is the same for films), Thgé,
 for the films Pos = ﬁﬂg, where.é‘is.the mean free path including both

imperfection and lattice scattering and pubtting this in equation 7.4,

TeT

12




‘o =,€f?(l + Blf-) . At 't = 750 &, p= 6 x ,10"6ohm cm, 80 .8 = 173 R-c

Hence, f) is given ‘oy:

P = 5.65 x 10-6 (1 + ég-) ohm cm, when t is expressed in

% units. This curve is drawn in Fig. T.3.

The experimental points agree quite favourably with the

Fuchs-Sondheimer equation provided £ 100 £. The abrupt drop in

regigtivity as the thickness passes through the critical range 80 =

100 ﬂ is due to the film being at the coalescence stagé of film
growth (Chapter 6).

Takinglggé 173 R and lp-= 400 R, then from equation 7.3
the mean free path for imperfection scattering, li’ is given by
1, = 305 g.

&l Discussion

From the resistivity~thickness plot for annealed gold de-

pogited on etched silicon at room temperature it is apparent that
the boundary scattering is diffuse and that the effective mean free

path of electrons is about 170 R._ This value of-£~6ompaies very

7.8

poorly with the value (350 X) obtained by Soshea and Lucas(g) for gold

deposited on similar surfaces but in an ion-pump system. This implies

that the imperfection density of the films deposited in the diffusion

pump oil system is very much greater than in an ion-vac system. This

large discrepancy is not so surprising when one hears in mind the-
huge difference that the addition of the liquid nitrogen cold trap

made to the physical structure of the films (Chapter 6).
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The decay of resistance of the films with time is probably
caused by self annealing, in which many of the grossilattice imperfec-
tions are removed - this process being assisted when the films are
gently heated to lOO C = although it has been. su gested that the drama-
tic reduction in the re31st1v1ty upon anneallng may be due to an expul-
gion of occluded gas( ). The most probable explanation is a reduction
of the imperfection density accompanied by an increase in grain size,
gince the electron microscope observations indicate that structural
changes do take place during the annealing process.

The fact that the effective mean free path is so small is
supported by photcekcitation measurements involving the transport of
hot electrons in the gold films (Chapter 8). Moreover, Turner(lo),
using the same type of vacuum system and sﬁrface preparation failed
to observe hot electron effects in gold films which were part of a
semiconductorametalvsemiconduotor sandwich - this is discusgsed more
fully later (section 8.6). Accordingly we conclude that the gold
filme deposited on etched silicon were structurally very imperfect

although the small crystallites were highly oriented.
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chggter 8

Measurément of Gold-Silicon Barrier Héight

8.1 Introduction

In section 3,4.1 it was pointed out that the value Qf the

metal-semiconductor barrier height, s was an important pareameter

Prgs
in determining the magnitude of the reverse current in metal-semi-
conductor junctions. There are several experiﬁental‘methods of deter-
mining ¢MS

(a) Capagitance plots

From equation 3.3 it can be seen that the differentlal
capacitance ¢ of a metal-semiconductor junotion is related to the

applied voltage YA as follows:

1
2 = constant (V, + V)

Thus by plotting 1/02 versus VA the value of VD can be de-
rived from the intercept on the wvoltage axis. The caﬁaoiténce plot
can be made in two ways. First, if we assume that the system is a
majority carrier one in which the minority carriers can be neglected,
then by superimposing a small a.c. signal on the diode:the differential
capacitance can be measured as a funotion of,VA uaing & sultable a.c.
bridge. This method assumes a knowledge of the equivalent circuit

of the device and a large number of deviations from the idesl oase

arise, meny of which have been dealt with by Goodman( ) Secondly,
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the diode can be placed in series with a very much smaller known capa-
eitance and a voltage pulse applied to the combination. The voltage
developed across the diode is a measure of its capacitance., This
method has been used tﬁ determine ﬁhe capacitanoe of large area surface-
barrier diodes(z)o

The value of'¢MS is then obtained by adding the energy
difference between the Fermi level and the conduction band edge. to the

energy derived from the diffusion potential measurement.

{b) Current-voltage characteristics

| Assuming that the ideal diode equa,ti‘on (2.7) holds then Ig
can be obtained from both the forward and the reverse characteristios,
Thé'value of ¢MS corresponding to this value can thén be calculated
from equation (3,15). |

(¢) Activation plots

The value of IS’ derived as in (b) can be plotted as a func-
tion of temperature and the activation energy obtained. Turner(s) has
done this for evaporated gold on low resistivity silicon.

() Optical threshold plots

When pﬁotons are incident on a metal-semiconductor junction
then a fraction of the photons will be absorbed in the metal and some
of the conduction electrons are excited t0 higher energy levels, If
¢M3<ﬂfP<Eg then the thermal equilibrium conditions (section 3f4olol)
willﬂbe upset and hot electrons from.the metal cross the ﬁetal-semi-

conductor interface, thereby generating a photocurrent. In certaiﬁ
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circumstances (see Appendix A) the photocurrent per sbsorbed photon,

Y, is related to the photon energy hY by:
Y = constant. [h(v -'\?O)]2 (8.1)

where h\% is the threéhold energy (equal to gMS)‘ (See Appendix A
for a full treatment.)

Congsequently, a plot of Y% versus hY is a straight line -
whose intercept on the energy axis is the threshold energy h‘%. Such
8 plot is commonly termed & Fowler plot and is based on Fowler's method -
of determining the true photoelectric threshold(4). This method has
been used to measure the ranges of photoexcited holes and electrons
in thin metal films(5’6’7’8), besides the magnitude of the barrier f ...

For our large area diodes it wes decided o measure s
using the last method because methods (b) and (o) rely on the ideal
diode equation and the diodes remaining perfect over a temperature
range. Again, method (a), although very attractive, assumes a know-
ledge of the equivalent»circuit and for a stricﬁ interpretation one."
must operate at the correct frequency. Moreover, interfacial layers,
if they exist, affect capacitance methods greatly but not the optical.
threshold measurement.

The conditions imposed by equation (8.1) can be slightly
relaxed in the case of gold films. The silicon bandgap, Eg, is
1.08 eV (at room temperature) and so for Wavélengths less than 1.1);

silicon absoris strongly. We are interested in wavelengths greater
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than 1'%f‘ for our measurements and Crowell ét al;(6) have éhown that
absorption in gold films is independent of wavelength for radiation
greater than 1’9}*3 Fig. 8.1 has been interpreted from their data.

This result implies we can regard Y as the photocurrent pexr incident
'photon. I:The actual values ﬁﬁoted by Crowe11(6) are for gold on glass
and these valueg have since been corrected for gold on silicon by
Soshea and'Lucas(B) = this is important for attenmmation length measure-

ments - but the variation with wavelength was not questionedJ

8,2 Experimental apparatus and préliminary investigations

The experiﬂental arrangement is shown in Fié. 8.2, A Leiss
double monochromator with quartz prisms was used with a tungsten
ribbon filament projector lamp as a source. The tungsten lamp was fed
from a 20 A d.c. supply and the vqltage aéross the lamp was maintained
at 7 V. The light was chopped at just less than 500 c.p.s. and after
passing through the monochrometor the light fell on the specimen placed
at the exit slit. Tﬁe photocurrent was measured by means of a Brookdeal
Phase Sensitive Detector, Model PD629., In fact the signal was fed iz_ﬂ:o
a Brookdeal Low Fre@uency Voltage Amplifier LA635 which was coupled to
the PSD and the balanced output read from a Brookdeal Model MU947 metex
unit. The maximum gain with this apparatus was 56,200. lA 6 V p/p
reference signal for the PSD was taken from a Fairchild photodiode
located in the chopper unit. For maximum sensitivity it waé fouﬁd
necessary to box in the device and exit slit of the mgnochromatbr,

in order to reduce the dark signal of the gold~-silicon junction.




% Absorption

50

40

30

20

10 1

Wavelength in mierons

Fig. 8.1, The Absorption in Gold Films as & Function
of Thickness and Wavelength.




Goldsilicon

Device

~__

Adjustable

Slits \
Nﬁb e

BROOKDEAL
LA 635,

BROOKDEAL
PD 629.

LEISS
DOUBLE .
MONOCHRO-
MATOR '

8.6

Fairchild photo diode

\

. o

~

- -
-
—

Chopper

et

_Wavelength

DRUM

O
\

Tungsten
Lamp

" REFERENCE SIGNAL

Q

BROOKDEAL
MU 947.

Fig. 8.2-

' LA.635,
PD.629.
MU. 947,

Experimental arrangement for barrier height
measurement. :

Low frequency amplifier.
Phage sensitive detector.
Mete: output.




8.7

Screened cables were used throughout and the device shielded to keep

T V;could be

the noise to a minimum. On the most sensitive range 10~
detected across the input which corresponded to a current of 2 x 10-13 A
;flgwing through the device.

The energy incident upon the device was monitored after
every set of readings by replacing the gold=-silicon junction with a
Hilger-Schwartz FT.101 linear thermopile. The thermopile had a 3102
window and a response time of 0.0l sec. The d.c. sensitivity was
4quV4;W. The thermopile was connected to the Keithley miordvdlt-
ammeter 150.A, the output of which was fed to a Beckman potentiometric
recorder. A chain drive was conhected from the recorder directly to
the wavelength drum and so a ﬁavelength scan of energy was plotted .
automaticallyo An energy-wavelength plot is shown in Fig. 8.3.

A
The resolution of the monochromator 5,§ is given by:
!

S, + 9
EA! L2

= Tinear digpersion at particular wavelength . (8°2)

For wavelengths greater than ;}L the linear dispersion was constant
and sod \' depended solely on Sl + Sé, the entrance and exit slit
-widths respectively. The slit widthé could be adjustéd to 0.01 mm,
For the experiments S‘1 and 82 were set so that there was Just suffi-
cient sensitivity of the devices at the long wavelength end of the
scan, i.e. at lo@u. In general Sy _
giving § N = 250 R for wavelengths greater than 1.Oum. -

= 0025 mm and. 82= 0.626 mm,
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Fig, 8.3. Energy Distribution from Monochromator with
Tungsten Souroeo
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In order to check that in fact it was a hot eiectron effect
we were observing the photoresponses of both a diffuéed high resisti-
vity p-n junction and a gold-silicon junction were determined, Fig. 8.4.
A gilicon filter was placed over the exit slit of the monochromator to
ensure no scattered light reached the diodes. (This was done in all
the experiments.)

From Fig. 8.4 it is evident that at photon energies around
0.98 eV the response due to bulk absorption in the silicon (phonon
asgisted trensitions) is comparable with the electron emission current.
In order to reduce this effect so that the Y% versus hY curve would
be a straighter line it was decided to attempt measurements at lower
temperatures.

© 8e3 Low temperature measurements

Some slices of 4,000~ cm n-type silicon were prepared as
usual with alloyed back contacts and etched in a solﬁtion of 50 cc
HNO3’ 20 ce CHBCOOH and 15 cc HF for seven minutes. After etching,
the glices were put.in the vacuum chamber‘and three 8 x 3 mm areas
of gold evaporated on each slice., The three areas were of thicknesses
150 R, 300 & and 500 & (all evaporated at 3 &/sec).

These slices were then mounted on gold plated nickel strip
using air drying silver paint and fast setting amine~free epoxy reéin,
The nickel strip was then soldered to a piece of vero-board, Fig. 8.5..
Contact to the gold areas was made by phoéphor bronze suspension

wire and a touch of the gilver paint., The phosphor bronze wire was
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Fig. 8.4. Photoresponse curves of a silicon p-n junction
and surface barrier diode at room temperature.
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held rigid by a drop of the quick setting epoxy resin. As a result
these contacts were robust and could be soldéred to the vero-board
and later unsoldered from it.without disturbing the gold film. The
board with specimen then slotted into an end connector ﬁhidh was the
1id of an expanded poiystyrene box coated with aluminium foil (Fig.
8.5). A recess was made in the polystyrene and a piece of micro~
scope glide fitted in this recess which allowed light to fall on any-
selected gold area. This face of the box fitted flush up to the exit
slit of the monophromator. A hole was made through fhe bottom of the
polystyrene box which allowed a copper tube to pass into it. The
whole assembly was then fitted on a set of micromanipulatqrs and
brought ujp.to the exit slit. |

A spiral of copper tubing which acted as a heat exchanger
was attached to the polysiyrene box'via rubber tubing and placed in a
vacuun jar of liqﬁid nitrogen. Nitrogen gas was passed through the
heat exchgnger and intq the cxyostat. The rate of flow of gas and
the level of liquid nitrogen in the dewar both controlled the tempera-
ture of the specimen, which was monitored by an iron-constantan thermo-
couple alongside the sﬁeeimsn, The above design was based on an idea
of A, Brunnschweiler(g) « The operating temperaturé was around 140°K.
The glass window did not frost up if'it was coated with a thin layer
of Teepol before the experiment, thereby dispensing with elaborate

de-misting techniques.
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8.4 Experimental prooedure

The specimens were ﬁounted as above and sets ofureadings of
photocurrent versus waveléngth teken at room temperature for the
various film thicknesses. It was important to ensure that the re-
sponse was due to the light being incident on the £ilm propsr and not
the edge of the film. This‘wgs achieved by scanning the spééimen
across the exit slit ﬁy means of the manipulators and observing that
the signai would increase to a meximum, decrease to a minimum, and
increase baok to a maximum aé the light fell on one édge of the film,
the film proper and then the other edge of the film. Readings were
taken at the minimum position.

Ideally one would like to measure the short circuit photo-
curfent but in practice one measures a photovoltage, VP . |
as Vp, is less than about 107 v tﬁis does not affect the readings.

So long

(See Appendix B.) Howéver, at lower temperatures the dynamic resis-
tance of #he_diode at the operating point changes gonsiderably (typi-
cally 200 KJx.at‘BQOOK to 10 M~ at 140°K) and this haé a.profound
effect on the measured value of vPh' This dhange in resistance has
been corrected for in;the results that fqllow in drder that Y% can
be plotted on fhé same arbitrary scale for the two>temperatures. A
full explanation is given in Appendix B, As & result it was neces~

sary to measure the currentmvoltégé charagteristicé at both tempera-

tures besides the photoresponses.
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Measurements were made as.soon‘as the:devices were fabricated
(or within one day if possible), one week or so later apd then before
and after annedling the devices &f lOOOC for about half an hour as
described previously for the gold films, |
84,5 Results

‘Typical Y% versus hY curves are shown in Figs. 8.6, 8.7 and
8.8 for 150 R, 300 £ and 500 % thick gold films respectively. Only
one set of room tempe:ature data is plotte& on each graph because the
low temperature plots give better 1ipes. The value of.hVo at room
temperature is readily obtained from these graphs as follows. The Fermi
level at the metal-semiconductor interface is pinned in relation to the
v&lence band edge( 0) and so the change in the value of the band gap
energy for silicon over the temperature range of 1nterest has merely to
ﬁe subtracted from the value of h‘% obtained at the low temperature.
The change in Eg from 300°K - 140%K is 0.034 eV. There is also a correc- -
tion to be made for the image force 1owe:ing of the barrier.(section
2'2'1')’1&\¢MS' From equations (2.2) and (3.1) this is given by:

e7N (V + V ) 1/4

Ag 3

m:

(8.3)

where éd.is the imege force dielectric constant (for silicon G.d =
12(11)y,

For the above specimens at zero bias A ,QSMS = 1,48 x 10-3 eV
and so this has to be added to the experimental values, The results
from the typical plqts‘shown in Figs. 8.6, 8.7 and 8.8 aré summarised

in Table 8, 1.
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Film - Barrier Height ¢MS at Room Temperature.

Thick~ In eV,

ness

1st day Before and after | Average of
annealing film final values
2nd day | 2 weeks laters

150 & 0,79 [0.81 I o0.01

300 8 | 0.75 0.80 £ 0.01 |0.79 ¥ 0.01

500 & 0.72|0.75 ¥ o.01
Table 8.1

8.6 Discussion

The average values of ¢MS derived from the photo-threshold

plots for gold-silicon barriers agree very favourably with those ob-

8.18

tained by Turner(B)'[0.79 L o.02 eV] for gold 6n low resistivity sili-

con using capacity measurements. Two points arise when comparing the

capacity method with the optical threshold plots. First, for freshly

evgporated metal films deposited on chemically prepared surfaces, oapd-

city plots could not be satisfactorily obtained until the specimen had

"aged" - this ageing can be accelerated by gently annealing the specimen

for half an hour at 100°C. Consequently the magnitude of the barrier
change with time cannot be ascertained.

be made immediately following the deposition of the metal and it was

The optical measurements could
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found thet the barrier height changed by about 0.05 eV during the first
. week - little change taking place after this period. Secondly, there |
is a scatter of the values of ﬁMS for the different film thicknesgea

on each slice of silicon which is outside the experimental'error,- this
-has been a feature of threshold plots by other workers(é’s). Capacity‘
plots showed ﬂMS to be independent of film thickness,

From Figs. 8.6, 8.7 and 8.8 it can be seen that there is &
decrease in the relativé response of the gold-silicon diodes at the low
temperature compared with the response at room temperatu:e. The reason
for this reduction is partly because the barrier threshold energy has
increased and partly beeause‘the solid angle of collection of electrons
'scattered by phonoﬁé is reduced af the lower temperature. On the.other
hend the electron-phonon mean free path inoreases at the iow tenmperature
and so the hot electron attenuation length should increase resulting in
a larger yield of photo electrons (Appemdix A). However, we heve seen
in Chapter 7 that the predominanf scattériné mechanism is imperfectién
soattering, ﬁhusvthe increase in yieid due to the reduction in teﬁpera—
ture will be negligible., It is interestiﬁg;to note that the tail of
the Y%'versus h\? curves (i.e. the yield near the threshold energy
where the abridged Fowler analysis is not valid) is larger for the low:
temperature plots than for the room temperature curves. One would antie
cipate the opposite to be the case.

At room temperature the threshold plots were not as good as

expected and the yield increased rapidly at lower values of hY than




8.20

. for films deposited in ion pump systems(5’6’8)o This may be attributed
to a much reduced hot electron current arising from a short electron
attenuation length. Hence the contribution %o the total current from
absorption in the silicon becomes dominant at smaller values of hV .
The resistivity measurements and the failure of Turner(3) to observe
hot electron effects in semiconductor-metal-gsemiconductor devices support
the view that the electrons in our films possess a much shorter mean
free path than that measured by other workers,

Finally we should note that therevwere no ohserveble effects
on the barrier height measurement following annealing of the specimens
although we know structural changes take‘plaoe in the QOId films during

the annealing process.
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Chapter 9

Surface Barrier Detectors with Alloyed Back Contacts

9.1 Introduction

The basic requirements of surface barrier detectors.and some
manufacturing techniques have been described in Chapter 3. Although
evaporated aluminium back éontacts are notoriously unreliable and non-
reprodﬁcible it has been demonStrated in Chapter 5 how reproducible,
long lasting, evaporated aluminium contacts can be obtainéd when the
gilicon surface isg suitably prepared. The resolution and behaviour of
nuclear detectors fabricated using aluminium back contacts, some of
which- deteriorated with time, have been documented eléewhere(l)a Theré
is no reasoﬁ to suppose that detectors fab?icated uging the oxide re=-
moval technique (Chapter 5) would not behave satisfactorily since eva=
poréted gold forms a good rectifying contact whén the silicon surface
is prepared in this way.

The evaporated aluminium contact has meny advantages (low
resistance and non-injecting when the detector is fully deplgted)”and
it would be advantagecus if a‘metﬁod of forming a similar con%act
could be adopted which is 1008 reprodﬁcible.* I have made preliminary
investigations into an alloyed back device in which I have endeavoured
to keep the alloyed region very thin. If the goldmsilicoﬁ alloy regién
(2)

* Recently Owen has adopted a phosphorus diffusion technique.
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is very thin there is reason to believe that the sgtrain introduced due
to the lattice mismatch will be very much reduced. Consequently.the
noise associated with the contact willxalso be very much reduced. The
technique aimed at producing a device with such a contact is dqscribed
below and does not entail masking the slice with wax or varnish at any
stage in the process.

9.2 Experimental procedure

Both sides of 4,000 ohm om n-type silicon slices, about 1 mm
thick, were lapped and then etched in a mixture consisting of 50 co

HNO3, 20 cc CH,COOH and 15 cc HF ag described in section 4.4.2. After

3
washing the slice thoroughly in deionised water it was blown dry in a
nitrogen ambient and immediately transferred to the evaporator where it
was placed in a clean outgassed molybdenum heatef fitted with a lid and
which had a 3/8" diameter hole machined in its base. A chromel-alumel
thermocouple was attached to the hester and the system evacuated to its

6

operating pressure (4 x 10° torr)., The heater and silicon slice were
held at a temperature of 41000, Just above the goldesilicon euxectic
(370°C) and & 200 - 300 ® thick layer of gold-antimony deposited at
about 10 & sec’l on the hot silicon, The temperature of the molybdenum
heater was then decreased slowly through the gold-silicon ewtectic and
eventﬁally reduced to voom temperature. Upon removal from the chamber
the silicon slice was mounted in pyrophyllite rings using the techniques
described previously (séction 3.6.3 and in more detail in reference (1))

excepting that quick setting epoxy resin was used throughout the encapsula-

tion process. A 300 R layer of gold was then deposited on the front face
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at 3 R sec"1, Contact to the alloyed region was also made by an eva=
porated metal film. Typical detectors are shown in Fig, 9.1.

9.3 Current=voltage characteristic

I-V measurements were made with the detectors in situ immedi-
ately following the gold deposition and changes noted when different
ambients were admitted to the coating unit. The admission of oxygen to
the system produced a reduction in the value of the reverse current but
these changes have never been of the megnitude reported by others(3;4).
The admittance of nitrogen had no effect on the characteristics. Howe
ever, once nitrogen had been admitted to the system re~pumping was neces-
sary in oxder to effeoﬁ an immediate change upon re-exposure of the diode
to oxygen. |

A typical I-V characteristic for a device fabricated as above
is shown in Fig. 9.2. (Note that there is a change in scale on both
the current and the voltage axes.) Fig. 9.3 shows the change in the
device characteristic when oxygen was admitted to the system immediately
following the gold deposition. These changes were reversible -~ the. -
initial characteristic being obtained if the system was immediatély re-
evacuated. In fact one.diode was left at roughing pressure for two days
after which the changes could still be reproduced. However, once the
diode was exposed to the atmosphere for about one day no further rever-
sible changes took place. The forward characteristics were unaffected.

9.4 Noise measurements

Unfortunately we have not been able to make a proper assess-

ment of our diodes as nuclear detectors because we do not possess a




Fig. 9.1 Illustrating detector mounting
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suitable radicactive source. An evaluation of the noise of the detectors
was made as follows. A test signal was fed to a charge.sensitive pre~ -
amplifier and the output signal fed via a,fulse amplifier (UaKvoEoA._
Type 1430 A) to a pulse height analyser (U.K.A.B.A, Type 1363 D). The
magnitude of the test pulse‘wés chosgn such that the charge on the stan-
dard condenser coxrresponded to that whiqh a 6 MeV particle woulduliberate
in a silicon detector if the charge collection efficiency was 100%. A
diode was then connected acrossg the input of the pre-amplifier and the
spread in the pulse height spectrum récorded as a funcﬁion of reverse
bias. A typical spread is shown in Fig. 9.4. The F.W.H.M, spread at
100 V is about 84 KeV,
2.5 Discussion

The preliminary investigation seems to indicate that an alloyed
back device may well prove a practical proposition for ordinary alpha
particle detection where large depletion regions are not required. It
would be advantageous to manufacture some thinner diodes in order to
assess their performance when fully depleted - élthough they may well
prove too noisy for stacking in arrays. |

The decrease.in reverse current of the diodes upon exposure to
the atmosphere may be attributed to adsorbed oxjgen producing changes in
surface potential and surface recombination veloéity around the edge of
the silicon. Only verj small changés have been observed in the forward
characteristic when devices were exposed to the atmosphere which seems

to ihdicate that a barrier is formed immediately the gold is deposited.
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Hence, the reverse current is first of all dominated by excess current
mechanisms until oxygen stabilises the surface. This view is supported_
by the obsérvation that the changes in reverse current are initially re-
versible, (It is worth noting that experiments have also been carried
out on thermal oxide protected devices with windows etched through the
oxide for the formation of the ohmic contact and the surface barrier.

In all cases only very small changes in the reverse current were ob-
served when such devices were subjected to an oxygen environment
immediately following the gold deposition. This'again supports the
view that the envirommental changes are due to surface effects around
the edge of the slices and not due to barrier height changes at the
gold-silicon interface arising from the diffusion of oxygen atoms
through the metal film.)

The value of reverse current obtained for the gold-silicon
diodes was slightly greater than that predicted in section 3.4. We
conclude that the predoﬁinant source of reverse current was due to
an excess current mechanism, which was almost certain to have been
introduced during the heating stage of the defector fabrication, Alu-
minium back contact detectors have reverse currents slightly less than

the alloyed devices,
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Chapter 10

Conclusions

The behaviour of evaporated aluminium-silicon contacts depends
p&imarily on the surface treatment of the éilicon prior to the deposition
process. Oxide removal techniques which tend to leave the silicon surface
n-type favour the formation of an ohmic coﬁtact, whereas sufface treat-
ments which leave the surface slightly inverted favour the formation of
rectifying contacts. The introduction of the aluminium does not seem to
have a great deal of influence regarding the magnitude.of the barrier
formed. There is definite evidence that an interfaciél layer exists at
the aluminium-gilicon junction but the part this plays in the ageing of
the current-voltagé characteristic is not at all clear. The ageing of
metélésemiconductor contacts can be explained by ionic drift processes
within the interfacial layer which ultimately affect the surface state
density* but in the case of aluminium on silicon it is difficult to see
why this may be a relatively fast or slow process depending on the sure
face treatment of the silicon. MNoreover the magnitude qf the barrier
height change must be quite substantial to account for the large changes
observed in the~I-V characteristics, The eleciron microscope studies
have shown that the aluminium film is decidedly metallic and crystal-

line despite previous conjectures to the contrary, although we have

* M, J, Turner, Ph.D. Thesis, U.M.I.S.T., Dec. 1966.
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obtained no information at all regarding the size or composition of the
aluminium-silicon interfacial layer, |

It was shown that the type of film which is formed when gold
is evaporated on etched silicon depends on sevefal factors. Fof the
experiments described gold was deposited such that well oriented, hole=-
free films were grown and there is good reason to believe that the gold
ig in intimate contact with the silicon. However, when the silicon sur-
face is coated with an oxide layer, which is the type of surface gener-
ated by some workers during the manufacture of their surface-barrier
detectors, the structure of the gold does not seem t0o be influenced by
the substrate. It is not surprising, therefore, that the evaporated
metal does not control the magnitude of the surface barrier when de-
tectors are fabricated using the oxide inversion technique.

The highly oriented gold films deposited on chemicaliy etched
silicon possess a resistivity greater than the bulk value. Once the
gold films are annealéd they fit~the Fuchs-Sondheimer eqﬁation fairly
well provided the films are continuous (i.e. their thickness is greater
than 100 R)c However, the primary scattering mechanism appears to be
imperfection scattering (1i = 300 ﬁ) and this is readily attributed to
gas or impurities from the vacuum'being trapped in the films and meny
" imperfections being locked in the films due to the condensation process
taking place on 8 cold substrate. An investigation of both the film
structure and the resistivity=-thickness relationship of gold depoéited
on etched silicon held at elevated temperatures could prove that well-

ordered gold-films can be achieved on silicon substrates. The low
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yield of photo-excited carriers across the gold-silicon junction seems
to support the view that the films possess a high imperfection density
compared with films deposited by other workers in ion pump systems.

The photo=threshold plots indicate that the magnitude of the
metal-gemiconductor barrier is 0.79 : 0.01 eV for gold evaporated on
chemically prepared silicon. The change in barrier height with time
was about OFO5 eV over a period of one week and no changes were observed
when the samples were annealed,

A preliminary investigation of the alloyed back radiation
detector showed that the pulse heighf spread due to diﬁde noise was
quivalent to less than 90 KeV FWHM at 100 V. The initial large re=-
verse current of the diodes was interpreted in terms of excess currents
but ‘once the device was stabilised by an oxygen ambient the reverse
current was only slightly larger than that predicted by metal-semi-
conductor junction theory for ¢MS = 0,79 eV. However, if the alloyed
back detector is to be considered as a practical ﬁroposition a more

intense investigation is recommended.
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Appendix A

" Hot Electrons in Thin Metal Films

Whén a photon flux is incident at a ﬁetalwsemiconductor june-
tion the collection of hot electrons is analogoﬁs to photoemission from
a metal into a vacuum.. On the basis ,of thé>copventional Fowler
aﬁalysis(l) the photoresponse, Y, is proporitional pq ﬁk? s'P;)z, Pro-
vided E%§>¥?))= 7)0)§>ET, The basic ideas involved in arriving at this
result are twofold., First, that the electrons within fhe metal obey
Fermi-Dirdc statistics and secondly thdf the number of elecﬁrohs emitted
from the metal surface per absorbed photon of energy hV, is proportional
to the number of eleotrons per unit volume within the metal which have
.8 velocity component u,-normal to fhe surface,‘greater than the critical
value L) such thét |

2
Fm "+ hY = _5253

where @, is the barrier energy measured from the bottom of the conduc-
tion band. | |
The above analysis does not teke into account the origin of
the photocarriers or scattering processes within the metal.
Free electrons do not completely absorb photons without a

third agency being involved. In fact photo-electrons can be generated

(1) R. H. Fowler. Phys: RGV‘O,.E’ Pe 45 (1931)0
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either at the surface of a metal where the surface itself acts as a
source or sink of momenta,or in the bulk of the metal (volume photo~
electric effect) where phonop interact@dn takes place, Provided the
electrons caﬁ reach the surface without undergoing collision processes
then the Fowler relationship still holds. |

Tn the case of the metal-semiconduétor junction there is a
distinct possibility of the excited electrons undergoing elecfron—
electron, electron-phonon or electron-imperfection scaﬁtering processes
before reaching the semiconductor where they are collected. The trans-
port of hot electrons produced by ﬁhotoexoitation in metals has been

(2,3)

discussed elsewhere It is convenient to define the range, L(E),
of hot electrons with energy B relative to the Fermi level, as the elec-
tron attenuation length which characterises the scattering processes

involved in the metal film at that energy.
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(@) ¢, w. Berglund and W. E. Spicer. Phys. Rev., 136, 44, p. A1030 (1964)
(3) R. Stuart, F. Wooten and W. E. Spicer. Phys. Rev., 135, 4495 (1964)
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Consider the case illustrated above in which monochromatic
radiation of frequency Y and intensity IO is incident upon a metal-
semiéonductor junction the thickness of the film beiﬁg W and for which
the photon absorption coefficient of the film, L , is energy indepen-
dent. If multiple reflections in the film are neglected then the photo-

current per absorbed photon Y is given by

hO - )

W
. B fo L Igd.exp,(-cx)exp [—(W - x)/L].dxi,Ed&

W .
)
fo Igtexp.( x)ax.

Bl h(P - vo) expo (=W/T) = expa(woLW:'ﬁ ¢ d
T 1-eXD. (~dW) o (£ = 1/L) | ¢

provided ¢Zl?> AP - \)o)>>l«:T where B and B! are constants and € is the
energy of the state into which an electron is excited measured from

the top of the potential barrier.

If L is relatively energy independent in the region h(? - '90)

then the above equation reduces to:

R e Y ¢

&~ T 1 = exp.(-«W)

1 }
For gold films¥ = 120 8 and L~ 350 £ for WV = 0,95 eV(4), therefore

& L> 1 and if&W > 1, then

(4) R, W. Soshea and R. C. Lucas. Phys. Rev., 138, 4A, All82 (1965).
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These electrons which cross from the metal into the semi-
conductor are the ones whose trajectoriés are within a few degrees

of the perpendicular to the metal-semiconductor interface.
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Appendix B

The Effegt of Temperature on the Threshold Plot

Pirst of all we must consider the photoeﬁission current in
relation to the photovoltaic effect. Ideally one would like to measure
the short circﬁit photocurrent but in practice one masures a photo-
voltage developéd across & load resistor. Secondly we must see how

the magnitude of the photovoltage is affected by temperature changes.

current
diode under illumination
¢ l I i
0
, ; Kyfh.o/c
Iq ,‘//// { voltage
I”l--.‘
Pn| /|
I e !
Ph.s/c ]
/o]
> Ry
Von

Congider the above situation in which a metal-semiconductor
junction is illuminated and the photovoltage is measured across the

load resistor RL‘
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Ph.s/c T + Lo assumlng diode theory

Vo
= 'ﬁz—-+ exp nkT

= v?h.[RL ‘ nkT} prov1ded

Now I

vh<<la

Therefore, with a given diode the neasurenent' of vPh is
directly proportional to the short circuit photocurrent IPh s/c which
we would like to measure., Thé conventional method of arrving at the

above result would be to regard the. photodiode as a current generator,

I I (1 )
o A Ph.s/c
N / 8 /
! ~ I
Y *1,
— MWW
. RL
< Ve =
IPh.s/c +I + I =0and IPh.s/c depends on the incident
energy om™2 sec_l.
Now
’ eV v
Ph) Ph
IS[GXP'(nkT K l] + Ry = IPh.s/o.
For small_VPh
I evPh + .‘.T...ri.l.l. T
s nkT =~ R “Ph.s/c.




B.3

RoRy,

S I
RD + RL

i-eo v =

Ph _P}‘fl‘g S/C N

where RD is the dynamic resistance of the diode at the origin.

Hence, in order to compare the yields at varioﬁs tempera-
tures (provided the illuminating conditions of the diode are the same)
we need to measure RD at each temperature.

For our instruments, RL = input impedance of Brookdeal LA635

=5 x 10° ohm.

Also in the limit at low temperatures RD:$ 10 M ohm, s0

RDRL becomes R

s therefore,
Rp + By,

L

!
Ven = Ry * Ipn, /0.

5
=2 * 107 I s/e.

At room temperature 105< RD<3 X 105 ohm, depending on the

diode, therefore, RDRL ~ 1.3 x lO5 ohm, hence,

RD + RL

V. = 1.3 x 10°

Ph IPh- S/Qo

Thus we appear to get larger ylelds at low temperatures and
this has to be taken into account when plotting the yields for different
temperatures on the same arbitrary scales. -

This effect is illustrated on the I-V characteristic overpage.




vPh is the photovoltage
measured at room
~ ‘temperature.
V.. !'is the photovoltage

current
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diode at room temperature

diode at room tempera-
ture illuminated

Fh measured at low
temperature.

diode at low tempera-
- ture.

!

Ph

— voltage

-7 diode at low tempera-

ture illu@inated.
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