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PREFACE

In recent years semiconductor nuclear particle detectors have found
wide application in experimental nuclear physics. An extensive
research has been devoted to the development of these detectors
after McKay had demonstrated, in 1949, the particle detection
capabilities of reverse-biased semiconductor junctions. Up to the
present, three distinct types of semiconductor detectors have been
in use. Among these the surface barrier and the diffused p-n
junction detectors are the oldest. In 1960 Pell proposed the
lithium ion drift mechanism as a means of producing detectors with
enlarged sensitive volume. Following this technique junctions are
made, in which a lithium compensated intrinsic layer is inter-
mediate between p- and n-type extrinsic regions. Actually, these
p-i-n structure junctions were prepared in silicon and in germanium.
Because of their extremely good energy resolution all of these
junctions have excellent qualifications for nuclear particle spectrom-
etry. The tiny and rigid solid state detectors compete with huge
and expensive magnetic separators. The investigations tobedescribed
in this thesis are concerned with the latter p-i-n type junctions in
silicon, nowadays frequently referred to as Si(Li) detectors. This
work intends to be a contribution to the understanding of ra-
diation induced phenomena inlithium doped silicon, with emphasis
on the knowledge of the underlying solid state fundamentals.

Particle detection is enabled by the ionizing power of the incident
radiation. Free carriers, electrons excited into conduction band
states and holes in the valence band, are collected in the depleted
volume of the junction, which operates as a solid state ionization
chamber. Energy and range of an incident particle determine the
height and shape of the pulse response of a reverse-biased p-i-n
junction. Both the theoretical and experimental aspects of a
particle identification system, based on suitable pulse treatments,
are presented in chapter 2.



In addition to transient ionization effects, energetic radiation
causes permanent damage in the crystal structure and deteriorates
detector performance. Gamma ray damage displays many of the
characteristics of irradiation effects in silicon in general. Such
experiments, in which lithium drifted junctions are made of service
as tools for the investigation of irradiation effects in lithium doped
silicon, are discussed in chapter 3. Silicon, and in particular high
resistivity intrinsic silicon, is a very vulnerable material for irradia-
tion damage. Noticeable radiation induced property changes are
therefore not only brought about in extreme circumstances as -
existing in space or near nuclear reactors, but also in more moderate
radiation environments, in which these radiation detectors find
their place. Lithium drifted p-i-n junctions show very interesting
self-annealing features.

In the establishment of the final stable irradiation defects,
interactions between imperfections, of either chemical or physical
origin, play a dominant role. To understand their behaviour under
irradiation, knowledge of the impurity content of the silicon crystals
is a necessary requirement. In chapter 1 all experiments performed
with the purpose of determining impurity concentrations are
described. In conjunction therewith the method of preparation of
p-i-n junctions is given.

Silicon crystals were obtained from a variety of suppliers, in-
cluding Merck, Sharp and Dome (M), Wacker (W), Texas Instru-
ments (TI) and MonoSilicon (MS). A particular sample is indicated
by a symbol which for instance reads as TI, 2, 3; this designation
identifies slice 3, taken from batch 2, supplied by Texas Instru-
ments. Slices within one batch always showed very similar proper-
ties.



CHAPTER 1

PREPARATION OF P-I-N JUNCTIONS

1.1 Introduction

Starting point for the preparation of lithium drifted p-i-n junctions
are slices of silicon, which have the following approximate proper-
ties. The diameter of the disc-shaped slices is between 15 and 27 mm,
the thickness is about 2.5 mm, the circular shaped surfaces are plane
and parallel. The slices are single crystals; a {111 crystal direction
is normal to the surface. Most of the silicon is doped with the
acceptor impurity boron and has a p-type resistivity between 8 and
100 Qcm. Other impurities have been removed as much as possible;
the number of dislocations per unit area is below 40 000 per cm?,
the oxygen concentration is low, the minority carrier lifetime is at
least 100 ps. The material is obtained from the supplier either
directly in the form of slices or as a bar. From a bar slices are cut
using a diamond saw, the slices are subsequently ground and
polished. The silicon obtained from Texas Instruments Inc., sold
under trademark “Lopex’’, is not zone refined.
The proper experimental techniques followed for the preparation
" of lithium drifted p-i-n junctions have been reported previously?.
No fundamental modifications have been adopted as the procedure
still serves its purpose very well. For reasons of completeness the
present preparation method is summarized in paragraph 1.8. As
mentioned in the preface a good knowledge of the properties of the
base material is required. In the first place this is desirable for a
reliable production of high quality junction detectors. Secondly,
for a quantitative interpretation of the irradiation induced phenom-
ena this information is certainly needed. Therefore a number of
investigations have been undertaken with the aim of gaining insight
into the impurity content of the silicon. These measurements include
determinations of the amount of dislocations, the boron, donor and
oxygen concentrations and the driftability of the silicon. These
measurements are described in the following paragraphs.



1.2 Dislocation density

The dislocation density, defined as the number of dislocation lines
passing through a unit area, is measured by making counts of the
etch pit density, EPD. This method of observing the dislocations
is a reliable one since a one to one correspondence between etch pits
and dislocation lines has been demonstrated by some independent
techniques®3. In our experiments etching solutions according to
DasH* or SIRTLE ® were used. The EPD was determined by averaging
the counts made on five different spots on each side of a slice.
Etching the surface of a crystal may also reveal other structural
imperfections, such as small angle misfits between adjacent parts
of a crystal. Slices showing these gross types of defects were not
used for any further work. Table I lists the results of EPD-values for
material of future interest; figure 1 is an illustration of the results
obtained.

Fig. 1. Left: triangular etch pits on (111) plane, slice Wacker, 2, 6, Sirtle etch,
EPD = 26 000 cm—2, Right: square etch pits on (100) plane, batch Merck, 2,
Dash etch, abandoned material.



TaBLE 1

Etch pit density (EPD) obtained by etch according to DasH ¢) or SIRTLE ®) on
- different silicon slices.

Batch Etch | EPD

_ - ' cm-2
Dash 34 000
M, 7 Sirtle 26 000
TI, 1 Sirtle 500
TIL, 2 Sirtle 1 300
W, 2 Sirtle 24 000
MS, 1 Sirtle 100

1.3 Hall effect

For a determination of the concentrations of the electrically active
impurities in the silicon the Hall effect was measured in a represent-
ative number of slices in a temperature range which extended from
about 20 to 300 °K. For these measurements the method developed
by VAN DER PAuw® was adopted. This method requires no shaping
of samples since our slices are already singly connected and homo-
geneous in thickness. The slices therefore remain available for sub-
sequent experiments. Also in accordance with the prescriptions of
the Van der Pauw method four small contacts were placed at the
circumference of the samples. These contacts are made by evap-
orating four 1 mm wide strips of aluminium on the lateral faces of
a sample. The aluminium is alloyed with the silicon during a 5
minutes 650 °C heat treatment, in this way providing non-rectifying
low resistivity contacts. The contacts are spaced about the same
distance apart around the circumference of a slice. Metal spring
contacts to the alloyed spots suffice for further electrical connection
of the sample. Corrections which are necessary because of the finite
size of the contacts were applied, using the formula given by Van
DER PAuwS.

Figure 2 shows the main part of the measuring equipment. This
sample holder could be inserted in a narrow dewar flask, in which
liquid helium was pumped at the start of each series of measure-
ments. The temperature may be raised above the helium temper-
ature by two bifilar wound heaters. Two identical heaters, in a
symmetrical position above and below the silicon slice, are con-
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‘Fig. 2. Side view and view from above of the sample holder with mounted sample.
s«Components: sample (a), contacts (A, B, C, D), copper block (b), heaters (c),
thermocouple channel (d), insulating mica layer (e) and copper shield tube (f).

structed to minimize thermal gradients. Temperature differences
are otherwise counteracted by the solid copper block, on which the
slice is mounted in good thermal contact with it.

The Hall effect is measured with a stabilized direct current,
always keeping the d.c. power dissipation in the sample below 1 mW.
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An accurate digital voltmeter with high input impedance (Solartron)
is used to measure the Hall voltage. The current is measured with
the same instrument by the 7R-drop produced across a standard
resistor. The strength of the uniform magnetic field is determined
with a rotating coil null-balance technique (Rawson Gaussmeter).
Temperature measurements are performed using a Au-0.03 9%, Fe
vs. Chromel thermocouple? (Johnson-Matthey), calibrated at liquid
nitrogen and liquid helium temperature. One junction of the thermo-
couple is in the near vicinity of the sample, the other junction is
maintained at a temperature between 0.00 and 0.03 °C in a regulated
Peltier cooled icebath (Kaye).

Spurious thermo-electric voltages and Ohmic voltages due to
asymmetric placing of the contacts are eliminated by reversing both
the direction of the current and the magnetic field. Besides this,
the voltage and current contacts are interchanged for each measur-
ing temperature. The Hall voltage is obtained as the average of
these eight measured values.

Any measurement of the Hall effect is affected by the presence
of a number of other transverse effects®® which add a contribution
to the Hall voltage. A survey of the possible effects is presented
schematically in figure 3. The diagram illustrates that an electric
field (in the y-direction) is not only caused directly by a deflection
of current carriers (in the x-direction) through a magnetic field (in

Hall (B,)

Nernst (Bz)

. Pelttier dT
x _— €y

dx

Righi - Leduc (B,)

a

T Seebeck

Y |Thermo-electric
pow!

Ettingshausen (B3)

Fig. 3. Schematic representation of the Hall effect and related thermomagnetic

phenomena. The effects for which a magnetic field is essential are followed by

B, in parenthesis. dT'/dx represents a thermal gradient in the x-direction, dT/dy
similarly in the y-direction.



the z-direction), which is the Hall effect, but also in consequence of
the various thermomagnetic effects. They may be of importance
since in general the thermo-electric power of semiconductors is high.
Nevertheless calculations show that in our case their contribution
to the Hall effect is negligibly small since the high lattice thermal
conductivity of silicon restores isothermal conditions to a sufficient
extent.

The hole concentration p is obtained from the Hall effect using the
next two equations for the Hall coefficient Ry;:

av
R, =_1*1
H™ B’
14
Ry = —.
H pe

The first of these equations expresses the Hall coefficient in terms
of measurable quantities: Vi = Hall voltage, ¢ = current, B =
magnetic induction and 4 = thickness of the sample. The second
equation contains the Hall factor 7, the electron charge ¢ and
finally as the single unknown quantity, the hole concentration in
the valence band . Of course, p is obtained by equating the right
hand sides of the two above equations.

The Hall factor, a quantity near unity, is given by the expression
7 = {2)[{z)?, where 7 is the mean free time between two scattering
events, and the averaging is over the various energy states of the
holes. However, » may not be obtained from this expression with
sufficient accuracy. From experiments it is known that for holes in
100 Qcm silicon 7 = 0.854-0.05 at room temperature?®. To account
for the weak dependence of » on temperature we adopted the
relationship 7 proportional to 7™. The value of # was chosen such
* that constant p was obtained near room temperature. This fixed the
value of # always near —0.2, which is quite reasonable in this
temperature region where lattice scattering is the most important.
At lower temperatures, approximately below 100 °K, the pre-
dominant scattering mechanism is less certain and a justified but
accurate choice of 7 is hard to make. Fortunately at low temper-
atures p decreases exponentially very rapidly making any slow
variation of the Hall factor of less importance.

At room temperature the Hall voltage is measured for three



values of the current ¢, which differ by a factor 10. Also three values
for the magnetic induction B are taken, the highest value being
about 3 times the lowest one. In this way nine independent values
for Ry are obtained, the difference between the extremes being less
than 19%,. From these results it is concluded that the simple
formula for Ry is applicable and that no terms in B2 need to be
considered.

The polarity of the Hall voltage is related to the conduction type
of the specimen. In our case always p-type conduction was observed.

The numerical results of the Hall effect measurements, free hole
concentration p versus absolute temperature T, are analysed using
the following expressions derived in textbooks on semiconductors?:8:

P2 +5 (Rat1a)—14(Ha—1q) = 0
, 3 E)
i o (2

2ﬂmhkT %
ny = 2 (T .

In these formulae % is the Boltzmann constant, # the Planck
constant; #, and #,, are abbreviations, of which %, equals the density
of electron states in the top of the valence band. Apart from these
quantities the equations contain the parameters #, = concentration
of acceptor atoms, #g = concentration of compensating donors,
E, = ionization energy of the relevant acceptor and m, = density
of states effective mass of holes, which may be calculated from the
available experimental information. For this purpose the procedure
described by VAN DAALM was followed. The obtained results were
then used as initial parameters for a least squares adjustment of a
theoretical curve to the experimental points. These calculations
were carried out using the X8 electronic computer of the “Mathema-
tisch Centrum” in Amsterdam, for which a program in Algol 60
was written.

The parameters #,, #4, E, and m,, for which a best fit is obtained,
are the final results of the analysis and are tabulated below. The
values of #, and 7, give the desired information about the purity of
the silicon. The ionization energies as found by the experiments
undoubtedly identify the acceptor with boron, for which a mean
ionization energy E, = 0.0454-0.001 eV is reported in the literature,

9



markedly different from that for other acceptors considering the
errors involved. The hole mass is in reasonable agreement with
other reported values!2.

Temperature T (°K)

15300 100 50 20
10 T 1 I L S L T T

Hole concentration p(em™3)

N
=]
I

] | 1 1 |
109 10 20 30 40 50
100 ¢

Reciprocal temperature

Fig. 4. Hole concentration as function of temperature obtained from the Hall
effect for sample Wacker, 2, 5. Theoretical curve is adjusted to the experimental
points («) by the least squares method.
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In figure 4 a typical example is given of the experimental points,
¢ versus 1/T, and the fit obtained by the analysing procedure
described above.

TasBLE 11

Concentration #, of acceptors, concentration #ny of donors, degree of compensation

na/ns, electron energy level of the acceptor E, and hole mass my, relative to free

electron mass m, as determined for some samples by the temperature dependence
of the Hall effect.

Sample Ny, ng g [Na E, My [
- 104 cm-3 104 cm~3 % meV —

M,7,3 1.62 0.23 14 38 0.33
M, 7, 12 1.55 0.16 10 39 0.36
TI, 1, 4 3.00 1.41 47 40 0.39
TI, 1,11 3.29 1.66 50 39 0.34
TI, 2,1 7.71 0.67 9 41 0.37
W, 2,3 17.6 0.02 0.1 44 0.49
W, 2,5 15.2 0.02 0.1 44 0.51

1.4 Resistivity

Some supplementary information concerning the donor and acceptor
impurities in the silicon is obtained by combining measurements of
the Hall effect and resistivity. For the resistivity measurements
also a procedure suggested by the VAN DER PAuw?® theorem was
adopted. Doing so, the same electrical contacts to the silicon slice
and also identical other equipment, as described in the previous
paragraph on the Hall effect, could be used. In the Van der Pauw
method of measuring resistivity a current is passed through two
adjacent contacts on the sample, for instance A and B (fig. 2),
while the voltage developed across the other pair of contacts, C and
D, is measured. The ratio of the voltage and current values defines
a resistance Vp/t,g, which we call R;. Then an other pair of
readings is taken with the current and voltage contacts all shifted
in the same sense to the next contact. This measurement fixes a
second resistance R,, for example R, = Vp,/igc. If in the silicon
sample the conduction is the same everywhere, then the ratio
R,/R, is a geometrical constant. In our case the slices are nearly
circular shaped and the contacts are placed around the circum-
ference with nearly 4-fold symmetry, as viewed from the middle of

11



the slice. Therefore R, approximately equals R,, the difference
never exceeding 3 9%,. For this case the expression for the resistivity
p, given by Van der Pauw, simplifies to:

_ nd(R{+R,)
B 2In2

In our measuring procedure the current was commuted for each
measurement. This not only eliminates spurious thermo-electric
voltages, but also shows up any unwanted rectifying property of
the metal-semiconductor contacts. Also all allowed permutations
of the current and voltage contacts were taken in each measurement.
Again, the proper result is obtained by averaging the eight measured
values. As for the Hall coefficient, the resistivity also proved to be
independent of the measuring current.

As mentioned above in a uniformly doped sample the ratio R;/R,
is geometrically determined, constant with respect to the temper-
ature. In a sample however, in which the distribution of impurities
is inhomogeneous, the conduction in different parts of the sample
will vary with temperature in a different way. This means that the
current pattern in the sample will vary with the temperature,
yielding a non-constant R; to R, ratio. The constancy of this ratio
as function of the temperature therefore is a measure of the macro-
scopic uniformity of the impurity distribution. In our samples
R,/R, varied less than 3 9%, over the temperature range 20-300 °K.
Unfortunately this result is hard to interpret in terms of impurity
distribution, but comparison with other investigations shows that
this variation is favourably small.

More quantitative information is obtained by combining the
results of the Hall effect and resistivity measurements. This is done
in the usual way by computing the Hall mobility uy as the product
of the Hall coefficient Ry and the conductivity o:

pu = Rgo = ru,,
since
0= pepe.

It is seen that apart from the Hall factor 7, already discussed, the
Hall mobility equals the conductivity mobility u,.. At high temper-
atures the hole mobility is determined by lattice scattering and
its value is known from literature. Taking the modern value

12



e = 475 cm?/Vs (at 20 °C) and as before » = 0.85 (20 °C), a Hall
mobility uy = 404 cm?/Vs is calculated which is in good agree-
ment with measured values. In other words, for the chosen values
of u. and 7, the hole concentration p obtained from the Hall effect
equals p obtained from the conductivity. Since the observed
mobility is typically that for holes, which differs greatly from
the electron mobility, the results in this way again indicate that the
investigated silicon has p-type conductivity.

For low temperatures the electron scattering by phonons is less,
and the scattering by impurities becomes the predominant one.
From the analysis of the Hall effect measurements (Table II) the
donor and acceptor concentrations are already known. These values
may be substituted in the BRooks-HERRING 18 equations to calculate
the ionized impurity scattering. Neutral point defect scattering is
taken into account with aid of the theory derived by ERGINsOY!4.
As is shown in figure 5 the agreement between calculated and
experimentally determined mobility at low temperatures is within
50 9%,. The above description indicates how the presence of impuri-
ties is detected by their influence on the hole mobility. The errors
involved in theory and experiment render it is impossible to obtain
very accurate results by this method.

In table IIT the results are given for the resistivity of some
samples; the net acceptor concentration #n,—n, derived from it
using u, = 475 cm?/Vs and the observed Hall mobility at room
temperature.

TABLE III

Results of the resistivity measurements; resistivity p, net acceptor concentration
7a—n4 and hole Hall mobility at room temperature (293 °K).

Sample p Ng—Ng pa (293 °K)
- Qcm 10*4 cm-3 cm?/Vs
M, 7,12 94.6 1.39 395
M, 7,13 96.2 1.37 398
M, 17,14 94.6 1.39 398
TI, 1, 4 84.3 1.56 404
TI, 1,11 83.3 1.68 395
TI, 2,1 19.9 6.60 393
TI, 2,6 20.0 6.567 392
Ww,2,3 7.94 16.6 385
Ww,2,5 9.16 14.3 386

13
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Fig. 5. Hall mobility as function of temperature for sample Texas Instruments,

1, 11. Curve labelled u is calculated by adding lattice and impurity scattering.
Experimental points: ..

Reciprocal temperature

1.5 Infrared absorption

Another impurity, often present in silicon, is oxygen. This impurity
escapes from a determination by the Hall effect and resistivity
measurements, because it shows neither donor nor acceptor action.
Oxygen in silicon may however be observed by its influence on the
infrared transmission absorption spectrum?s.

Oxygen is normally incorporated in the silicon lattice in the
interstitial position which is illustrated in figure 6. A bond between
two adjacent silicon atoms is broken and two new covalent Si-O
bonds are formed. The interstitial site of an oxygen atom is in the
perpendicular bisector plane of the two neighbouring silicon atoms,
approximately 0.5% 10~8 cm besides the axis joining them. For a

14



non-linear three-atomic molecule three normal modes of vibration:
are easily derived. Considering as a first approximation the Si-O-Si.
molecule formed by the oxygen atom and its two nearest neighbours
as isolated from its environment, also three vibrational modes of
corresponding symmetry type are expected. Since these are all
optically active three fundamental frequencies are expected in the

>

\
—

Fig. 6. Configuration of an oxygen atom (O) in a silicon (@) lattice. Nearest and.
second neighbours are shown projected on two mutually perpendicular planes.

infrared absorption spectrum and are indeed observed. Of them,
the strongest absorption is caused by the asymmetric stretching
vibration »; at a wavelength of approximately 9 pm, wavenumber
¢ &~ 1100 cm™. At room temperature the absorption at frequency
vg due to oxygen is a broad peak superimposed upon another broad
peak arising from excitation of a lattice vibration. On cooling the:
lattice absorption background decreases, as illustrated in figure 7.
Also, as may be seen in figure 7, the oxygen absorption peak narrows.

15



Photon energy (eV)

015 014 013
6 T T T
e
s 4r
]
S -3
5
£ L
S
c
o
a
5 2
L
<
0 ! I

]
1200 1150 1100 1050

Wavenumber ¢ (cm™")

Fig. 7. Absorption spectrum of the vibrational mode v; of oxygen in silicon. Curves

1, 2 and 3 are observed at 293, 77 and 4 °K respectively in quartz crucible grown

sample Philips, 1,1, containing 3.2 X 10'? oxygen atoms per cm?, Curve 4 is measured

at 4 °K on ‘“‘Lopex’’ sample Texas Instruments, 2, 5 contaminated with about
6 x 10'® oxygen atoms per cm?,

and increases in height, it shifts in frequency towards higher o and
structure appears in it. This behaviour is largely explained by con-
sidering also the interaction with the six next-nearest neighbours
of the oxygen atom. In this additional field of point group 3 (Sg)
symmetry the oxygen oscillates about a particular equilibrium
position. The sixfold degeneracy of the vibrational states is lifted
by the tunneling motion between adjacent minima through the
barrier opposing rotation. It seems likely that the observed struc-

16



ture arises from combination bands involving a normal mode
of the Si-O-Si molecule and the ground state energy levels of the
tunneling motion!6-17,

Using the infrared absorption for determinations of the oxygen
concentration it is obvious that in order to obtain the highest sensi-
tivity the measurements should be carried out at low temperature.
In a room temperature measurement it is difficult to separate the
oxygen absorption from the underlying lattice background, whereas
for liquid nitrogen and liquid helium measurements thissubtraction
is much more easily made. The intensity of the absorption, calcu-
lated by taking (etyax— *backerouna) times half-width is assumed to be
proportional with the oxygen concentration. For calibration at room
temperature an absorption coefficient of 1 cm~! corresponding to an
oxygen concentration #, = 3 X 107 cm—3 was used after KAISER!S,
A limit of detectability at liquid helium temperature of 10'® atoms
oxygen per cm® seems to be reasonable.

Infrared absorption measurements were carried out in a low
temperature optical cell. Room temperature measurements were
made using a single beam (Grubb Parsons) spectrometer; more
recent experiments at liquid nitrogen and liquid helium temperature
were performed with a double-pass (Beckmann IR 7) spectrometer.
The slices used for this work obtained optical polish on both plane
parallel surfaces. Corrections for multiple internal reflections were
applied if necessary. In the float-zoned silicon crystals no oxygen is
detectable; the few results, which nevertheless have decisive signifi-
cance, are given in table IV.

TaBLE IV

Concentration of oxygen 7, in some silicon samples as determined at liquid helium
temperature by the infrared absorption of the asymmetric stretching vibration »,

at 1136 cm—1.
Batch Sample Mo

— — 104 cm—3

M7 < 10

W2 < 10
TI, 1,5 70
T1,1,7 80
TI, 2,56 620

17



1.6 p-n Junction characteristics

As an intermediate stage in the preparation of lithium drifted
p-i-n junctions, fully dealt with in paragraph 1.8, a p-n junction
is at one’s disposal. Valuable information is obtained by measuring
the lithium ion drift rate in the reverse-biased p-n junction. This
information not only concerns the impurities present in the silicon,
but also the time constant with which the completed p-i-n junction
recovers after being damaged by an irradiation. In this paragraph,
in the next one, and on a mathematically more thorough basis in the
Appendix, we discuss the results obtained by carrying out these
measurements.

A p-n junction is formed in the originally uniformly doped p-type
slices by diffusing lithium into one side of the slices for some well
defined time at constant temperature from an “infinite’’ source.
During the diffusion time the lithium concentration at the surface
of the slice, #;,(0), is constant and equal to the solubility of lithium
in silicon, as determined by the temperature and external phase.
Under these diffusion conditions the lithium concentration profile
is given by

x
ny; (%) = ny;(0) erfcw )

where erfc is an abbreviation for complementary error function,
D,; is the diffusion constant of lithium ions in silicon, ¢ is diffusion
time, and x is position in the slice relative to the surface x = 0,
where the diffusion started. At some position ¢ the lithium concen-
tration has dropped to a value #;(c) which is equal to the net
acceptor concentration n,—n4 of the original silicon, known from
the Hall effect and resistivity measurements (1.3 and 1.4). The value
of ¢ marks the depth of the p-n junction below the diffused surface,
or, in other words the thickness of the n-type counterdoped region.
The depth c is obtained by solving the equation:

, ¢
ng—nq = ny;(c) = n,(0) erfcm;.

In all our experimental work we adopted the following standard
conditions for the diffusion process: diffusion time ¢ = 300 s,
diffusion temperature 450 °C; consequently: diffusion constant

18



D;; = 6.8%x 1078 cm?/s and solubility #;;(0) = 2x10® cm™3. As a
result a p-n junction depth of 200 to 250 pm, depending on the
resistivity of the silicon, is obtained.

1.6.1 Sheet resistance

As a first check on the diffusion procedure the sheet resistance of the
n-type layer is determined using a four-point probe technique. Our
measuring unit (Fell) consists of four collinear probes equally spaced
exactly 1 mm apart. While pressing the probes firmly on the n-type
side of the slice a current 7 is passed through the two outer pins.
Then the voltage developed across the two inner pins is read. From
these measurements the sheet resistance is calculated as:
nV

® In2:°

Corrections have to be applied to the calculated value if the measure-
ments are not taken in the centre of the slice??, or else if the di-
ameter of the slice is not much larger than the distance between
probes?, In our case no correction for the finite thickness of the
n-type region is necessary 2. The sheet resistance of the n-layer may
not only be measured by the above-mentioned technique, but also
be calculated from the diffusion parameters®. Since each lithium
atom contributes one electron to the conduction process the surface
resistance is wholly determined by the known total amount of
introduced lithium atoms. For our standard diffusion conditions a
sheet resistance of 2.1 Ohm is calculated. This value is always
reproduced within 15 9%, by the four-point probe measurements.

1.6.2 p-n Junction capacity

A second check on the p-n junction, formed by the lithium diffusion,
is provided by the capacity-voltage curve of the reverse-biased
junction. We first derive an expression relating capacity and reverse
voltage. Following PELL22 a power series expansion of the lithium
concentration #;;(x) is made around the point ¥ = c¢. Neglecting
second and higher order terms, thereby restricting ourselves to thin
junctions, the result is

xX—C

ny; (%) = ny(c) (1 - T)'
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in which the quantity L, of dimension length, is introduced by
L = 2D,,t/c. The assumption is moreover made that ¢ > (Dy;t)%.
Subtracting the constant amount #n,—ny = #;(c) of negatively
charged acceptors the space charge p around x = ¢ is given by

X—cC
=— eNy;\C) —.
P Ll( ) L

Substitution into the Poisson equation yields:

d’¢p  dE  eny(c)(x—c)

2 dv L
where ¢ is potential, E is electric field and & = g¢, is dielectric
constant. Integrating this equation two times, subject to the condi-
tion that the electric field is zero at the boundaries of the junction,

results in the following relationship between depleted junction
width W and voltage V:

12 sLV)i
B (enLi ()]
The capacity C of a reverse-biased junction of area 4, defined by

and measured as C = dQ/dV, is closely related to the junction
width, since C = ¢A/W. Therefore our final result reads:

enLi(c)a2)§
12LV ] °

C=A(

A plot of log C versus log V gives a straight line of slope —4%; from
its position L is easily determined. Some remarks concerning the
validity of the results are however to be made.

Comment 1. Already before the capacity measurements are per-
formed some drift motion may have occurred in the junction. This
drift is due to the electric field of the built-in diffusion potential,
which develops, in the cooling stage after diffusion, as soon as the
material becomes extrinsic. The effect is especially important for the
lower-resistivity silicon which becomes extrinsic at higher temper-
ature where the lithium mobility is still large. As a consequence the
impurity distribution in the middle of the junction is affected by
the ion drift and deviates from the assumed linear dependence. In
particular for low reverse voltage the junction width is substantially
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increased, the capacity is decreased. Measurements of the lithium
ion drift rate in such junctions yield erroneous results. This un-
desired effect is remedied as much as possible by rapid quenching
of the samples after diffusion.

Comment 2. For high values of the reverse bias the linear junction
approximation is unvalid, since W is no longer small compared to L.
In practice W may be even a few times larger than L. This leaves us
with the unpleasant situation that our capacity formula may not be
applicable both for high and for low V. Therefore exact calculations
have been made for the complementary error function distribution.
This lifts the restrictions for the high bias region. Since the formulae
for the complementary error function distribution areratherlengthy,
they are presented separately in the Appendix.

Comment 3. Even in the limit W — 0, or V' — 0, where the series
expansion of the complementary error function is allowed, the
above-mentioned formulae after Pell do not give an exactly true
result. Responsible for this disagreement is the assumption
¢ > (Dyt)}, which in reality is not fully obeyed. In the Appendix
it is shown that this is an unnecessary assumption, which may be
removed by replacing L by a slightly modified characteristic length
L*, Calculation of L* requires no more information about the junc-
tion, hardly more work is needed for it, and it makes the formulae
exactly valid in the low bias limit.

At this stage it is possible to compare the measured capacity curve
with the calculated one. The predicted V% dependence is always
found at least for intermediate values of the reverse bias. Also
absolute agreement between measured and calculated capacity is
always within 10 9%,. Experimental details concerning the measure-
ments of junction capacity are given in section 3.3.1.

1.6.3 Lithium drift

Having established a thorough knowledge of the parameters char-
acterizing the p-n junction, we may now proceed to describe the
process of ion drift in the reverse-biased junction. Application of a
reverse bias across the junction sets up an electric field in the de-
pleted region. The force exerted by this electric field on the rather
mobile lithium ions causes them to drift in the p-type direction.
This results in space charge compensation and increase in junction
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‘width. Experimentally this may be monitored by watching the
.decrease of junction capacitance as function of time. A more
«detailed description of the lithium ion drift mechanism, introduced
by Pell, is found in several papers?2? 23 24,

Again based on the linear junction approximation Pell showed
that the following expression for the initial rate of capacity variation
‘holds:

dIn C) _ my(c)epy
( dt /.o 3¢

We prefer to write this as:

dlnC) R
(dt o 37

by introducing the ionic relaxation time 7., given by:

&€
¢ nys(c)epy;

It is clear that a measurement of the decrease of the junction
«capacity as function of time, enables us to determine the ionic
relaxation time 7. Since #y;(c) is known (paragraphs 1.3 and 1.4),
also y;;, the mobility of lithium ions in a silicon lattice, may be
«calculated. By making use of the Einstein relation eD;; = u;; kT
the diffusion constant Dy, is then also known.

In the Appendix the modifications of the above formula, properly
taking account of the complementary error function distribution,
are discussed.

1.7 Lithium-impurity reactions

In this paragraph we continue the discussion about the use of the
lithium ion drift process to obtain information on some impurities
possibly present in the silicon crystals. With the relationships
sestablished in the previous paragraph or in the Appendix, we are
able to derive the lithium ion mobility from a measurement of the
-decrease of capacity of a reverse-biased p-n junction. The lithium
ion drift rate will be slowed down if impurities are present which
‘interact with the lithium ions. For example all our samples are doped
‘with the acceptor impurity boron. The positively charged lithium
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ion may be captured by a negative boron ion in the reaction
Lit4+B~ = LiB. A relatively stable and immobile ion pair is formed.
As an other example the lithium ions may be trapped by oxygen
impurities: Lit+O0 = LiO+. Also in this way the lithium ion is
bound into an immobile complex defect. Carrying out lithium ion
drift in a sample where such impurity pair formation has occurred
results in a reduced drift rate. Only the fraction « of unpaired
lithium ions is able to migrate in the electric field of the junction
region. In the following cases we restrict our considerations to the
impurities boron and oxygen. These are the only two which are
likely to be present in the silicon in sufficient concentration, and
both of them interact with the lithium ions via the above-mentioned
reactions. A measurement of « provides a sensitive method of deter-
mining the presence of these impurities, that is very small amounts
of them are detectable. The information is however not specific as
regards the identity of the impurity.

The formula which relates the capacity variation of the junction
with the lithium ion mobility is strictly valid only at time zero.
Continuing ion drift at a constant junction bias for some time leads
to a slower capacity decrease per unit time. On a merely experi-
mental basis we found that an improved linear dependence upon
time is obtained by considering 1/C2. Plotting 1/C? as function of
time, the experimental points fall along a straight line within experi-
mental error for some prolonged initial length of time. The positive
slope of this line determines the lithium ion mobility. The initial
period extends from time zero to about 0.3 7., where 7. is the ionic
relaxation time introduced in the previous paragraph. In other
words, in the initial time period the capacity decreases from the
p-n junction value at time zero C(0) to about 0.9 C(0). To increase
the amount of data obtainable from the ion drift measurements the
allowed range of 10 9, capacity variation is split into five parts.
In each of these parts the capacity is allowed to decrease by 2 %,.
In this way it is possible to measure the lithium ion mobility in a
number of circumstances. For instance the lithium mobility may be
determined at five different temperatures. Alternatively the drift
rate may be studied as function of time for constant temperature in
cases where time dependence due to ion pairing is noticeable. In
each of the 2 9, parts ten or more capacity measurements are made.
As a consequence the difference between two successive readings
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amounts to only 0.2 %,. In the original p-n junction the capacity is
inversely proportional to the cube root of the junction bias. During
the whole drift procedure this voltage dependence is not appreciably
altered. Therefore, to prevent capacity changes due to reverse bias
changes, the latter is kept constant within 0.05 9, monitored by a
suitable voltmeter (DM 2006, Solartron). Also the temperature
of the junction is maintained accurately at the chosen value,
never deviating more than 0.5 °C from it. Straight lines given by
C()2=a;t+0b;,,1=1,...,5, are adjusted to the values C~2 ob-
tained from the measurements by least squares fitting. By this
procedure a, and b, are fixed. The ionic relaxation time 7 is then
calculated from:

2P

et = 34,0002

where C(0) is the capacity of the undrifted p-n junction, also equal
to the constant b, in the straight line equation adjusted to the first
2 9, capacity variation, and P is the drift rate factor derived in the
Appendix.

As regards the results obtained by the lithium ion drift measure-
ments it is useful to distinguish between four cases, which we now
proceed to do.

1.7.1 Pure crystals

Only small amounts of the impurities boron and oxygen are present
in the silicon crystals. Therefore no interactions of the Li+-O or
Li+-B~ type need to be considered and all the lithium ions are free
to take part in the drift motion. Measurements are performed at
five different temperatures, usually in this case at —10, 0, 410,
+20 and +30 °C. Using the formula given above the ionic relaxa-
tion time is computed. This relaxation time is also calculated from
its defining equation given in section 1.6.3. From the Hall effect
and resistivity measurements the lithium concentration #n;;(c) is
known, the lithium mobility y;; is taken from PELL2:2%7; in all
calculations we substituted &, = 11.8 for the relative permittivity.
Division of the two results yields the fraction « of unpaired lithium
ions, in the case of pure crystals considered here near unity. From
the mobility the diffusion constant Dy is calculated by use of the
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Einstein relation. Adjustment of the results to the theoretical ex-
pression Dy;(T) = Dy exp (—E,/kT) by a least squares method
yields the constants Dy and E,.

Slices taken from the batches Merck, 7 and Wacker, 1 belong to.
this category of pure crystals, although in these 100 Qcm samples
some Lit-B~ ion pairing is still observable. Results obtained on
these materials are listed in table V.

TABLE V

Lithium ion drift results for some pure silicon crystals.

Sample Merck, 7, 12 Sample Wacker, 1, 2
temp l Tmeas | Teale o temp Tmeas l Teale o
°C I hour | hour — °C hour hour —
—10 501 401 0.80 —10 432 372 0.86
0 186 144 0.78 0 165 134 0.81
+10 74 56 0.76 +10 63 52 0.83
+20 30.4 23.2 0.76 +20 27.0 21.5 0.80
+30 12.2 10.2 0.84 +30 11.2 9.5 0.84
Dy = 2.18 X 1073 cm?/s Dy = 1.84x10-3 cm?/s
E, = 0.66 eV E, = 0.65eV
R.M.S.-error = 3.6 %, | R.M.S.-error = 0.9 %,

1.7.2 Crystals containing much oxygen

The crystals contain no appreciable amount of boron, but are rather
strongly contaminated with oxygen. This situation holds for slices
from Texas Instruments, batch 2. Oxygen was detectable in these
crystals by the associated infrared absorption at wavelength 9 pm
as described in paragraph 1.5 and was found to be present in a con-
centration near 6 x 10'¢ atoms per cm?® (Table IV). This amount is
so large that the time constant to reach equilibrium in the reaction
Lit+0 = LiO*is small compared to the time of the measurements.
Again therefore theion drift measurements are done at some different
temperatures in each of which a drift rate corresponding to equi-
librium conditions is found. In table VI the fraction of unpaired
lithium ions derived from these measurements (opeqs) 1S given
at the relevant temperature. A reaction constant K is defined by
K = ny 4 mnp/n 0+, where equilibrium concentrations are to be substi-
tuted. Using for this reaction constant the values obtained by PELL?®
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the amount of oxygen is calculated from the observed opees. The
average of these results is taken as the most probable value for the
concentration of oxygen and is given in the table. Working back
from this oxygen concentration « is calculated (x.y;,) and compares
then quite nicely with the observed values.

TaBLE VI

Lithium ion drift results for crystals containing much oxygen.

Sample Texas Instruments, 2, 1 Sample Texas Instruments, 2, 6
temp Omeas Xeale temp Xmeas Xeale
OC —_— —_ OC — —
+10 0.013 0.014 +10 0.017 0.016
+20 0.029 0.026 +20 0.032 0.029
+30 0.042 0.044 +30 0.047 0.050

+40 0.081 0.080

+ 50 0.123 0.123

+ 60 0.171 0.180
ny = 480 x 101 cm—3 | ny = 420 x 1014 cm—3

1.7.3 Crystals containing some oxygen

Again the concentration of boron is assumed to be so low that no
interactions involving boron are of importance. Oxygen is however
present in the silicon but in such a small amount that this case is
intermediate between the cases 1.7.1 and 1.7.2 considered before.
The time constant for reaching equilibrium in the LiO+-complex
forming reaction is now comparable to the time needed to perform
a lithium ion drift experiment. This situation is believed to hold for
Texas Instruments, batch 1, crystals.

To exploit the specific possibilities offered by this situation the
following measuring procedure was adopted. Before starting the
measurements the junction was kept for a sufficient time at 7, = 20 °C
to allow the defect interactions to equilibrate at this temperature.
Then the first drift rate measurement was performed yielding a
result proportional to «(20 °C)u;;(20 °C). Following this the
temperature of the junction is suddenly raised to 7, = 40 °C.
After having stabilized this new temperature the capacity measure-
ments are immediately continued. Initially the drift rate is propor-
tional to «(20 °C)u.;(40 °C) but gradually it increases as more
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lithium becomes unpaired at higher temperature. Finally the drift
rate is determined by «(40 °C)uy;(40 °C). The time to reach these
equilibrium conditions is somewhat smaller than the time still
available to cover the remaining allowed 8 9, capacity variation.
From the first drift rate measurement and the final slope of the
second series the fraction of unpaired lithium ions in equilibrium at
respectively 20 °C and 40 °C is known. In the same way as described
in case 1.7.2 the oxygen concentration is calculated from these data.

The first part of the second series of measurements demonstrates
the variation of « with time at 40 °C and determines the time
constant 7y;4+ involved in the LiO+-formation. A theoretical expres-
sion for this time constant reads as?®:

1
4‘”{(”Li+n0+K)2—4”Li"0}£DLiR .

Trio+ =

In this expression #;; is the total concentration of lithium ions,
either present as Lit itself or as LiO+. The oxygen concentration #,
is also known as explained above. In case 2 of this paragraph the
reaction constant K was already introduced. D;;, the diffusion
constant for lithium ions in a silicon lattice, was the result of the
measurements discussed as case 1. Therefore R, the capture radius
within which a diffusing lithium ion is trapped by an oxygen atom,
may be calculated. Two experiments of this kind were performed in
junctions with different value of reverse bias V. In two other
experiments the LiO*-pairs were nearly completely dissociated
during some minutes at Ty = 80 °C, whereafter the return to equi-
librium at lower temperature was studied. They all yield as result a
capture radius of more than 10X 108 cm. For a capture process
lacking the long range attracting forces of electrostatic nature this
is a surprisingly large value. In our view it is however reasonable to
assume that the higher values for the oxygen concentration as
determined by infrared absorption (table IV) are correct. Sub-
stituting these concentrations into the formula for 7;;,+ reduces all
results for the capture radius to the more probable value of about
5% 10-8 cm. The discrepancy in the determination of oxygen concen-
trations by the infrared absorption and the lithium ion drift rate
measurements is attributed to the use of a wrong value for the
reaction constant K in the analysis of the latter experiments. Some
data pertinent to the measurements are collected in table VII.
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TaBLE VII

Lithium ion drift results for crystals containing some oxygen.

Sample TI, 1, 11 | Sample TI, 1, 8 | Sample TI, 1, 3
T, = 20 °C | o = 0.28 | T, = 80 °C | o = (0.940.1) | T, = 80°C i a = (0.940.1)
Te=40°C] e = 0.48 |Te=30°c] e = 0.35 |:re=20°c\ oo = 0.31
np = 36 x 1014 cm—3 ng = 41 x 1014 cm-3 | o = 29 x 1014 cm~3
TLio+ (40 °C) = 1400 s TLio+ (30 °C) = 3900 s TLio+ (20 °C) = 7800 s
R =11x10"%cm R =10x10"%cm R =18x10"8%cm
V=90V V=9V V=9V
W = 42 pm W = 18 pm W = 18 pm
Enmax = 32 000 V/cm Emax = 8000 V/em Enmax = 8 000 V/cm

1.7.4 Crystals containing much bovon

A considerable amount of boron is present in the crystals. Slices
from Wacker, batch 2, with a resistivity of 8 Qcm and accordingly
a boron concentration of 16 x 104 atoms/cm? are probably in this
category. Concerning this type of interaction there should be no
uncertainty at all since lithium and boron concentrations are accu-
rately known from the Hall effect and resistivity measurements and
the equilibrium constant of the reaction may be taken from liter-
ature. However, as regards the latter quantity contradicting
evidence exists.

The first data on this subject were published by KRGGER3® and
were obtained from an analysis of PELL’s3 lithium ion drift
measurements in a heavily boron doped junction. Using these
results we calculate for our samples of Wacker, batch 2, a fraction «
of unpaired lithium ions of 0.42 at 20 °C. Experimentally we find at
this temperature « = 0.24. Therefore we conclude that at least the
greater part of pairing is due to LiB-formation. Some additional
pairing due to oxygen may still be present and account for the
difference between observed and calculated pairing fraction. This
however is not necessarily so since considering all the errors involved
in analysing the data the difference may be insignificant.

On the other hand, more recently, SPITZER and WALDNER32
derived values for the reaction constant from an infrared study of
the intensity of some vibrational modes of boron and the LiB-
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complex in a silicon lattice. Their values are about a hundred times
larger than the former results. According to Spitzer and Waldner’s
results only one percent of the lithium ions in our Wacker, batch 2,
samples will be trapped in a LiB-complex. In this case the observed
pairing is entirely to be ascribed to LiO+ formation. To enable this
the crystals should contain 5x 10'® oxygen atoms per cm3. This
amount of oxygen, which was not detected by infrared absorption
(table IV) although being above the detection limit, is probably not
present in these float-zoned crystals.

To obtain some more information concerning this problem we
performed an experiment in which the time constant to reach
equilibrium in the pairing reaction was measured. Such an experi-
ment may provide useful information since the capture radii of the
two possible reactions are quite different. In case 1.7.3 we found for
the Li+-O reaction a capture radius of about 5x 10~8 cm. Substitut-
ing the present values in the formula for 7,4+, already mentioned
in case 3, a time constant of 5.8 hours is predicted at a temperature
of 20 °C. For the Li*-B~ reaction the capture radius is much larger
owing to the long range electrostatic attraction between these
oppositely charged ions. The value of this Coulomb capture radius
is known from theory?32 to be 48 X 1078 cm at 20 °C in silicon. Using
a similar expression as before we expect the time constant 7z
to be 1.7 hours at 20 °C.

A decisive choice between these two possibilities was obtained by
carrying out the following experiment. A junction was heated to
80 °C for nearly 10 minutes. After this heat treatment, during which
all pairs have become dissociated, the junction was rapidly cooled
to 20 °C. The ion drift rate was then measured as function of time.
It was found, as illustrated in figure 8, that the fraction « of free
lithium ions dropped from an initial value of 0.77 to a final value of
« = 0.24. In a second experiment the initial high and final lower
equilibration temperature were chosen to be 70 and 10 °C respec-
tively. The curves of a« versus time were analysed to obtain values
for the time constant. Some complication is added to these analyses
by the fact that the deviations from equilibrium are not small.
Therefore no simple exponential decay to equilibrium occurs, but
instead also initial concentrations are involved. Carrying out the
analyses for the two possible cases we find our data much more
consistent assuming the Li+-B~ pairing to play the dominant role.
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We therefore arrive at the conclusion that the observed ion pairing
is well accounted for by the presence of the boron impurities and
that the oxygen concentration will be much less than 5x 108
atoms/cm3. The equilibrium constant of the reaction Lit4B~+LiB
as published by KROGER® and PELL3! explains our experimental
results rather well, the value obtained by SPITZER and WALDNER32
does not seem to be applicable.
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Fig. 8. Fraction a of unpaired lithium ions changing with time due to lithium-

impurity complex formation. Sample Wacker, 2, 9 is equilibrated at 20 °C after

being heated for 10 minutes to 80 °C; sample Wacker, 2, 11 is heated to 70 °C
during 3 minutes and equilibrated at 10 °C.

1.8 Preparation method

In the previous paragraphs it was described how some studies were
made concerning the impurity concentrations in silicon crystals.
The method for preparing lithium drifted p-i-n junctions starting
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from this basic silicon is given in this paragraph in conclusion of
this chapter. Mainly the experimental aspects of the preparation
techniques are described, which is easiest done by dealing separately
with the three distinguished regions of the junction.

1.8.1 Contact to the p-type region

A silicon slice with the dimensions and general properties as given
before is first washed to remove surface contamination in a syn-
thetic detergent, water, methanol, trichloroethylene, methanol and
water succesively. All chemicals are of pa-grade; the water is
deionized and doubly distilled in quartz apparatus (Heraeus) and
has a conductivity less than 0.8 pS. To remove surface damage due
to foregoing mechanical treatments like sawing and grinding, the
slice is subsequently etched. This is done in an etch liquid of com-
position HF (40 9;) : HNO, (fumans) = 1 : 10 during 5 minutes.
After having added the same amount of HNO; the etching is con-
tinued for another 10 minutes. During the etching the liquid is kept
in continuous movement by shaking or stirring. The etch is prepared
about 30 minutes before use and cooled by surrounding the poly-
propylene etch beaker with ice cubes. Etching is stopped by pouring
water into the beaker.

Aluminium is deposited onto one of the circular sides of the slice
by evaporation in a vacuum. The dimensions of the aluminium
covered area are defined by a lucite mask. A thickness of the
aluminium layer around 1 pm gives satisfactory results. The amount
of aluminium to be evaporated is easily calculated from the geom-
etry of the experimental setup.

To produce a low resistance non-rectifying contact the aluminium
is alloyed with the silicon during 5 minutes at 650 °C. The slice lies
down on a graphite strip inserted in the quartz tube resistance
heated oven. About 1 l/min of pure nitrogen is led through the
oven during the alloying treatment.

A check on the behaviour of the contact is afforded by the four-
point probe measuring technique. A low sheet resistance, R;a0.03 Q,
is then always found in agreement with the value to be expected.

1.8.2 The n-type layer

Lithium is introduced into the other side of the slice by diffusion.
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A thin layer of a lithium in oil suspension (Lithium Corporation of
America) is painted on this side. This layer is dried by driving off
the oil at a temperature of 250 °C during 20-40 minutes in an argon
atmosphere. For that purpose the slice is brought into a quartz
tube laying on a graphite strip. Around the quartz tube a SnO,
resistance coated pyrex tube is slid by which this section of the oven
is heated. Through this transparent construction the drying of the
suspension is easily observed. After a dry looking surface is obtained
the slice is shifted further into a second section of the quartz tube
which is kept at 450 °C by a conventional wire wound heater. Here
an n-type layer is created in the silicon by a 5 minutes diffusion.
Immediately after diffusion the slice is quickly cooled down,
quenched sometimes, to room temperature. Remaining rests of
lithium are washed off in methanol and water. The diode is now
ready for measurements of the sheet resistance of the lithium doped
layer, the junction capacity and drift rate as fully described in the
paragraphs 1.6 and 1.7. To improve the electrical contact to be
made with the n-type region sometimes an aluminium layer is
evaporated on top of the lithium area.

1.8.3 The Lithium drift process

Before starting the lithium ion drift process the diode is washed
according to the earlier mentioned standard procedure. The whole
aluminium contact and the central part of the lithium doped region
are covered with Apiezon wax (black wax), which is dried for at
least three hours but by preference overnight. In an etch liquid of
composition HF (40 %) : HNO; (fumans) : CH;COOH (100 %) =
2 :2: 5 the edges of the diode are then etched during 15 minutes.
After etching is finished the Apiezon wax is removed by solution
in toluol and the slice is further washed in methanol and water.
Then the slice is mounted in a steel holder with a spring contact
pressing on the n-type surface. Lithium ion drift is carried out in
a rapidly stirred bath containing silicon oil MS 200, viscosity 100 cS.
The temperature of the oil is measured and controlled by a switching
thermometer at 100-120 °C. Thermal contact between sample and
oil bath is improved by mounting the sample with its p-type surface
on a larger metal disc. To avoid thermal runaway the power
dissipation in the diode is kept below 2 W by suitably choosing
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drift temperature and reverse bias. A reverse bias between 100 and
500 Volt is used. The achieved thickness W of the intrinsic region is
calculated from the known drift temperature and bias V by the
formula:

WE—W? = 2au,,V (ty—t).

(W, is initial thickness of the intrinsic region, W, is final thickness,
o is fraction of free lithium ions at the drift temperature, p; is
lithium mobility at the drift temperature, V is drift voltage, {,—¢,
is drift time). For intrinsic regions of the usual thickness no apprecia-
ble errors are introduced by applying this formula also for the
early stages of the drift process. An independent determination of
junction width is obtained by capacity measurement and use of the
relation W = gA/C. Junctions for irradiation studies were usually
made with an intrinsic thickness of 1 mm. For this purpose the
above-mentioned methods of thickness determination were ade-
quate. These methods were however unsufficiently accurate for
junctions to be used as particle detectors. In general these junctions
had to be made with a very thin remaining p-type layer. The
thickness of this window is best determined by probing the surface
with a-particles from a radioactive source. Some details of this
method are given in section 3.3.5.
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CHAPTER 2

PARTICLE IDENTIFICATION BY PULSE SHAPE
DISCRIMINATION

2.1 Introduction

Lithium drifted p-i-n junctions have been developed in recent years
with the prime aim of using them as nuclear particle detectors.
Because of the large junction width they have a large sensitive
volume and are capable of stopping high energy particles such as
50 MeV protons. In this chapter some work is presented which
illustrates the application of lithium drifted p-i-n junctions in
silicon as nuclear particle detectors. A method is described by which
not only the energy is determined of the particle incident upon the
detector, but also its nature. In the case considered the identifica-
tion is between protons, deuterons and a-particles in the energy
range 5-50 MeV.

A lithium drifted p-i-n junction essentially consists of three parts,
which are:

a) a low resistivity p-type, boron doped, region;

b) a highly compensated region, which is intrinsic at room
temperature;

c) a low resistivity n-type, heavily lithium doped, region.

In a reverse-biased p-i-n junction the entire voltage is developed
across the high resistivity intrinsic material, which thereby is the
sensitive part of the detector. The p- and n-type boundary layers
have the mere function of providing low resistance contacts. A p-i-n
structure counter is the solid state analogon of the gasfilled ion-
ization chamber; they both act on the principle of collecting charge
created by ionization. A few important differences between these
two detectors are the energy needed for the creation of a charge
pair, the mobilities of the free carriers and the density of the
stopping medium.

An ionizing particle, incident on the semiconductor detector,
creates electrons and holes in the detector material. These free
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carriers are separated by the external field, inducing by this a
voltage pulse on the electrodes. The rise time of this signal will
depend on the time needed for charge collection. This in turn
depends on the distance to be traversed by the free charges, as
determined by the initial charge carrier distribution. This means
that the range of the incident particle will determine the pulse rise
time. Some quantity indicative for the particle range may therefore
be derived from the voltage pulse.

On the other hand the final pulse height is proportional to the
energy lost by the particle in the detector. In the voltage pulse
therefore information is contained about both the energy and the
range of the particle. Since the nature of a particle is uniquely
determined by these two quantities, an adequate pulse treatment
may reveal the particle type.

The next paragraph gives a theoretical pulse shape analysis;
the result shows the dependence of signal height on time and range
or energy (fig. 9). In paragraph 2.3 the method used for particle
identification is discussed. Beam arrangement, detector properties
and electronic equipment are described in paragraph 2.4. The next
paragraph gives the experimental and calculated results, while a
discussion of these and some supplementary results concludes the
chapter.

2.2 Pulse shape analysis

A list of symbols used in this paragraph is given with their defini-
tions:

% : position coordinate along the detector axis, x = 0 at the
detector surface (fig. 12);

W : thickness of the intrinsic region of the detector;

R : range of the incident particle in the detector, i.e. range in
silicon;

p : reduced range, p = R/W;

a, b: constants appearing in the range-energy relation;

V : reverse bias of the detector;

F : electric field in the sensitive detector region, F = V|W;

Ue : mobility of electrons in silicon;

uy - mobility of holes in silicon;

v, : drift velocity of the electrons during their collection, v, = e F;
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v, : drift velocity of the holes during their collection, v, = uy, F;

t : time;

Iy : transit time of electrons through the detector, #, o = W2/u,V;

T : reduced time, 7 = ¢/t o; ‘

E, : energy of the incident particle;

E,4 : energy loss of the particle in the detector;

E, : pulse height due to the motion of electrons;

E, : pulse height due to the motion of holes;

g : reduced pulse height due to the motion of electrons,
ge=E,[Ey;

g, : reduced pulse height due to the motion of holes, &, = Ey/E;;

& : reduced total pulse height, & = g,+&,.

It may be noticed that the same symbol E is used for pulse height
and energy. This is justified by the fact that pulse heights represent
an energy and occur only properly normalized to the energy scale.

In the derivation of the pulse shape formulae several assumptions
have to be made, which delimit the validity of the results. Preceding
the actual derivation of the formulae these assumptions are given
below:

a. The mobilities of electrons and holes are independent of the
electric field.

b. The electric field is constant over the whole intrinsic region.
By this assumption, and also by the range-energy dependence which
we will use, the present analysis differs from those given by Tove
and FALKk3 for the p-n junction detector.

c. Particles are incident upon the detector on the p-side. This is
the electrically negative side of the reverse-biased junction, towards
which the created holes will move (fig. 12).

d. Allincident particles are directed perpendicular to the detector
surface. The particle trajectories inside the detector are parallel to
the electric field. This situation is usually not met with in the work
with the ionization chamber.

e. A contribution to the signal, arising from holes, which have
diffused from the insensitive n-type region at the back of the
detector to the intrinsic region, can be neglected.

f. There is only a very thin insensitive p-type layer, window layer,
in front of the detector. No contribution to the signal from diffused
electrons is taken into account.
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g. During the collection process no charge is lost by recombination
or trapping.

h. The original charge distribution is not disturbed by diffusion.

i. An empirical range-energy relation R = aE} holds sufficiently.

J- e = 3 py.

The derivation of the pulse shape formulae proceeds along the
following lines. A charged particle entering a semiconductor detector
looses its energy mainly by the creation of electron-hole pairs. The
mean energy spent for the creation of such a pair, is independent of
the particle energy. This implies that the density of the charge
distribution along the particle track will be proportional to the
energy loss of the particle per unit length.

The energy loss per unit length dE/dx is derived from the range-
energy relation of the particle in silicon. In thisanalysis an empirical
relationship of the type R = aE} is used, which leads to the
following expression for dE/dx:

dE 1

dx @' (R—x)®-Dpp

The value of b may be determined from the slope of measured range-
energy curves plotted on log-log paper. In the actual calculations
for protons, deuterons and a-particles with energies between 5 and
50 MeV the value b = 1.73 was considered to be the best. The
constant a was then found to have the value ¢ = 12 for protons,
a = 7.23 for deuterons and @ = 1.09 for a-particles. This yields the
following range-energy relations:

protons: R =12 E}'®,
deuterons: R = 17.23 EI™,
a-particles: R = 1.09 E}-*®,

The electron-hole pairs are all created, within a very short time,
at ¢ = 0, when the particle is stopped in the detector. Because of the
external field F, the holes created in the intrinsic region acquire a
constant drift velocity v, = up, F = p, V/W in the direction of the
negative p-type front layer. The holes created at x = 0 are the first
to reach the front electrode at ¢ = 0; the last ones, which are
created at the end of the particle track x = R, arrive at the electrode
att = RW/u,V. All electrons will move with constant drift velocity
Ve = ue F = u,V|/W towards the positive back contact. The first
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electrons reach this electrode at the time ¢ = W(W—R)/u,V. The
last electrons which arrive at the electrode, are created at the
position x = 0. These electrons have to traverse the entire detector
thickness W, which requires the electron transit time ¢, , = W2/u, V.

In course of their collection process the electrons and holes are
separated, causing a change in space charge distribution. A sudden
«decrease of detector bias will be the result. This decrease will be of
transient character since ultimately the created charge is taken up
by the detector voltage supply. In other words, by the separation of
electrons and holes charge is induced on the detector electrodes.
The amount of charge induced by one electron-hole pair, expressed
in units of electronic charge, is equal to the separation of the
electron-hole pair, expressed as fraction of the junction thickness .
The total pulse height at time ¢is obtained by integrating from ¢ = 0
to that time the contributions from all electrons and holes.

Results of these calculations are given below. Although the
preceding text is restricted to the case of particles which are stopped
in the detector, calculations have also been made for more energetic
particles which pass through the detector, loosing only part of their
-energy in the detector volume.

For the case R < W the results are:
‘Signal from the electrons:

—R
Oétéw: e=E1'”th
HeV w2
—_ 2
wWw R)étéW
eV teV
U Vi b R w ,uth)‘b'H’/”
E,=E —_ el - — 4=
¢ ‘{W2 b+1W( R RW :
w2 b R
<t i E,=E{{1— ——]).
V=" e l( b+1W)

‘Signal from the holes:

' (b4+1)/b
0<i< ™. Eh=E1L£{1—(1—~th) ¥ /;
unV bW RW
RWét E, — E, b R
wV b1W
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These formulae can be presented more concisely after the intro-
duction of appropriate scales for the variables time, range and pulse
height. The time ¢, relative to the electron transit time W?2/u,V,
is denoted by 7 and called reduced time. Assuming g, = 3u,, the
hole transit time W?2/u,V is given by the reduced time v = 3. A
reduced range is defined by p = R/W. Reduced pulse heights for
electrons and holes respectively are given by e, = E,/E, and
en = Ep/E;. Also for particles penetrating through the detector they
represent the pulse height relative to the pulse height corresponding
with the incident particle energy. In the general case ¢ is a function
of T and p.

For the case p = 1 the results are then:

Signal from the electrons:

0=St=1—p: gg=71

b 1—7\ ®+1/?
l—p=s7t=1 =7——pfl ——
pP=T= e =T b+1P( B )
1= =1 b
T £ el

b 7\ (417
. b
8h—b+1p.

The pulse shapes of particles which pass through the detector are
calculated by the same method. For this case, where p = 1, the
results are:

Signal from the electrons:

b 1—7)\ (e+1)/0 1 (b+l)/bl
0=r<1: sezr———p{(l——) ——(1——) J

b+1 P [2
b 1\ (o+1)/b
lg . =1—— 1 — 1—-— .
=7 e b-l—lP{ ( p) }
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Signal from the holes:

1\ 1/ b (v+1)/b
0<7<3: ¢ =—f(1_-) 4+ {1-(1—53) }

3 P b+1 P,
- b 1 1 (b+l)/b 1 I/b
= . = e —_ 1 — - ] — - .
s=T ‘ p{b+1+b+1( p) ( p) }

Since the boundary values for the validity of the latter formulae
do not depend on the particle range, in contrast with the case p < 1,
the formulae for ¢ and & may be added to give the total pulse
height. Some simplification arises therefrom; for instance when
7 = 3 the result becomes:

1\1/b
p=1, T=3: £=1—(1——) ,
P

fi-sfi- )

In the actual calculations the value & = 1.73 was substituted in
the formulae. Only the variables = and p are then left; = defines the
time, while the pulse shape is determined by p exclusively. The
results, as presented graphically in figure 9, were obtained by means
of the computer X1 of the “Mathematisch Centrum”, which was
programmed in Algol 60.

In the figures 10 and 11 some pulses experimentally recorded as
oscilloscope traces are reproduced. Unfortunately these had to be
touched up because of lack of contrast in the original pictures. A set
of five pulses, originating in deuterons with energies between 4 and
25 MeV, is shown in figure 10. Figure 11 gives a few pulses from
a-particles with energies between 25 and 50 MeV. The behaviour of
the pulse shape verifies the predictions based on the p-values and
the curves presented in figure 9. A comparison between the deuteron
and a-particle pulses at 25 MeV demonstrates clearly that different
pulse shapes belong to particles of the same energy but of different
range.

which implies:

2.3 Particle identification method

The nature of a particle is determined by specifying its range and
its energy. Particle identification is therefore possible in principle,
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Fig. 9. Calculated pulse shapes for radiation incident normally on the p-side of a
p-i-n detector. The curves are labelled with the relevant value of the reduced range.

since the voltage pulse, produced by the particle in the detector,
contains information about both these quantities. The final pulse.
height, always reached at = = 3, is proportional to the energy lost
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Fig. 10. Oscilloscope pictures of deuteron pulses. Particles are incident normally
on the p-side of the p-i-n detector. W = 2250 pm, V = 42V, ¢ o = 0.72 ps.

Deuteron energies: 4, 9, 14, 18 and 25 MeV; corresponding p-values: 0.04, 0.14,
0.32, 0.49 and 0.86.
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Fig. 11. Oscilloscope pictures of a-particle pulses. Particles are incident normally

on the p-side of the p-i-n detector. W = 2250 pm, V =42V, {4 ¢ = 0.72 ps.

a-Particle energies: 25, 27, 36, 50 and 51 MeV; corresponding p-values: 0.13, 0.15,
0.25, 0.43 and 0.44.

in the detector, while, as is shown in the preceding paragraph, the
pulse shape depends on the range. In the particle identification
method which we adopted, the pulse height at a fixed time during
the pulse rise time, is used as the range dependent quantity. Some
considerations concerning the choice of this fixed time, called ¢,
are:

a. The pulse height for any v =1 is not able to discriminate
between p-values in the range 0 < p < 1 (fig. 9a).

b. For all times 0 < 7 < 1 the pulse height depends on p.

c. At the time 7 = 0 the slope of the pulse shape curves, (de/dz)

r=0»
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is equal to %, for all p = 0. For 7 near zero, the pulse height varia-
tions with p are consequently small.

For the purpose of particle identification the region of primary
interest centres around 7 = £, where the pulse height is most sensi-
tive to the reduced range p. This region is drawn on enlarged scale in
figure 9c. One arrives at the same conclusion by examination of
figure 19, which gives the dependence of ¢ on p, for various values
of 7.

The particle identification depends on the pulse height at the
time ?,, abbreviated to E;. A two-dimensional display of E;
versus the measured energy E, shows the particle identification by
giving separate curves for the different particle types. However,
the differences obtained in this way are relatively small. The
following procedure yields some improvement. If the dependence of
¢ on p is neglected for the moment by taking as an approximate
average the curve for p = 0, the relation E;; = 7., Eq4 is valid in the
time period 0 =< 7 =< 1 which is of our interest. Thus subtracting
aE4 from E,, the quantity E,—aFE, is introduced. By choosing
o = 7., this quantity is exactly zero for p = 0, but also in the real
situation p # 0 it tends to zero. Since the differences for the various
particle types are unaffected by the subtraction, the relative differ-
ences are increased. In the experimental work this method was
followed.

2.4 Experimental arrangement
2.4.1 Beam arrvangement

The experiments were performed with the synchrocyclotron of the
“Instituut voor Kernphysisch Onderzoek’’, which at the time of this
research was able to accelerate deuterons to 26 MeV and a-particles
to 52 MeV. Most experiments were done with a beam made up of
deuterons and a-particles simultaneously. High energy protons were
produced in the reaction 12C(d, p)*3C which yields protons of nearly
29 MeV at small scattering angles, since the energy release Q of the
reaction is +2.72 MeV. An absorber with a step by step varying
thickness, drawn schematically in figure 12, is placed in front of the
detector. The various groups of degraded energies, obtained in this
way, can be observed in the figures 14 to 18.

43



- +
i s
'15 oy
— '
’ 2250 um
10 pm—l _J#—150 um O RW X

Fig. 12. Schematic representation of the collimator, absorber and detector arrange-
ment. Some quantities related to the detector are also illustrated.

2.4.2 Detector properties

The detector is made from a Merck, batch 1, silicon slice according
to the recipe described in reference 1 and paragraph 1.8. Some
particular data concerning the detector used are:

a. It has a circular sensitive area of about 3 cm?2 The beam is
collimated by the absorber on a square area of 5x5 mm? in the
centre of this circle.

b. The thickness of the window in front of the detector is deter-
mined by measurements with the 6.06 and 8.78 MeV a-particles
emitted by a 22Pb-source. After applying a correction for the
diffusion contribution to the pulse height the window thickness was
found to be (10L£5) pm.

c. At all reverse voltages used in the experiments the intrinsic
thickness of the detector is (22504-50) pm. Deuterons and
a-particles are stopped in the sensitive volume, while protons
with energy above 20.5 MeV pass through it.

d. The thickness of the insensitive n-type region at the back of
the detector is (1504-50) pm.

e. During the experiments the detector was cooled to a tem-
perature given by (—204-20) °C. The temperature was not kept
constant very well. Typical values for the current of the cooled
detector are 0.015, 0.03 and 0.06 pA at reverse voltages of 42, 84,
and 126 V respectively. The noise generated in the detector is small
compared to the electronic contributions to the noise.
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2.4.3 Electronic equipment

A block diagram of the electronic arrangement is given in figure 13.
Of course, the functional units included in this scheme follow closely
the method set out in paragraph 2.3.

P oy
e l_lmmn:nl._lsm: H__l_

VERT.
PULSE TWINKLE
cENERATOR) INVERTER —E
HOR,

SHAPING
NETWORK

Fig. 13. Block diagram of the electronic equipment.

The voltage signal, originating in the detector, is led to a pre-
amplifier, which has a linear characteristic up to high frequencies
to avoid distortion of the pulse shape. The first stage, a cascode
amplifier consisting of two E810F tubes, is made charge sensitive
by feedback through a small capacitance. Further amplification is
obtained in a second stage in which transistors of the type 2N769
are used. The preamplifier in whole has a rise time of less than 6 ns.

In the lower line of the block diagram the treatment of the energy
loss pulse Eg4 is represented. The shaping network symbolizes a
single differentiating network with a time constant of 10 ps, which
improves the energy resolution by suppressing the low frequency
noise. The signal E4 provides the horizontal bending of the twinkle-
box beam.

In the upper line of the diagram the signal E, is formed by delay-
line clipping of the preamplifier output pulse at the time#,,. In this
way the signal E,, is made equal to the pulse height at ¢ = ¢,
in accordance with its definition.

In the adding circuit the pulses E,, and inverted E4 are mixed
to form the signal Eq—aexp Eq. The parameter aqy,, determining
the relative weight of the two mixed signals, is continuously variable
over the required range. The signal E,, acquires its correct value at
an earlier point of time than E4. Thus in order to make a subtraction
of the right pulse heights the signal E, is stretched. A differentiating
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network causes the tail of the stretched signal to drop off with a
characteristic time of 10 ps, the same as for E,. Also the identifica-
tion signal Eg)—aeyp E4 does not assume its correct value before the
pulse rise time has elapsed. Only this value passes the gate circuit
at a time somewhat larger than the maximal pulse rise time. It is
led to the twinkle-box where it determines the vertical position of
the spot. The gate is triggered by the delayed discriminator output
pulse.

2.5 Results
2.5.1 Experimental results

As mentioned in the preceding discussion the experimental results
have the shape of twinkle-box pictures. Some of the pictures are
reproduced in the figures 14 to 18. These figures give the identifica-
tion quantity Eq—aeyp, Eq as function of the detected energy Ej,.
The a-particles are represented by the curves extending from 0 to
52 MeV (figs. 14, 15, 16, 18), deuteron curves are confined between
0 and 26 MeV (figs. 14 to 18). Protons which are stopped in the
detector give the curves between 0 and 20.5 MeV; protons with
higher energy than this penetration value loose less energy in the
detector and are responsible for the lower part of the proton curve,
which goes down to about 10 MeV (figs. 17, 18). The vertical axis,
representing Eq—aey, Eq, Was not calibrated. The parameter agy,
was adjusted so as to give a clear picture, with about horizontal
a-particle curve. In this way «.,, was made approximately equal to
71 ; the exact value of agy, is however unknown.
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Fig. 14. The separation between deuterons and a-particles. W = 2250 pm, V = 84V,
ti,e = 0.36 ps, £, = 0.2 ps, 7 = 0.56.
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Fig. 15. The separation between deuterons and a-particles. W=2250 pm, V=42V,
t,e = 0.72 ps, f,; = 0.6 ps, 7, = 0.83.
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Fig. 16. The separation between deuterons and a-particles. W=2250 pm, V=84V,
b, e = 0.36 pus, £, = 0.4 ps, T,y = 1.11.
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Fig. 17. The separation between protons and deuterons. W = 2250 pm, V = 84 V,
t,0 = 0.36 ps, f; = 0.3 ps, 7o, = 0.83.
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Fig. 18. The separation between protons, deuterons and a-particles. W = 2250 pm,
V=284V, o =036 ps, t; = 0.3 ps, 7, = 0.83.

In the figures 14, 15 and 16 the separation between deuterons and
a-particles is shown. The figures 14 and 16 refer to the detector at a
reverse bias of 84 V and pulse clip times of 0.2 and 0.4 ps respec-
tively. The picture for the condition V = 84 V, £, = 0.3 ps, also
available, fits between the figures 14 and 16, but its publication
would have meant a duplication of figure 18. For this reason the
result for the equivalent condition V' = 42 V, {,, = 0.6 ps, having
the same 7, is given as figure 15. Although not reproduced,
twinkle-box pictures were taken both at higher and at lower values
of the pulse clip time. Similar sets of photographs were also obtained
for reverse detector voltages of 42 and 126 Volt; they yielded equiv-
alent results.

The separation of protons and deuterons is demonstrated by
figure 17, and in figure 18 all types of particles are shown together.

2.5.2 Calculated results

All the basic information required for calculations to check the
observed phenomena, is contained in the results of the pulse shape
analysis given in paragraph 2.2. The same data as presented in
figure 9 are used to compose figure 19. This figure shows the depend-
ence of the reduced pulse height on the reduced range at some points
of time with 0 < = < 1, which are of interest in our particle identifi-
cation method.
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Fig. 19. Analysis showing the dependence of the reduced pulse height on the reduced
range for various times during the pulse rise time. The parameter reduced time is
indicated on the curves.

For the present detector thickness W = 2250 pm actual calcula-
tions of the identification quantities were made as follows. For each
particle type the range R is calculated as function of the incident
energy E, using the relation R = aE? and the parameter values
given in paragraph 2.2. Then, by division through W, the reduced
range p is determined. The detected energy Eq4, plotted on the hori-
zontal axis, equals E; in the case p =< 1, but for p = 1 it is given by
the expression E{1—(1—1/p)*/%73}. For the chosen pulse clip time
the value of E,/E, is read from figure 19, whereupon E, and E,4
then both are known. The quantity exactly corresponding to the
experimental identification signal E—ae, Eq cannot be calcu-
lated, since ey, was not measured. No large errors are made however
by approximating «., with 7. Consequently the quantity
E—aeq10 Eq is introduced in the present calculations, where ag,, is
defined by ¢eq)c = 7¢;. In the curves, drawn for comparison with the
experimental results, E—og,1 Eq is plotted vertically. The figures
20, 21 and 22 show the final results calculated for 7,, = 0.6, 0.8 and
1.0 respectively. The upper horizontal axis refers to protons with
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Fig. 20. Analysis of the separation between protons (p), deuterons (d) and
a-particles (a) for the reduced clip time 74 = 0.6; aca1c= 0.6.

energy above the penetration value of 20.5 MeV and gives their
incident energy E; ,.

2.6 Discussion
2.6.1 Temperature of the detector

It was established experimentally that the noise level of the detector
was reduced by cooling. The noise, as function of temperature,
detector current or frequency, could not be understood in terms of
shot noise due to space charge generated current. Probably the edge
effects are dominant. ,

The mobility of electrons and holes in silicon is temperature
dependent, and consequently the pulse rise time will be too. For the
conditions W = 2250 pym, V =84 V, T = 293 °K the electron
transit time is calculated to be 0.45 ps, substituting the room
temperature value y, = 1350 cm?/V's. Taking a 7-2% temperature
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Fig. 21. Analysis of the separation between protons (p), deuterons (d) and
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a-particles (a) for the reduced clip time 7¢ == 1.0; ttgg1c = 1.0.
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dependence for the electron drift mobility?, assuming lattice scatter-
ing being the predominant scattering mechanism, the electron
transit time is decreased to 0.31 ps at —20 °C. Examination of the
figures 10 and 11 suggests that a slightly higher value near 0.4 ps
was realized in practice. Therefore an average value ¢, , = 0.36 ps
was used in the calculations of the reduced pulse clip times for the
experimental situations represented in the figures 14, 16, 17 and 18.
For the situation of figure 15, V' = 42 V, the value ¢, , = 0.72 ps is
taken. On cooling the detector, faster pulses were observed, con-
firming the increased charge carrier mobility at lower temperature.

2.6.2 Comparison of experimental and calculated results

The results obtained experimentally are in good agreement with the
results of the calculations. This conclusion can be drawn from a
comparison of the corresponding figures: 14 and 20; 15, 17, 18 and
21; 16 and 22. A few of the most noteworthy features which demon-
strate the similarity are:

a. The general shape of proton, deuteron and a-particle curves and
their relative positions.

b. The value of E, at the point of intersection between proton and
a-particle curves (figures 18, 21).

c. The Eg4-values at the intersections of deuteron and a-particle
curves as function of 7, (figures 14, 15, 16, 20, 21, 22).

d. The energy above which protons and deuterons are separated.

e. The equal values of E,—aFE, for protons at their penetration
energy (Eq =20.5 MeV) and deuterons of maximum energy
(figures 17, 18, 21).

The conformity between the experimental and calculated results
proves that these aspects of the operation of the p-i-n junction
detector are quite well understood. Apparently all assumptions
made in the derivation of the formulae are reasonably valid.

In addition it may be noted that the values of 7, and e, in the
experimental case are not exactly equal to the values of 7,; and «g,;e
on which the calculations are based. Some slight deviations are
explained by these facts.

2.6.3 Particle identification capabilities

Optimal separation of deuterons and a-particles is demonstrated by
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figure 14 for 7, = 0.56. With exception of the energies around the
point of intersection at 22 MeV, separation is achieved above 8 MeV.
The intersection point energy can be shifted upwards by taking a
shorter pulse clip time, but only at the cost of the discrimination at
lower energies.

At low energies the separation is bad in all cases. This is to be
expected since the particle identification depends on differences in
E, = &(tq, p)E;. For low values of p no large differences in
£(7e1, p) will be found, which means that even the relative effect is
small. Moreover at low energies the influence of the window-layer
of the detector becomes important. The stated value of 10 pm is the
range of a 3.5 MeV a-particle.

The width of the curves is not sensitive to the detector bias and
may be caused by the noise. In this respect no serious attempts have
been made to improve the separation.

2.6.4 Thicker detector

Some experiments, with deuterons and a-particles, were carried out
with a thicker p-i-n detector, W = 4400 pm. Since the largest range,
that of 26 MeV deuterons, is about 2000 pm, only the first half of the
detector is made good use of. The main differences with the results
for the detector with W = 2250 um are:

a. The separation at the lower energies is somewhat less. This is
explained by the fact that the same differences in range R result in
differences in the reduced range p which are half as great, since W
is twice as large.

b. The curves for reduced clip times around = § do not intersect.
The points of intersection, obtained by extrapolation of the deuteron
curves above 26 MeV, agree with the results of the calculations
made for this detector.

2.6.5 Radiation on the n-side

It was expected that better separation could be obtained if particles
were incident on the n-type side of the detector. The advantage is
that after this detector reversal the less mobile holes generally have
to traverse the longer distance. This implies that the pulse rises
faster monotonously when the range increases. This is in contrast
with the situation for radiation incident on the p-side of the detec-
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tor. In this case, as shown in figure 19, ¢, first increases as function
of p up to about p = %, and then decreases. This bad property
<auses the intersection of the curves.

Consequently the case of radiation incident on the n-type side of
the detector has been considered theoretically too. A pulse shape
analysis, analogous to that given in paragraph 2.2 was made, and
.graphs like those given in the figures 20 to 22 were composed. These
graphs indeed show that better separation is obtained. The phenom-
«enon of the intersecting curves has disappeared almost completely
and can be avoided easily.

Unfortunately no experiments could be carried out with particles
incident on the n-side of the detector. At the time of this research no
«detector was available with a window-layer on this side of less than
150 pm.

2.6.6 Pulse shaping by RC-networks

In many practical applications the shaping of detector pulses is
performed by using a band pass filter, consisting of an integrating
RC-network followed by a differentiating RC-network. These
filters have the advantage of being simply adjustable and they have
.good properties as regards optimization of the signal to noise
ratio. To minimize noise with a 1/f2 power characteristic, as will be
caused by shot noise, networks with short time constants are
preferred.

Non-linear distortion will be introduced, however, if time con-
stants comparable to the detector pulse rise time are chosen. In this
«<ase the input pulse may not be considered as being a step function,
and the output pulse height will also be affected by its shape.
Calculations, using the X1 computer of the “Mathematisch Cen-
trum’’ in Amsterdam, were carried out on this effect. As in the
preceding text shaping network time constants ¢y are expressed in
reduced units tgc, by division through the electron transit time
44 o A non-linear distortion parameter is introduced as the maximal
difference in output pulse height to input pulse height ratio for all
types of input pulse shapes, i.e. for all ranges of particles. Results
are: a non-linear distortion factor 1.31 for 7zc =1; 1.10 for
Tre = 1.8; 1.01 for 7z = 5.5. More details are given elsewhere3.



2.6.7 Two detector method

A well developed method for the identification of charged particles
at the energies considered in this chapter is the system in which the
energy and the energy loss per unit length dE/dx are measured in
two separate detectors. Using these quantities in suitable analog
computations an output pulse is obtained, which almost independ-
ent of the particle energy, is characteristic for the particle type?.
The particle separation obtained by this system is superior to the
first results of the one detector method. An advantage of the method
based on pulse shape discrimination is that there is no need for a
thin dE/dx detector and that its noise is consequently eliminated.

55



CHAPTER 3

IRRADIATION DAMAGE IN LITHIUM DOPED SILICON

3.1 Introduction

So far we have been concerned only with one mechanism of energy
loss of an energetic particle passing through a silicon crystal. This
was the process of ionization, that is the excitation of electrons from
bound states in the valence band to free states in the conduction
band. Although this process is the prominent form of energy loss,
it is not the only one, others being atomic displacements and nuclear
transmutations. In contrast to the ionization effects the latter
processes effectuate permanent changes in the crystal structure.
This radiation damage will not anneal out completely as long as the
crystal remains at ordinary temperatures. Atomic displacements
arise from the collision of the incident energetic particle with a
silicon atom constituting the lattice. If in the collision process
enough energy is transferred to the silicon atom it will be ejected
from its regular lattice site. Eventually, particularly at low temper-
ature, the displaced atom will come to rest in an interstitial position
somewhere near its vacated site, the lattice vacancy. The pair of
lattice defects which has been created, lattice vacancy plus silicon
atom in an interstitial position, is called a Frenkel pair. It is the
simplest form of a primary irradiation defect. More complex
primary defect structures, such as divacancies or larger clusters,
may also be produced if enough energy is available. These defects
are all called primary, because they are produced rather directly by
the incident particle along its track, within the very short passage
or stopping time of about 10712 seconds. Most of the primary
damage will consist of Frenkel pairs after irradiation with light
particles, electrons for instance. Also after gamma irradiation this
will be the case, since gamma rays interact indirectly with the
lattice via electrons. Heavier particles, such as protons, a-particles,
fission fragments, and also neutrons, will produce the larger size
defects. In our experimental work only gamma ray and electron
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irradiations were carried out. Therefore any explanation of the
results will be based on the Frenkel pair as the primary defect struc-
ture. Itis felt that understanding of this simplest case constitutes the
basis for gaining an insight into the more complicated situations.

The distance of separation between vacancy and interstitial of a
Frenkel pair depends on the kinetic energy transferred to the dis-
placed atom. Various types of close pairs, separated by a few atomic
distances, may exist, but also isolated vacancies and interstitials,
separated beyond their mutual interacting forces, may be generated.
These latter isolated types of defects are unstable in silicon near
room temperature. In n-type silicon the negatively charged vacancy
disappears in a 15-minute isochronal anneal at 60 °K, whereas in
p-type silicon the probably neutral vacancy anneals at 160-180 °K,
also in a 15-minute isochronal annealing procedure? 3839 Although
less well established the interstitial atom is believed to disappear
already at liquid helium temperature3 39, At these low temperatures
the primary point defects have sufficiently high mobility to diffuse
over large distances through the lattice. Finally they are trapped by
other impurities, already present in the lattice, with which stable
defect configurations may be formed. For example, in one of the
few reactions which at present is known with certainty, the vacancy,
symbolized by V, is captured by an interstitial oxygen atom.
Following the reaction: O+ V — Ogunst, @ substitutional oxygen
atom is formed, which during the many years preceding its identifi-
cation was called the A-centre. This example illustrates the role of
chemical and other crystal imperfections in the creation of new
defect types. In order to be able to understand these phenomena
one needs to know the amount of dominant impurities present in the
silicon crystals. For this reason the rather extensive investigations
as reported in chapter 1 were undertaken. As a result the lithium
concentration, the boron concentration, the concentration of com-
pensating donors, presumably phosphorus, the (interstitial) oxygen
concentration and the number of dislocations is known in the
crystals, which were used for irradiation damage studies. As demon-
strated by the pairing reactions described in paragraph 1.7 the
mobility of lithium ions is high near room temperature. Therefore
lithium ions will not only behave as a possible trap for diffusing
primary defects, but also as an active diffusant. Lithium ions may
precipitate on other defects. By all these processes various new
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types of composite defect structures may be created; these are
called secondary defects.

Analogous to the more chemical impurities, the irradiation pro-
duced imperfections may affect the properties of the semiconductor.
For instance a defect showing donor or acceptor action, a defect
which is an effective recombination centre or manifests itself
otherwise, may be produced. In the earlier mentioned example an
interstitial oxygen atom, which is an electrically inactive impurity,
is converted into a substitutional oxygen atom. With this latter
defect an acceptor level, located 0.17 eV below the conduction band,
is associated. Therefore, when this defect is introduced by irradia-
tion of n-type oxygen containing silicon, the conductivity will be
decreased because electrons will be taken from the conduction band
states to fill the lower lying acceptor levels. At present silicon single
crystals containing very small amounts of impurities, in the order of
one impurity per 1010 silicon atoms, are manufactured by advanced
purification techniques. Nevertheless in these crystals the impurity
content is the controlling factor for many properties. Since com-
parable amounts of imperfections are introduced by relatively small
irradiation doses, silicon is, and semiconductors in general are, very
sensitive to irradiation. Many properties, like conductivity, Hall
effect, optical absorption, photoconductivity, electron spin res-
onance, recombination lifetime, are easily affected by irradiation.
In turn all these properties may be used to study the effects of
irradiation on semiconductors.

It has been the purpose of the work described in this chapter to
investigate the effects of irradiation on lithium drifted p-i-n junc-
tions in silicon. More specifically, the kinetics of defect interactions
and the identification of the defects involved in these interactions
are the subjects of the research to be reported on.

In our first experimental approach the effect of gamma irradiation
on lithium drifted p-i-n junctions was studied. It was found that by
the irradiation space charge is produced in the depleted region of
the reverse-biased junction. This space charge is due to some irradia-
tion produced ionized impurity. Before the irradiation the intrinsic
region of the p-i-n junction is very well compensated, the net
concentration of the electrically active impurities being less than
10° atoms/cm3, or less than 2x 10713 expressed in lattice site frac-
tion. Although the semiconductor silicon in general is already a
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sensitive material for irradiation effects, the compensated intrinsic
regions existing in p-i-n junctions, are still more sensitive. Small
amounts of donor-like or acceptor-like ionized impurities may be
detected by their effect on junction behaviour. At these low concen-
tration levels the defects will be separated far apart and behave as
individuals. This has the advantage that the interaction of defects,
for instance complex formation, will follow simple first order
kinetics.

Among the junction parameters which are affected by the gamma
irradiations are the potential distribution in a reverse-biased
junction region, the junction width and junction capacity. These
quantities were used as experimental tools for our study of irradia-
tion effects in lithium drifted p-i-n junctions. Details of the methods
of measurement and the results of these experiments are described
in paragraph 3.3.

It was soon realized that defect behaviour was too complicated
to be understood on the basis of the results of the junction experi-
ments alone. Therefore, additional experiments, closely related to
our subject-matter, were started. In one of these, lithium com-
pensated intrinsic silicon, made by the lithium ion drift process,
was isolated by removing the p- and n-type layers of the p-i-n
junction. Resistivity and Hall effect measurements were performed
on these homogeneous samples, in which typical device effects are
absent. Before irradiation a high resistivity near the intrinsic value
is measured. After gamma irradiation the sample is converted to
extrinsic silicon by the production of irradiation defects. Carrier
concentration measurements as function of temperature by the
Hall effect then yield the electronic levels associated with the
defects. These experiments, analogous to those discussed in para-
graph 1.3, but more complicated, are very useful by supplying more
information characteristic for the defects. A description of the
sample preparation, the method of measurement, and the results of
this second type of experiments, using uniformly lithium compen-
sated silicon, is given in paragraph 3.4.

In the existing literature on radiation defect interactions the
impurities boron and oxygen are often dealt with. Much less litera-
ture data are however available concerning the more uncommon
impurity lithium. It was therefore considered worthwile to make a
special study of the role of lithium in the irradiation behaviour of
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silicon. For this purpose heavily lithium doped silicon samples were
prepared. In these samples the concentration of lithium is at least
about two orders of magnitude larger than that of any other chemi-
cal impurity. It may then be expected that the lithium impurities
will have a dominant influence on the formation of secondary
irradiation defects. The irradiation effects in this simple system
should be relatively easy to be understood. Because of the increased
amount of impurities present in these crystals a matched irradiation
dose has to be correspondingly larger. Since the required dose may
not be obtained from gamma ray sources these samples are irradi-
ated with accelerated electrons. As made clear in the next paragraph
electrons are rather similar to gamma’s as far as defect production is
concerned. Our third type of experiments was carried out using these
strongly lithium doped samples. These measurements included
resistivity, Hall effect and electron spin resonant absorption.
Details on sample preparation and results of the experiments are
communicated in paragraph 3.5.

3.2 Irradiations
3.2.1 Gamma irradiation

In all our gamma irradiations, except one, the gamma rays of a °Co
source were employed. In one dominant process the radioactive
$0Co nucleus decays, with a half life of 5.27 years, by emission of a
313 keV electron. This process forms the ¢Ni nucleus in an excited
state, which by a cascade transition of two E2 gamma’s of 1.332 and
1.173 MeV respectively reaches the stable groundstate. The emitted
electron is of no importance for creation of irradiation effects since
it is readily absorbed in the source itself or its container. Only the
energetic penetrating gamma’s will create damage in a remote
sample. Gamma rays interact with matter mainly by three types of
processes, namely the photoelectric effect, Compton scattering and
pair production. In the case considered here, the interaction of the
1.173 and 1.332 MeV #0Co gamma’s with silicon, the cross section for
the Compton process is by far the highest. The intensity I of the
beam in the silicon sample is given by I(x) = I(0) exp (—ax). In
this expression' a is the absorption coefficient; for gamma ray
energies near 1.25 MeV in silicon about equal to 0.15 cm™. Since the
thickness of the irradiated samples is 0.25 cm only nearly 4 9, of
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the photons is scattered out of the beam and a beam of almost
constant intensity passes through the sample. To improve the
uniformity of the integrated gamma flux and of irradiation defect
production the sample is turned over right in the middle of the
irradiation time. In the Compton process, which is an elastic
scattering event between a photon and an electron, kinetic energy is
transferred to the electron. A continuous spectrum of energies is
produced. Recoil electrons have the maximal energy if the photon is
backscattered. This maximal energy of the electrons, the Compton
edge, is given by:
9 2
Ee, max — '_2EY— »
me+2FE,

where m,c? is the rest mass energy of the electron, equal to 511 keV.
In the present case the Compton edges lie at 1.11 and 0.96 MeV for
highest and lowest °Co gamma ray energy respectively. Because of
the anisotropy in the angular distribution of Compton electron
energies, the most energetic electrons are scattered forward, in the
beam direction. These energetic electrons will be more efficient in
damage production. Therefore, if no precautions were taken, the
skin layer of the sample would be relatively spared and non-
uniform damage will be produced. To avoid this the sample is
enclosed into an aluminium box. Aluminium, the neighbour element
of silicon in the periodic table, has nearly equal stopping power and
cross section for the Compton process. The box has a wall thickness
of 2.5 mm, a little larger than the range of the most energetic
Compton electron. This ensures a uniform density and energy
distribution of electrons inside the box.

Primary defect production will be brought about by collisions
between Compton electrons and silicon atoms of the crystal lattice.
A maximum of recoil energy is imparted to a silicon atom in a head-
on collision. It is given by the relativistic equation

2(E,+2mgc?)E,

ESi, max — 2 ’
Mmg; C

in which m, and mg are the masses of the electron and silicon
nucleus respectively. A certain minimum amount of energy has to be
transferred to the silicon atom to produce the Frenkel defect. This
threshold, about 13 eV in silicon, represents an average over easy
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(110> and <{111), and difficult {100) lattice directions for the
displacement process4®4!, According to the formula electrons with
energy below 150 keV are incapable to create the Frenkel defect.
Only the part in the Compton spectrum between 150 keV and the
Compton edge is active in damage production. A calculation of the
cross section for the atomic displacement process has been made by
CauN%. These calculations involve integrations over the partial
cross section for all electron energies in the Compton spectrum, for
the energy variation of the Compton electron along its range, and
also take into account the possible production of other atomic
displacements by an energetic primary recoil. For silicon, assuming
a displacement threshold of 13 eV, a total cross section of 0.5 x 1024
cm?/atom is calculated, which means that an incident fluence of
1 y/cm? produces a primary defect concentration of about 2.5 x 10~2
defects per cm?®. These values are one order of magnitude larger than
those observed in experiments. The discrepancy is probably associ-
ated with extensive relaxation of the defect configurations.

Some details on the irradiations actually carried out are now
given. In the first experiment use was made of the 8 Curie ¢Co
source of the “Instituut voor Kernphysisch Onderzoek’. For all
subsequent °Co irradiations the stronger source of the “Antoni van
Leeuwenhoekhuis’” was placed at our disposal. Its strength is not
very accurately known, but was estimated once and for all to be
1200 Curie at 1-1-1965. Using a $°Co lifetime of 2777 days the source
strength was calculated at each irradiation date. In a source with
the unit strength 1 Curie 3.7x 10 6°Co nuclei disintegrate per
second. Irradiations were carried out with the silicon sample at
liquid nitrogen temperature or near room temperature. The distance
from source to sample was between 8 and 12 cm, while the time of
exposure varied from 1 to 15 hours. In this way samples received a
total dose in the range between 3 and 25x 104 y/cm2 Also one
irradiation was performed in which the 662 keV gamma from radio-
active 137Cs was employed. In this irradiation by means of the 2500
Curie source of the “Instituut voor Toepassing van Atoomenergie in
de Landbouw’’ a total dose of 140 x 10'* y/cm? was given. This was
effected by a 12 hour exposure with a distance between sample and
source of 5 cm.



3.2.2 Electron irradiation

As made clear in the previous section, electrons play an intermediate
role in the mechanism of defect production by gamma rays. Very
similar effects may therefore be brought about by electron irradia-
tions. Provided the energy of the electrons is high enough, that is
above the threshold value of 150 keV for silicon, primary defects of
the Frenkel type may be created directly. CAHN*2 has calculated
the cross section for this displacement process by electron-nucleus
collisions. For thin samples his results indicate a damage produc-
tion of 4 to 5 defects/cm3 for an incident fluence of 1 electron/cm? of
1.7 MeV. As compared with gamma’s, the defect concentrations
which may be realized in electron irradiations, are very much
increased. In many experiments, for example our experiments with
strongly lithium doped samples, this higher defect production rate
is required in order to make the damage observable. In contrast to
this advantage, it is impossible to create uniform damage by electron
irradiation in samples of large size. Electrons of 1.7 MeV, as used
in our experiments, have a range in silicon of 3 mm. To assure a
uniform damage distribution throughout the sample its thickness
must be kept considerably smaller than this range. Our electron
irradiated specimens varied in thickness between 0.18 and 0.22 mm.

Actual electron irradiations were performed at the “Instituut voor
Toepassing van Atoomenergie in de Landbouw’”’, using the Van de
Graaff accelerator. The beam current density, as measured in a
Faraday cup with a defining aperture of exactly 1 cm?, was periodi-
callyread. The beam hasa short term stability better than 10 9, and
is readjusted to the set current value from time to time. A suffi-
ciently accurate determination of the dose is obtained by current
integration, that is by averaging the measured current values. A
scanning device improves the uniformity of the integrated beam
intensity. Some heating of the samples occurs due to power dissipa-
tion of the beam in the samples. This is kept to a minimum by
mounting the samples on a copper plate, which is cooled by running
water. In this way the temperature rise is limited to about 10 °C
above room temperature. Beam current densities from 3 to 10
pA/cm? were used in the irradiations, which were continued from 10
to 1560 minutes. Doses varying between 106 and 5 X 10'7 electrons/cm?
were the result of such irradiations.
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3.3 Gamma irradiation damage in lithium drifted p-i-n
junctions

3.3.1 Junction capacity measurements

One of the methods employed for determination of the irradiation
produced defect density is the measurement of the capacity of
reverse-biased junctions. A capacity bridge (E.S.I. 291B) forms the
central part of the measuring system which is shown in figure 23.

Junction
n+
Oscillator
10 kHz

Fengtor

90V = R
90V — Ry —®—

T /
90V Ry

® = F2apacior
T 1€ acltor_|_ _______ |

l gE 1 1l
g0V =& S Detector]

T 27 R i

| DC Supply |*AC Gen.~|+— Impedance bridge——|<AC Detectors|
Fig. 23. Circuit diagram showing principal features of the capacity measurement

method.

An insulated isolated battery is preferred as the d.c. voltage source,
since most line operated power supplies have too high leakage
capacitance and enough d.c. current leakage to be objectionable.
For protection of the bridge elements series resistors R limit the
maximum output power to one Watt. To avoid overloading of the
standard capacitor the d.c. voltage may not exceed 300 Volt. For
low leakage capacitors the voltage across the capacitor will be equal
to the applied voltage as read on the voltmeter V. For junction
capacitors corrections are often necessary for the voltage drop across
the range resistor of 0.1 MQ, which is in series with the capacitor
to be measured. As an other correction the diffusion potential is
added to the externally applied bias. We used a fixed value 0.5 V
for p-n, and 0.8 V for p-i-n junctions as a best estimate of the
difference of Fermi level on both sides of the junction.
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The junctions, of which the capacity has to be measured, are
mounted in a cryostat. Their connection to the measuring system is
necessarily made by rather extended leads. By careful shielding of
the negative voltage lead, as indicated in figure 23, the parallel
capacity of the wiring is kept below 0.05 pF. Corrections for stray
capacitance of the junction were applied using a formula due to
Kirchhoff. Although this formula is strictly not valid in our case,
since the relative permittivity of silicon is different from that of the
atmosphere surrounding the junction, the correction was considered
to be a good approximation. This was verified by measurements on
some control capacitors.

An equivalent circuit adequately representing a reverse-biased
junction is rather complicated. It has to include a capacitor C
representing the junction capacity, a series resistor accounting for
the resistance of the undepleted silicon and possibly of contacts, a
parallel resistor to allow for the reverse current either generated in
the bulk, or surface leakage current. Also a distributed resistance-
capacity chain should be included to represent the effect of surface
channels43. By all these disturbing effects the accurate determina-
tion of the capacity C belonging to the depleted junction with planar
geometry is seriously impeded. Therefore a number of counter-
measures were taken. Junction capacities were always measured at
lowered temperature, 0 °C or —20 °C. This reduces the reverse
junction current appreciably and thus eliminates the parallel resist-
ance. Contributions to the capacity arising from surface inversion
layers are minimized by storing the junction in a dry oxygen atmos-
phere. This was found to decrease the junction capacity and dissipa-
tion factor, and to stabilize it44. The surface is made slightly p-type
by this treatment. Furthermore the surface capacity is reduced by
operating the bridge on 10 kHz, which is the highest possible fre-
quency. This shortcuts part of the distributed channel capacity,
since the RC-chain essentially acts as a low pass filter. To take the
maximum profit of this frequency dependence a still higher fre-
quency, 100 kHz, is to be preferred*s. In our case this was un-
fortunately not possible.

As illustrated in the wiring diagram the 10 kHz oscillator voltage
is applied in series with the d.c. bias. Since in general the junction
capacity depends on the reverse bias, the oscillator amplitude has to
be kept small. Above a reverse bias value of 5 V the oscillator
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voltage was set to 0.1 V; below a d.c. bias of 5 V an oscillator
voltage of 0.02 V was used. The independency of measured capacity
on oscillator amplitude was the criterion for this particular choice.

3.3.2 Irradiation effect on junction capacity

An illustration of the electrical conditions in a reverse-biased p-i-n
junction before irradiation is presented in figure 24. Only one dimen-
sion x is of interest because of the planar geometry of the junction.
In the compensated intrinsic region i no net space charge exists.
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Fig. 24. Schematic of space charge p, electric field E and potential ¢ against position
# in a p*-i-n* junction with reverse bias V; #,, = lithium concentration, n, =
boron concentration.
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As a consequence of the Poisson equation:

d2e dE )

de” dx &’
the electric field is uniform in this region and the potential is a
linear function of position. The intrinsic region, whose width is
usually 1 or 2 mm, is bounded by two depleted space charge zones,
containing equal but opposite charge. These regions are extremely
thin; their width increases with the applied reverse bias, but remains
less than 1 pm in actual situations. In these circumstances the total
junction width is only slightly dependent upon reverse bias. Also
the p-i-n junction capacity, given by Cn = ¢4 /Wm, is therefore a
constant within experimental error. By measuring the area A4 of the
junction, knowing its thickness W from the lithium drift process
parameters (section 1.8.3), the capacity may be calculated. In
figure 26 this value, constant with respect to reverse bias, is repre-
sented by the drawn line a. Typical experimental results are also
shown.

By a gamma irradiation electrically active defects are produced,
which manifest themselves most markedly by destroying the high
degree of compensation in the intrinsic region. After irradiation the
p*-i-nt junction is converted into a p*-p-n* or p*t-n-n* junction.
A new notation p* and n* is introduced to emphasize the much
stronger doping of the outer p- and n-type layers in regard to the
intermediate former i-region. Since all experimental conditions
were adapted in such a way a uniform irradiation doping of the
intermediate junction region is expected. Like the common 3- and
5-valent chemical impurities the irradiation produced defects give
rise to space charge in a depleted junction zone. Acceptors with
levels in the lower half of the gap between valence and conduction
band will be ionized and set up a negative space charge. Parallel
herewith, donors in the upper half of the forbidden gap give positive
space charge%. Supposing that negative space charge is created by
the irradiation, the electrical conditions in the junction have
changed as illustrated in figure 25. A distinction has now to be made
between low and high values of the reverse bias. For high values,
above a certain marginal value V', the p-region of the junction
is fully depleted. Still a junction width equal to the intrinsic width
of the original p*-i-n* junction is realized, again almost independent
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Fig. 25. Schematic of space charge p, electric field E and potential ¢ against position
# in a pt-p-n* junction with reverse bias V; < Vy (dashed lines) and V, > Vp
(drawn lines); #, = irradiation defect density.

of reverse bias as long as V remains high enough. For V' > Vy, the
same constant capacity Cm as before the irradiation is measured.
At lower reverse bias, V' << V', the p-region is only partly depleted.
Because of the uniform doping in the p-region the junction width is
expected to increase with the square root of the reverse bias. A
capacity dependence C proportional to V—* corresponds with this
in the voltage range V << V. A plot of log C versus log V, as given
in figure 26, curves bl to b4, therefore is a straight line, whose
predicted slope —3% provides a check on the uniformity of space
charge. At V = V the two branches of the capacity curve join
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with an abrupt change of slope. From the low reverse voltage curve
the ionized defect density may be deduced. An expression for this
concentration #y is derived using a Schottky junction model and
Poisson’s equation. Assuming only singly charged defects the result,
valid for V < Vn, is:

2C2V
N =——.
R eeA?
Since for the low voltage branch of the capacity curve C2V is a

constant this relation also holds for the particular values Cm and
V. Therefore:

2C2 Vi
"RT A

69



As mentioned before, in section 3.3.1, the junction capacity may be
increased by surface channel effects. This will introduce errors in
the calculation of #g, the more while C?is involved. Surface channel
contributions are present if the junction capacity is not nicely
constant for V' > V. In this case always also deviation from the
slope —3% for low reverse bias is observed. We adopted a practical
procedure which eliminated surface effects to a large extent.
Following this method straight lines were drawn through the
experimental points belonging to upper and to lower branches of the
capacity curve. The voltage Vi, determined by the intersection of
the two lines, proved to be fairly insensitive to the surface condi-
tions. The philosophy behind this procedure was, that, although the
capacity may be increased by surface inversion layers, the voltage
where the sudden change of slope occurs will not be obscured very
much.

A decision whether a p*-p-n* or a p*t-n-nt junction is formed by
the irradiation may not be made on the basis of capacity measure-
ments. Only the junction width, not the junction position, is
determined by these measurements.

3.3.3 Time dependence of defect concentration

The concentration of defects as introduced by the irradiation is not
constant. Instead, as the result of defect interactions new types of
defects will be created and concentrations will change. By carrying
the junction through a recovery procedure the kinetics of such
processes were studied. In this procedure the junction was kept at
the constant recovery temperature mostly for one hour, or, when
required, for exact multiples of hours. Capacity measurements in
between the recovery treatments to determine the recovery effect
are always performed at a temperature at least 30 °C lower. Correc-
tions were applied to the recovery time for the time spent on cooling
or heating the samples.

In the samples irradiated at liquid nitrogen temperature, recovery
stages occurring below room temperature could be observed. For
instance in the Merck, batch 7, crystals a pronounced interaction
process, by which acceptor-like defects are produced, takes place
around —40 °C. At this temperature a time constant of 12 hours is
associated with this process, and the activation energy was deter-
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mined as (0.734-0.05) eV. Also in Merck, batch 7, samples, after
137Cs gamma irradiation, a drastic decrease of reverse current is
measured in the temperature range from —60 to —40 °C. This
seems to indicate the disappearance of a generation-recombination
centre, which, however, is only accompanied by a slight increase in
the ionized defect density. Since in other samples hardly any low
temperature observations were made these data are too less corre-
lated to base a model on it. Moreover, in the temperature interval
from —100 to —60 °C sometimes very clear trapping phenomena
were detected. In these cases the capacity varied as function of
time, with a time constant of several minutes, due to carrier trapping
or untrapping in some defect level. A different capacity-voltage
curve is then found when measured from low to high, or from high
to low values of reverse bias. Some of the lowest temperature data
are rather unreliable by this effect.

In view of all these facts only the defect interaction processes
which take place near room temperature will be reported on more
extensively in the following text. If junctions are left without reverse
bias during the recovery process an appreciable increase of space
charge is always observed in the room temperature range. This
increase may be described reasonably well by the expression:

¢
nalt) = me(e0) {1 = exp (— =), M
TLiR
which forms a solution to the differential equation:

% = G(t) = G(0) exp (— T:R) .

In these formulae %y represents the observable defect concentration,
G the defect generation rate, and 7;;z a time constant involved in
the relevant interaction. If, however, reverse bias is applied across
the junctions during the recovery time, instead of increase, a
decrease of defect concentration is brought about. To take account
of this fact a compensating term —#g/7¢ is introduced in the above
equation for the defect variation rate. The equation then reads as:
dng ¢
a TLiR) ‘

— 22 4 6(0) exp -
Tc
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It has for its general solution:

) = [ (0)— TR (L) EOR o (L),

LiR—Tc Tc TLirR— Tc TLiR
(@)
For the special case r. = 7y, this transforms to:
11
na(t) = {r(0)+ GO} exp (— ). (3)
C

A necessary condition for the space charge compensation in the
junction is the application of a reverse bias large enough to deplete
the entire junction. If a reverse bias V' << V' is applied only in the
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Fig. 27. Variation of defect concentration in sample Texas Instruments, 2,1 as.

function of time under various conditions of temperature and reverse bias. Note

change of time scale at ¢ = 250 hour. Drawn lines are calculated using the formulae:
(1) or (2), and the stated values for the time constants.
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Fig. 28. Variation of defect concentration in sample Texas Instruments, 1, 11 as

function of time in the reverse-biased junction. Drawn line is calculated by using
formula (2).

depleted volume of the junction, where an electric field is present,
the space charge decreases. On the other hand any value of reverse
bias above Vi will start the compensation process equally well.
This was all verified by experiments.

The figures 27, 28 and 29 are illustrations of the time dependence
of the irradiation defect concentration in three slices. In the first
figure no reverse bias is applied initially; the space charge rises
rapidly and reaches a saturation value in qualitative agreement with
formula (1). Having established saturation the defect generation
rate has dropped to zero. Application of reverse bias then results in
purely exponential decrease of space charge, which is faster at 50 °C
than it is at 40 °C. In the case illustrated in figure 28 the junction is
immediately reverse-biased. The observed decrease of ny is now
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analysed in the sum of two exponential functions as dictated by
formula (2) and indicated by the dashed lines in the figure. An
example of the special case 7o = 7y, is shown in figure 29. Drawn
lines are calculated by using the relevant formula substituting
parameter values which give a best fit. Twelve experiments of this
type were performed, which differed with regard to the temperature
of irradiation, the impurity content of the crystals or the recovery
procedure. Frequently, temperature changes were included in the
recovery treatment, as is the case in figure 27, to determine an
activation energy in one experiment. All results were analysed using
the aforementioned formulae. In this way values were obtained for
the defect concentration, the generation rate and the time constants.
In alater paragraph 3.6 the results are given and discussed quantita-
tively.
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Fig. 29. Variation of defect concentration in sample Wacker, 2, 8 as function of
time in the reverse-biased junction. Drawn line according to formula (2) is least
squares fitted to the experimental points.
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3.3.4 Potential probe measurements

Capacity measurements are, as mentioned, uncapable of establishing
the donor or acceptor character of the imperfections introduced by
the irradiation. To remove thisignorance an experiment was carried
out in which the electrostatic potential distribution in a reverse-
biased junction was determined. These potential measurements
were made along a lateral face of a slice, traversing the junction
from the p*- to the n*-type regions. The principle of the method is
easily explained by referring to Poisson’s equation: d2¢/dx? = —p/e.
If positive space charge exists in a depleted junction region, p > 0,
the curve ¢ versus x will be a convex one, showing negative curva-
ture. As opposed to this, for negative space charge a concave curve,
with positive curvature, will be observed. An illustration of the
method is already given in the figures 24 and 25. Before irradiation,
in a well compensated p+-i-n* junction no net space charge is present
in the intrinsic region (p = 0) and the potential ¢ depends linearly
on the position x (figure 24). After irradiation the uniform space
charge —nge in the former i-region gives rise to a quadratic depend-
ence of ¢ on x (figure 25). Some results of these experiments are
shown in figure 30. Curve a is measured before, curve b after a
gamma irradiation. From the figure it is concluded that the irradia-
tion produces a curve with positive curvature, therefore negative
space charge, a p*t-p-n* junction, and a net amount of acceptor-like
defects.

For these experiments the circular slice, already with the pt-i-nt
junction prepared in it, was cut into two halves. Potential measure-
ments are made on the flat side face of the semicircular slice follow-
ing various trajectories and also for various values of reverse bias.
A sharp spring loaded needle is used to contact the silicon surface.
Because of the high electrical impedance of a reverse-biased junction
a compensation method was adopted, with a sensitive galvanometer
as the null detecting instrument (Keithly 150 A, Kipp Microva AL 4).

Rather extreme difficulties were encountered in these experiments
again due to surface properties. The potential probe method, which
essentially measures the potential on the semiconductor surface,
proved to be very sensitive to surface conditions. A clear demonstra-
tion of surface treatment effects is given by curve c of figure 30,
which is measured on a p*-i-n+ junction after etching in a standard
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Fig. 30. Potential ¢ against position x in a reverse-biased junction; a: p+-i-n+

junction before irradiation (<), b: p*-p-n* junction after irradiation (o), c:

p*-i-nt junction immediately after etching (X ). Heavy straight lines are theoretical
for p*-i-n* junction.

mixture HF : HNO; : CH;COOH = 2:2:5. An n-type surface
layer extends over the whole intrinsic junction thickness. Storage of
the junction for some weeks in dry oxygen removes the n-type
layer and produces a reasonably straight ¢(x) curve. Junctions,
which had undergone this rectifying surface treatment, invariably
showed conversion to p-type by an irradiation.

The potential measurements also allow a determination of the
absolute value of the space charge and a comparison with the
results of capacity measurements. Quite distinct results, differing
by some factor 2, are then found. It raises the question which of the
two methods is to be considered as unreliable. This question is
answered, in favour of the capacity measurements, in the next
section.
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3.3.5 Particle detection by irradiated junctions

For the investigation of particle detection properties of the gamma
irradiated junctions a p*-i-nt junction was prepared with an in-
trinsic thickness W of 2230 pm. Since the slice thickness of this
detector is about 2400 pm, the thickness of the p*+-typelayerin the
completed p*-i-nt junction is only small and given by (35+4-10) pm.
In all particle detection experiments, particles were incident
perpendicular on the p+-side of this small-window counter. A deter-
mination of the junction character is made possible by these particle
detection measurements.

If by the irradiation the p*-i-n* junction is converted into a
pt-p-nt junction, then the transition from p- to nt*-type silicon is
located at the back of the detector. For a reverse bias V' < ¥V, the
sensitive detector thickness has decreased to W = W (V/Vm)?.
The remaining thickness Wyu—W of p-type material is undepleted
and represents an additional window layer joining the small p*-type
window in front of the detector (figure 25). If large reverse bias,
V > Vn, is applied the junction is fully depleted to the thickness
Wm and no extra window exists. On the other hand, when a junction
of pt-n-n+* character is produced by the irradiation, the transition
from p* to n-type occurs behind the p+-type window. Again, for a
reverse bias ¥V < Vi the depleted junction thickness is given by
W = W (V/Vm)}* and the junction capacity C = ¢A/W is equal
to the capacity in the case considered above. However, the junction
location is different. The insensitive layer of thickness Wn—W is
now at the back of the detector and does not add directly to the
pt-type front window. For large bias, ¥V > Vmu, the junction
thickness is again equal to Wy ; no extra insensitive layer is present
and for both junction characters the situation is also indistinguish-
able by particle detection. On summarizing, for small values of the
reverse bias, V' <V, an insensitive region is created in the detector,
which, depending on whether the junction has p*-p-nt or p*-n-n+*
character, is located in front or in the back of the detector.

Since the existence and location of insensitive layers is open to
experimental test by particle detection, such investigations were
carried out. In the first type of these experiments we used a-particles
from radioactive sources, which were the 5.45 MeV a-particles from °
241Am, and the 6.06 and 8.78 MeV a-particles emitted by #2Pb. The
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ranges of the particles in silicon, respectively 27, 31 and 55 pm, are
small compared to the maximal detector thickness Wy = 2230 pm.
Before irradiation of the junction the particles could be detected
over a large voltage range. When the a-particles do not penetrate
directly into the sensitive detector region, their detection is still
possible by diffusion of electrons to this region. For large reverse
bias, V' > V', particle detection is nearly unaffected by the irradia-
tion. If the junction is converted into a p*-p-n* structure by the
irradiation, a front window layer will develop as soon as V < Vi,
which prohibits further particle detection. For a p+-n-nt+ junction
also an insensitive layer will exist for V' < V', but then located in
the back of the detector. Since the a-particles do not even reach this
region this will remain unobserved and no marked peculiarities
will occur in passing V.

In figure 31 results of measurements before and after irradiation,
for all types of mentioned a-particles, are shown. The window
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Fig. 31. Window-thickness observed by detection of a-particles from radioactive
sources in a pt-i-nt+ junction before irradiation (filled-in graphical symbols) or in a
p*-p-nt junction after irradiation (open symbols).
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thickness is calculated from the detected particle energy using a
similar range-energy relation as in paragraph 2.2, but adapted to the
present energy range. Corrections were applied for the diffusion
contribution to the pulse height, resting on some unpublished data
on this subject. From figure 31 the conclusion is drawn that a
p*-p-nt junction is produced by the irradiation. If the transition
from p*- to p-type material is not very sharp, which seems to be the
case, some arbitrariness is introduced into the determination of
Vm. In the present method any small decrease of junction width is
readily observed by the much larger relative increase of window
layer thickness. A value for ¥V, on the high side is therefore
measured by the a-particle probing method. Also the rather high
lower limit for particle detection in the pre-irradiation case is
explained by these arguments.

In actual experiments pulses were made visible on an oscilloscope
screen (Tektronix 515A), on which pulse heights could be easily
read. Linearity was checked, and energy calibration was made by
means of a gold-coated surface barrier detector. An integrating and
differentiating network, both with a time constant of 0.5 ps, were
used for pulse shaping.

A more detailed study, with the same purpose of determining
Vm and the junction character, was made by detection of 26 MeV
deuterons and 52 MeV a-particles. Because of their large range in
silicon, 1960 and 1020 pm respectively, these particles penetrate
deeply into the detector volume. This allows measurements to be
made of the dependence of detected energy on reverse bias in the
interesting range V < V. Results of such measurements for
deuterons are given in figure 32. Drawn lines in this figure are
calculated assuming a value for Vy and a p*p-nt or pt-n-n*
junction. Calculations are based on an empirical range-energy
relation, from which an expression for dE/dx, the energy loss per
unit length, is derived as made clear in paragraph 2.2. To account
for a diffusion contribution to the signal height the calculated
depleted junction thickness is increased by 60 pm. A best fit of
calculations and measurements proves the existence of a p+-p-nt
junction, while also Vr, is determined within a few percent. In the
a-particles measurements the detected energy was up to 20 %, too
high over part of the voltage range. This is as yet not understood, "
but in no way invalidates the conclusions based on this work.
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Fig. 32. Detection of 26 MeV deuterons by an irradiated junction. Experimental
points: o. Drawn lines are calculated.

Experiments were performed at the “Instituut voor Kernphysisch
Onderzoek™” with an external beam of the synchrocyclotron.
Particles were scattered on the detector by a gold target. A pulse
shaping network with a time constant of 1 ps was used. The detected
particle peaks, broadened by the statistical nature of the absorption
process, were recorded on a multichannel analyser (Nuclear Data
ND 130). The linearity of the detection system was checked and its
zero level channel was determined with a mercury pulser.

In conclusion a comparison is made between values of Vi as
found by the various methods. In table VIII results are given from
measurements performed in a period of 13 hours in a time sequence
from top to bottom of the table. The slight increase of V' is a real
effect, due to the fact that space charge increased in the junction,
which was left most of that time without bias at room temperature.
A rather consistent set of values is obtained, giving support to the
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TasLE VIII

Determination of the voltage V', by various methods.

Method of measurement | Vu(V)

Junction capacity 170
212Ph a-particles 8.78 MeV 181
212Pb q-particles 6.06 MeV 180
241Am a-particles 5.45 MeV 179
Cyclotron deuterons 26 MeV 1756
Cyclotron a-particles 52 MeV 175
212Ph a-particles 8.78 MeV 194
212Pb a@-particles 6.06 MeV 196
#1Am a-particles 5.45 MeV . 193
Junction capacity 174

validity of these methods. Determinations of V', by means of poten-
tial probe measurements have to be considered as unreliable and
were consequently discontinued.

3.4 Gamma irradiation damage in isolated lithium drifted
silicon

3.4.1 Method of measurement

To advance the understanding of irradiation effects in lithium
drifted silicon, additional investigations were felt to be necessary.
In the experiments, which will be described in this paragraph, it
was our intention to obtain more information on the gamma
irradiation effects by measuring conductivity and carrier concentra-
tion. Since the geometrical structure of p-i-n junctions is not suitable
for resistance and Hall effect measurements, samples of special shape
were prepared for this work. Lithium compensated intrinsic silicon
may be produced only by using the lithium ion drift mechanism.
As the first step in the preparation of a sample, therefore, a p-i-n
junction is made, following the methods outlined in paragraph 1.8.
For the present purpose the junctions were drifted to a final intrinsic
width of at least 2200 pm, in slices with an approximate total
thickness of 2500 pm. After junction preparation the thickness of
the p- and n-type extrinsic layers is about 150 pm each. To isolate
the intrinsic silicon the n- and p-type material is completely
removed, ¢ver almost the whole junction area. The geometry after
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sample shaping is best made clear by referring to figure 33. On both
sides of the slice a layer thickness of at least 300 pm is removed,
ensuring the complete disappearance of the low resistivity extrinsic
regions. Samples are shaped by grinding off the greater part of the
silicon, followed by a final etching treatment, or by etching only,

3to 4 mm

25 mm

150 um;—_—: p p
2200 um ' i i
150 um ,-—“ n n

Fig. 33. Illustration of the Van der Pauw method measurements of resistivity and
Hall effect on isolated lithium compensated silicon samples.

which avoids any heating during the sample preparation. While
etching, the contact areas are protected by covering them with
Apiezon wax. As illustrated by figure 33 the p-i and i-n junctions
are left at four spots located regularly around the circumference
of the slice. These four contacts enable resistivity and Hall effect
measurements to be made by the Van der Pauw method. If biased
in forward direction the junctions provide good, low resistance
electrical contacts to the sample. The present, rather laborious,
sample preparation method was adopted to preserve these contacts,
which were already made in the early stages using high temperature
alloying or diffusion techniques. This was done, since no alternative
method was known, by which good contacts could be made to the
isolated compensated silicon afterwards.

As mentioned the method developed by VAN DER PAUW® was used
for the resistivity and Hall effect measurements. For a discussion
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of this method, experimental details and measuring procedure
reference is made to the paragraphs 1.3 and 1.4. Samples are
electrically connected as indicated in the bottom right hand corner
of figure 33. A phosphor bronze spring is clipped around the slice,
pressing on both the n- and p-type contacts. Currents will choose the
forward biased junction which provides the easiest path to flow into
the sample. Measuring currents are taken equal to 1 pA, or smaller,
to avoid carrier injection, which in high resistivity silicon may
easily affect the conductivity by raising hole or electron concentra-
tion above the thermodynamic equilibrium value. The presence of
these phenomena is detected by a dependence of sample resistivity
on measuring current, or, in other words, by deviations from Ohm’s
law. Also to minimize errors due to carrier injection samples of the
largest available size were selected for this work. Aside, it may be
noticed at this moment, that the conductivity of the p-type region
in a forward-biased, 2 mm wide, p*-p-n* junction is drastically
increased by a double carrier injection process. During all measure-
ments the sample is kept in total darkness.

Immediately after completing the sample preparation always a
too low resistance, corresponding to an apparent resistivity of
typically 10000 Qcm, is measured. The failure to observe the
intrinsic resistivity of 230 000 Qcm, is caused by a strongly n-type
layer, surrounding the slice, which provides low resistance current
paths between the n-type contact spots%’. As demonstrated by the
potential probe measurements, curve c of figure 30, such an n-type
surface layer is produced by etching, which is always the last
treatment in the sample shaping procedure. Again the surface
condition is improved by storage of the slice for some days in dry
oxygen. In the same period reverse bias is applied across the sample
to accomplish a redrift process. By the combined action of these
processes the resistivity of the silicon increases and a final value of
100 000 to 300 000 Qcm is achieved. The discrepancy between this
final, pre-irradiation, resistivity and the correct value for intrinsic
silicon is probably still associated with non-ideal surface conditions
and, or, non-uniformity of compensation.

The electrical contacts to the sample have an arc-shaped base
width of 3 to 4 mm, and are not very small compared with a slice
diameter of 25 mm. Contact width corrections to the resistivity and
Hall mobility have therefore to be applied, but unfortunately for
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the present geometry no formulae are available. Without contact
width correction a Hall mobility is measured at 300 °K, which is
15 to 25 9, lower than the correct value of 404 cm?/Vs at this
temperature. From this difference a correction factor is obtained, by
which the results are modified. The validity of this procedure was
verified on a 25 Qcm p-type silicon slice. On this slice the resistivity
was first measured using the small contacts as described in para-
graph 1.3. The slice was then shaped according to the present
requirements and again measured. Similar large differences in Hall
mobility were then observed, which evidently had to be explained
by contact size effects.

3.4.2 Time dependence of conductivity

Samples prepared by the method described in the previous section
were irradiated by 8Co gamma’s at a temperature of 40 °C, or of
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Fig. 34. The increase of room temperature conductivity caused by $Co gamma
irradiation at 40 °C of the samples Texas Instruments, 2, 3 and Wacker, 2, 7.
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about 0°C. By the irradiation the near-intrinsic silicon again
obtains extrinsic properties. In some of these experiments the
irradiation was interrupted a few times to measure the sample
conductivity as function of irradiation dose. Results are illustrated
by figure 34, which, as anticipated, shows a linear conductivity
increase. Since in extrinsic samples the conductivity is given by
o = peuy,, or by o = neu,, this result implies a constant rate of
production of electrically active irradiation defects.

After irradiation, keeping the sample near room temperature,
its conductivity continues to increase. This behaviour js similar
to the space charge increase, which was observed in junctions left
without bias (section 3.3.3). Therefore the present process is de-
scribed mathematically by the equivalent expressions:

da_ (da) ox ( t )
dt \d¢/ P T/

o(t) = o(o0) {1— exp (— i)}
TLiR

In figure 35 actual experimental results are illustrated by plotting
for one sample and for two different recovery temperatures the
quantity p(co)—p(f) versus time. Carrier concentration is given
instead of conductivity to eliminate the temperature dependence
of the (hole) mobility. These graphs show the required exponential
decrease. Analysis of the results yields the time constant 7y, at the
measuring temperatures, the activation energy of the interaction
process, and the saturation defect concentration.

3.4.3 Temperature dependence of hole concentration

To gather more data concerning the irradiation induced conduc-
tivity changes, measurements of resistivity and Hall effect were
performed over an extended temperature range. As a first immediate
result of these measurements the polarity of the Hall effect indicates
a p-type conduction in the samples after irradiation. In agreement
herewith the Hall mobility uy, calculated as the product of Hall
coefficient Ry and conductivity o, and illustrated by figure 36,
yields a value characteristic for holes. These results confirm the
earlier findings by potential probe measurements (section 3.3.4) and
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particle detection (section 3.3.5) in reverse-biased junctions. Little
doubt is left therefore that irradiation produces a net amount of
defects showing acceptor action.

Calculation of the Hall mobility provides us with a check on the
quality of the measurements, which is the reason for plotting this
quantity in figure 36. For the expected predominant lattice scatter-
ing a temperature dependence of the Hall mobility according to a
T-2%power law should hold®. This temperature dependence,
represented by the drawn line in figure 36, is indeed found over the
greater part of the temperature range. At the highest temperatures
sometimes deviations are observed, which are justified by the onset
of intrinsic conductivity. For low temperatures too, the experi-
mental points do not fall on the straight line. In most cases this is
caused by ionized impurity scattering, but in some others this is
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Fig. 35. Variation of carrier concentration in the irradiated sample Texas Instru-
ments, 2, 3 during storage at 30 and 50 °C; p(c0) = 130 x 10'° cm~3,
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Fig. 86. Hall mobility u, before contact width correction in sample Texas Instru-

ments, 2, 3 at some recovery stages after the irradiation (filled-in triangles). The

straight line represents u,, = 404 x (300/T)%3. Also the ratio of the Van der Pauw
resistances R,/ R, is plotted (open triangles).

probably a more serious effect to be explained by a non-uniform
impurity distribution. These suspicions are usually confirmed by a
plot of the ratio of the Van der Pauw resistances R,/R,, also shown
in figure 36. As discussed in paragraph 1.4 any non-uniformity in the
sample doping may produce a temperature dependence of this
resistance ratio. Low temperature data of doubtful reliability, as
indicated by uy and R,/R,, were not used in further analysis.
Hole concentrations as function of temperature, derived from the
Hall effect, are shown in figure 37. Various curves are given, which
belong to different stages in the recovery procedure of one sample.
It is amply clear from this figure that electronic energy levels,
associated with defects, are introduced by the irradiation. During
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Fig. 37. Temperature dependence of hole concentration after irradiation at 0°C
of sample Wacker, 2, 9. Curve 1 is measured immediately after the irradiation,
curves 2, 3 and 4 after increasing recovery time.

Reciprocal temperature

the recovery treatment the temperature dependence of the electrical
properties changes drastically. For the analysis of the measured
curves a model was adopted. An electronic level, located E; above
the valence band and associated with an irradiation defect, was
introduced as the simplest possible extension of the model con-
sidered in paragraph 1.3. To be observable the level at energy Eg,
of either donor or acceptor character, should be situated in the lower
half of the gap between valence and conduction band. In the
p-type silicon, as it exists after irradiation, this part of the zone is
probed as the Fermi level moves downwards at decreasing temper-
ature. Electron states in the conduction band will be empty in
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p-type silicon; also all lithium donors will be ionized and have given
off their electrons. Depending on the position of the Fermi level the
boron acceptors may be partly filled. Some electrons will be excited
from the valence band, leaving p observable holes in it. Summariz-
ing, in the model we take account of #;; empty donor levels, #ng
boron acceptor levels at Ey, #ny irradiation defect levels at E; and
# holes in the valence band. To start with, the most likely possi-
bility of conversion of the silicon to p-type by the introduction of
acceptor-like irradiation defects is considered. As for the group III
chemical acceptors in an elemental semiconductor a spin statistical
weight factor § = 2 is assumed. Applying the condition of electrical
neutrality one derives the following equation:

P3P (”Li‘*‘”;z‘l””;a)‘{'ﬁ (”Li”iz+”IJ”;3—”R”;1“”B”;3+”;1”1'3)
‘l’”;{”};("Li_”R"”B) =0, (4a)

where, similar as in paragraph 1.3, n; and #g are defined by:

, E
)

E
ng = in, exp (-— k—;) .
In its general shape this third degree equation is difficult to deal
with. However, the fortunate circumstance that the irradiation
defect level seems to be located several 27’s above the boron level
allows us to bring about useful simplifications.

In a high temperature range, above about 100 °K, the Fermi level
will be high enough in the gap to ensure a complete filling of boron
levels. Introducing this fact, formulated mathematically by the
inequality p < #g, into equation (4a) reduces it to the quadratic
expression:

PE+p (ny—ng+ng) +ng (ny—ng—ng) = 0. (52)

For the high temperature end of the high temperature region, which
is near 300 °K, also the condition p <« g will hold. Equation (5a)
then further reduces to:

P = ngt+ng—ny;. (6)

In this case the Fermi level is even substantially above the irradia-
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tion acceptor level, and both acceptors are ionized. This leads to the
above-mentioned constant hole concentration, as is easily visualized
by the model. In the p-type irradiated samples the total amount of
acceptors exceeds the donor concentration, which means#ng+ng >n, ;.
On the low temperature end of the high temperature region
the situation is more complicated. For the condition #;; > n,
but still n; < ng+ng, the Fermi level will be pinned near the
irradiation defect level at E. Fermi levels may always be calculated
from the measured hole concentrations in a straightforward manner
by using the equation:

Ep = FTIn.
?

Because of their illustrative value such a Fermi plot, corresponding
with the results presented in figure 37, is given in figure 38. Fermi
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Fig. 38. Temperature dependence of the Fermi level in sample Wacker, 2, 9. Curves
correspond to those of figure 37. Curve 4, not shown, nearly coincides with curve 3.
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level pinning is observed in curve 1, measured immediately after
irradiation, and indicates a defect energy level of E; = 0.22 eV.
In the special case #;; = n; Fermi level pinning will occur at half
the irradiation level value. Curve 2 of the figures 37 and 38 is near
this condition. Finally for #;; < #y the low temperature condition
may be simply introduced by putting #; = 0 in formula (5a). One
then again obtains a constant hole concentration:

D = ng—ny;. (7)

A step-like variation of hole concentration between an upper con-
stant value given by (6) and a lower constant value given by (7) is
demonstrated by the curves 3 and 4 in figure 37. Introducing the
abbreviations

Pmax = Np+ng—ny; (6a)

and
P = np—ny;, (7a)

the irradiation defect density is expressed as

ng = ngx"‘pmlm . (8a)
!
Formula (5a) may be rewritten to yield an explicit expression for
ng; it then transforms to:

— ) = Lol 9a
kT Pmax"j’ ( )
If in the cases 3 and 4 values for g, and pp, are read directly
from the curves, the right hand side of equation (9a) may be calcu-
lated for the intermediate temperature interval. Eliminating the
T% dependence of 7., one arrives at the result Ex = (0.234-0.03)eV,
in the way as illustrated by figure 39. In the figure the drawn or
dashed straight lines represent the theoretical expression ny/T%,
calculated by assuming the indicated value for E; and a density of
states hole mass my, = 0.55 m,5.

No pinning of the Fermi level occurs for the curves 3 and 4, and
in this case the Fermi level approaches the boron level Ej in a low
temperature region, below about 100 °K. For #;; < ng the low

#, = in, exp (__ ER) P(p—Pum)
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Fig. 39. Illustration of the analysis by equation (9a,d) of hole concentration data
in the high temperature range. Curves 1 to 4 are calculated from the expression
P (P —bmin)/ (Pmax—p)TE. Straight lines represent n, [T} for some values of E .

temperature condition #;z = 0 may be substituted at once in equa-
tion (4a), which then yields:

P2+P(”Li+”;s)+”;3(”u"”s) = 0. (10a)

This expression is equivalent to the one given in paragraph 1.3 and
fully discussed there. The present case is rather unusual in that the
degree of compensation is extremely high. Analysis of the low
temperature tails of the curves 3 and 4 indeed yield the boron
acceptor level and reasonable values for »;; and ng. At the high
temperature end p < ng, and one obtains p = ng—n,;. Of course,
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the curves for the low and high temperature regions join continu-
ously.

In continuing the analysis of the Hall effect data a model was
considered in which the irradiation defect level at E; had donor
character. To avoid a lengthy discussion we merely state the result
that such phenomena as pinning of the Fermi level if p,,, < 0, the
stepwise variation of p in the curves 3 and 4 where p;, > 0, and
the appearance of the boron level in these cases, are equally well
explained by the new model. Formulae were derived on the basis of
the donor model. It turned out that, by the introduction of the
quantities py,. and p;,, these formulae may be written in a form
which applies to both the donor and acceptor case. Results in this
donor-acceptor invariant form are given below; the corresponding
stage in the previously discussed acceptor model is indicated by the
figure in parenthesis:

Pa +P2 (nB _Pmin+n;3 +";z) +P ("B ”;z _pminng"“ﬁmax”;z +";3n;2)

_Pmax'”;aniz =0 (4a’d)
P2+15(";1—Pmln) "Pmax”;{ =0 (5a»d)
DPmax = Mpt+ng—ny; (6a)

Prmax = Ng—ny; (6d)

Prm = np—ny, (73)

Duin = Np—ng—ny; (7d)

MR = Pmax—Pmin (Sa»d)

e = P——mg’m:ﬁ“j‘)“) (9a,d)
P2+P(”B’1§mm+”;3)"‘?mm";3 =0 (10a,d)

As regards the formal analysis of the p versus 1/T curves the donor
and acceptor model are not distinguishable. Any decision concerning
the donor or acceptor character of the irradiation defect level has
to be based on more physical arguments.

There is some indication that the above models are not fully
adequate. For instance in curve 1 of figure 37 the hole concentration
near room temperature is not very well constant as it should be
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according to the formulae (6a) or (6d). Also graphs representing the
right hand side expression of (9a,d) point out some errors. If the
graphs, shown in figure 39, are extrapolated to the intersection
with the 1/T = 0 axis rather bad values for the effective hole mass
are found in many cases. These discrepancies are not very surprising
in view of the simplicity of our model, which assumes only one, or
at least only one dominant, irradiation defect level. To improve the
model a second defect level could be introduced; this however does
not seem to be very useful at the present state of the art.

3.5 Electron irradiation damage in heavily lithium doped
silicon

3.5.1 Sample preparation

A specific investigation into the interaction between the primary
irradiation defects and the chemical impurity lithium was made.
For this purpose silicon slices, strongly doped with this impurity,
were prepared, following the methods described in this section. In
these samples the defect formation capabilities of other impurities
are outweighed by the much larger amount of lithium atoms. In the
original p-type silicon, supplied by MonoSilicon, the dominant boron
acceptor concentration equals 2.3 X 10 cm™3, corresponding to a
sample resistivity of about 58 Qcm. The slices have a diameter of
16 mm; their thickness is 0.25 mm. To start with, a low resistivity
n-type skin is produced around the slice by phosphorus diffusion.
To this end thesilicon slice together with a small phosphorus grain is
sealed in an evacuated quartz tube, which is then heated to 1000 °C
for 24 hours. By this treatment a very thin, strongly phosphorus
doped surface layer is created, which enables better electrical con-
tacts to be made. After this, lithium is introduced into the samples
also by a diffusion technique, which employs molten lithium in tin
solutions®®. Our systems were prepared by adding about 1 weight
percent of pure lithium (99.9 9,, Lithium Corporation of America)
to pure tin (99.999 9,, Johnson and Matthey). Silicon slices
immersed into the melt are n-type counterdoped by a lithium
indiffusion at 460-500 °C during at least two hours, in an argon
atmosphere. Depending on the Li-Sn solution composition and the
diffusion temperature the slices are then very nearly uniformly
doped with 5x 10 to 2x10'7 lithium atoms per cm3 which
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corresponds to an n-type resistivity of about 0.1 Qcm. Pyrex tubes®
were not found suitable for this work, since they always broke due
to a recrystallization process caused by the molten tin. Cylindrical
crucibles of pure graphite were taken instead to contain the melt.
Next an adherent plate of nickel is deposited on the silicon slice by
an electroless method4®. Four spots near the circumference of the
slice are then covered with Apiezon wax. These four spots, shown in
figure 40, will provide the electrical contacts in the resistivity and

A D

B Cc

Fig. 40. Illustration of a four leaf clover shaped sample with contact spots at A,
B, C and D.

Hall effect measurements by the Van der Pauw method. On the
remaining area the nickel plate and also the phosphorus doped skin
layer is subsequently removed by etching. To reduce the corrections
for the rather large-sized contacts on these small slices, the samples
are given a four leaf clover shape. Four radial incisions between the
contacts are made by etching away these parts, having protected
the other area by Apiezon wax. An illustration of a sample in its
final shape is given by figure 40; the thickness of the slices has
decreased to about 0.2 mm.

3.5.2 Resistivity and Hall effect

Measurements of resistivity and Hall effect were carried out on
these samples both before and after electron irradiation. A discus-
sion on the Van der Pauw method of measurement, details of
equipment and measuring procedure is already given in paragraph
1.3. Figure 41 is presented as an illustration of some results. Before
irradiation the temperature dependence of the electron concentra-
tion is analysed using a model which takes account of electron states
in the conduction band, lithium donor levels and compensating
acceptors. Since this model is the n-type counterpart of the p-type
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Fig. 41. Temperature dependence of electron concentration before (curve 1) and
after (curve 2) irradiation of sample MonoSilicon, 1, 30. Experimental points: », o.
Drawn lines are least squares adjusted by computer calculations.

case considered in paragraph 1.3, equivalent mathematical expres-
sions are produced. Consequently, the computer program, men-
tioned in that paragraph, could be used to perform the analysis on
the X8 of the ‘““Mathematisch Centrum’. Results are given in
table IX. From an examination of the table one concludes that our
result for the ionization energy Ej; of the lithium donors agrees
quite well with the value 33 meV, reported in the literature®0. In the
samples MS, 1,33 and MS, 1, 34, containing the highest amount
of lithium, a slightly lower value for E;; is found. This is explained
by some overlap of electron wave functions, by which the donor
level broadens to a band. As an other result the table shows a
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TaBLE IX

Lithium concentration nri, concentration n, of compensating acceptors, electron
energy level of the lithium donor and density of states effective mass my, of
electrons for some heavily lithium doped samples before and after electron

irradiation.
Irradiation
Sample dose NLi Mg Ey; My, e[me
—_— 1010 e/cmﬂ lOlG cm—s 1014 Cm—3 meV —_—
— 6.67 2.75 31.6 0.56
MS, 1,30 1.10 5.99 20.5 32.9 0.50
— 21.2 2.97 28.7 0.58
MS, 1, 34 3.08 15.6 1.07 35.4 0.79
— 11.2 2.47 31.6 0.63
MS, 1, 37 1.99 9.3 2.65 36.2 0.68
MS, 1, 33 — 21.0 2.13 30.6 0.69

compensating acceptor concentration around 2.6x10% cm3,
independent of the amount of lithium doping. This value nearly
equals the boron concentration in the original p-type silicon, stated
before as 2.3 x 104 boron atoms per cm?. However, in the strongly
lithium doped samples the boron acceptors perhaps have dis-
appeared by the process of lithium-boron complex formation,
discussed in paragraph 1.7. If the KROGER-PELL30: 31 results for the
equilibrium constant of this reaction are applicable almost all boron
forms part of these complexes. Also according to the values of
SpiTzER and WALDNER?2 the greater part of the free boron acceptor
levels is cancelled by this process. Yet, because of the remarkable
equality of boron density before, and compensating acceptor
density after lithium doping, it is tempting to assume that boron is
involved in the creation of the latter acceptor levels. To verify this
hypothesis future experiments will be carried out starting from
lower resistivity p-type silicon.

By comparing the curves 1 and 2 of figure 41 one concludes that
carriers are removed by the irradiation. A rather inevitable element
of any explanation for this phenomenon is the disappearance of
lithium donors, for instance if by capture of a vacancy a substitu-
tional neutral lithium atom will be formed. In case this explanation
holds the old model and formula will still be valid. Also, the samples
were relatively lightly irradiated to avoid the formation of complex
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defect structures and to favour the applicability of the simple
model. Nevertheless, the analysis of measurements of irradiated
samples are not as good; the RMS-errors are larger and the best fit
parameters apparently have less physical significance. Results
obtained on samples after irradiation are also given in table IX.

3.5.3 Electron spin resonance

An investigation to the electron irradiation effects on strongly
lithium doped silicon, made by the method of electron spin res-
onance absorption, is briefly discussed now. Lithium impurities,
if not ionized, have unpaired electrons and behave as paramagnetic
centres in the silicon crystal. Indeed, at 77 and 4.2 °K, electron spin
resonance was observed. Our result for the g-factor, g = 1.9986
40.0005, is in agreement with the value to be expected for a shallow
donor®. Consistent with the symmetry of the possible sites of
lithium in a silicon lattice an isotropic g-factor was found. Samples
used for this work contained near to 7 x 10'7 atoms lithium per cm?
and showed conduction even at liquid helium temperature. It must
be admitted therefore, that we are not completely sure whether the
observed resonance is due to electrons in bound donor states or to
conduction electrons. The small difference in g-factor for these two
cases is within experimental error®l. By electron irradiation the
intensity of the resonance is drastically reduced. Only partly a
related increase in line width is responsible for the reduction in
amplitude. The present result is in qualitative agreement with the
carrier removal observed by the Hall effect. The experiments were
carried out on a X-band superheterodyne spectrometer. A DPPH-
sample was used as g-marker and as a reference for the absorption
intensities.

3.6 Discussion of the results

3.6.1 Time constant 7,5

In this section we want to prove the hypothesis that the time
constant 7 is associated with capture of lithium ions by irradiation
defects, called R. For this type of diffusion limited pairing reactions,
schematically given by Li*+R — LiR, a general expression for the
time constant is already mentioned in section 1.7.3. Repeating this
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formula in notation adapted to the present situation yields:

1
T, iR — .
LR 4n{(nLi+nR+K)2_4nLinR}éDLi Regpt

Within a certain capture radius R, the lithium ion is trapped by
the irradiation defect, whereas beyond this distance it diffuses
around freely. No indications of the trapping process being an
equilibrium reaction were observed. Experimentally this was veri-
fied by carrying the reaction into saturation and then raising the
temperature. It was found that no lithium ions again dissolve in the
silicon lattice by the reverse reaction: LiR — Lit+R. In the
expression for the time constant 7 ;; this fact is entered by putting
the equilibrium constant K equal to zero. After every irradiation
the density of irradiation defects is lower than 3 x 102 cm™3, as
may be checked by examining the tables XII and XIV. This is
much smaller than the total concentration of lithium impurities
ny; in all samples. Thus: ng <« #;;. Introduction of both these
simplifying circumstances into the formula for 7;;; reduces it to:

1

Trip —= ————————
LiR .
4nmLi D Li Rca.pt

In many of the samples, in which investigations of the irradiation
effects were carried out, appreciable amounts of boron or oxygen
were present. In these cases complex formation of the type
Lit4+B~ = LiB or Lit++0 % LiO+ takes place. Only a fraction
o < 1 of unpaired lithium ions is then free to move through the
silicon crystal. This increases the time spent on LiR complex
formation and the formula for 7;;; under these conditions reads:

1

Ty = —————————
LiR ’
dmvony; Dy Regpy

where »;; is the sum of the concentrations of Lit, LiO+ and LiB.
An experimental verification of the above-mentioned formula for
the time constant may be carried through in several ways by varia-
tion of the quantities «, #; or D;;. In various experiments on
samples with different lithium, boron and oxygen concentration,
and at various recovery temperatures, this dependence was thor-
oughly checked. Values for 7;;; were obtained from the experi-
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ments with lithium drifted junctions, described in section 3.3.3.
Also some values for 7,z resulted from the time dependence of
conductivity in the isolated lithium compensated silicon, as dis-
cussed in section 3.4.2. It was set forth in detail in preceding discus-
sions how #;; (paragraphs 1.3 and 1.4), the diffusion constant Dy;
at the relevant temperature (section 1.7.1 and references 26, 27 and
52), and « (sections 1.7.2 to 1.7.4) were determined. As the single
unknown parameter the capture radius R, may be calculated.

In table X a survey of the various results is given.

Summary of data on the time constant 7, .

TABLE X

Temper- : Method of
Sample "Li ature Dui ® TLiR Reapt measurement
— 10'¢ cm-3 °C 10-*4 cm?/s - hour 10-8 cm -

M, 17,6 141 19 1.27 0.8 450 3.4 cap

M, 7,11 1.42 30 3.26 0.84 183 3.1 cap
30 3.26 0.8 150 4.0

M, 7,13 1.39 40 7.27 0.8 65 4.2 cap
50 15.4 0.8 22 5.9
30 3.26 0.8 143 4.2

M, 7, 14 1.41 50 15.4 0.8 31 4.1 cap

TI, 1, 11 1.61 40 7.27 0.48 120 3.3 cap
20 1.39 0.026 | 1850 4.9
30 3.26 0.044 | 500 4.5

TL2,1 6.78 40 7.27 0.071 160 3.9 cap
50 15.4 0.109 36 5.4
30 3.26 0.047 870 2.4

15,23 6.8 50 15.4 0.116 72 2.5 cond
30 3.26 0.047 700 3.0

TL2,6 6.77 50 15.4 0.123 42 4.1 cap

W, 2,3 174 20 1.39 0.17 11.2 48 cap
20 1.39 0.2 68 7.3

w.2.9 16 30 3.26 0.3 23 6.1 cond

It is seen in this table that fairly large variations in the para-

meters #;;, D;; and « were introduced. Comparing extreme cases
both the lithium concentration and the diffusion constant differed
by a factor 12, while « varied by a factor 30. This together resulted
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in a variation of the time constant 7,z by about two orders of
magnitude. Leaving aside for the moment some results obtained on
Wacker silicon, we notice that in spite of these large variations a
rather constant value for the capture radius is found. It follows
from this constancy of the capture radius that the applied formula is
valid and that the assumed mechanism of precipitation of lithium
ions on irradiation defects is really effective. Most results are
expressed by Rg, = (44-1) X108 cm, which is quite reasonable
for an interaction process lacking Coulomb attraction. Since the
lithium ion carries positive charge the defect R has to be neutral.
In the exceptional case Wacker, 2, 3 a rather much larger capture
radius is observed. This value may be identified with the Coulomb
capture radius, and points to an electrostatic interaction between
the Li*-ion and a negatively charged R~ irradiation defect.

3.6.2 Time constant v

Continuing the discussion on the time dependence of irradiation
induced phenomena we now deal with the time constant <.
Observation of this time constant was confined to the experiments
with reverse-biased junctions, where it governed the rate of space
charge compensation. In this section the proof will be given that
7cisinvolved in a space charge neutralization process which operates
via the lithium ion drift mechanism. To this object we proceed by
deriving a formula for the time constant 7. in quantitative mathe-
matical terms. Reference is made to figure 25 for an illustration of
the behaviour of electrical quantities in a reverse-biased irradiated
junction. In a depleted junction region the space charge p is related
to the electric field E by a Maxwell equation. In our one-dimensional
treatment for planar structures this equation, the Poisson equation,
reads:

dE »p
—— =5, 11
dx ¢ (11)

Through their high mobility g;; lithium ions will acquire a drift
velocity u;; E in the electric field existing in the depleted junction
region. Since the ions carry unit positive charge this drift motion
sets up an electric current, with density Ji;, given by the equation
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Jui = nyeu E. Only currents arising from drift in the electric
field, and no diffusion contributions are considered in the transport
equation. The n- and p-type boundaries of the junction act as source
and sink for lithium ions respectively and may be called injecting
contacts. Differentiation of the transport equation yields:

dj dE
“Jil =Nyl - (12)

dx dx

It has been tacitly assumed that #;, is constant with respect to x.
This implies, since #;; is supposed to be equal to nyz throughout the
junction region, the assumption of uniformly doped material.
However, in some experiments it turned out that this requirement
is not always sufficiently fulfilled. This then gives rise to observable
deviations from equation (14) governing space charge compensation
in a reverse-biased uniform junction region. In these cases also no
exact compensation of space charge is achieved by the lithium ion
drift process. Conservation of lithium ions is expressed by the
continuity equation:

dJy , d
Fra

P _
=" (13)

By elimination of J;; and E from equations (11) to (13) we obtain:

d Ny ey,
= - (14)
The space charge p is due to ionized impurities and is given by
p = e(n;—ng—ng), where ny represents the net amount of irradia-
tion produced negatively charged acceptors. Any time dependence
of the space charge essentially is caused by variation of the lithium
concentration #;;. Since however ny< n;; and #;; ~ ng, the
inequality p = e(n;—ng—ng) < eny; holds. Therefore, the varia-
tions of #;; during the compensation process are relatively small
and the factor g/n;eu; = 7¢ is almost a constant. After substitu-
tion of 7 the differential equation (14) reads:

dp P
i (15)
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It has for its solution:

¢
pt) = p(0) exp (— =).
Tc
In section 1.6.3 the ionic relaxation time 7, was already met. In that
section the time constant 7; appeared in an expression equivalent
to:

This equation controlling the capacity variation of p-n junctions
caused by space charge compensation via the lithium ion drift
mechanism, is virtually the same as equation (15), valid for p-i-n
junctions. The numerical factor 3 is characteristic for the linear
impurity distribution in the p-n junction case.

To illuminate the significance of the time constant 7. two com-
ments will be made. In the first place the expression for 7, may be
rewritten as follows:

w eA

o= X =,
¢ Angeuy T W

where A stands for the area, and W for the width of the junction.
The leading factor on the right hand side equals the resistance of
the junction for electric conductance by lithium ion currents. The
second factor is the capacity of the junction. Thus, 7 is the ionic
RC-time of the junction volume, which is the ionic analogue of the
dielectric relaxation time, which in electronic processes governs the
transient return to equilibrium after any perturbation. For this
reason 7. is designated as the ionic relaxation time.

Secondly, by application of the Einstein relation eDy; = uy;RT,
the mobility may be eliminated from the expression for v,
yielding:

kT
o= ny;e2Dy; '
Introduction of the Coulomb capture radius R, defined by

e

= kT,
4neR,
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modifies the formula to:

1

TC _ 0 .
4mny; Dy; R

Evidently, this result is very similar to that obtained for 7; in the
previous section. An important distinction however is, that in the
present case the value of the capture radius R is known from
theory. If electrostatic attraction exists between interacting
impurities Li+ and R~, the capture radius R, is equal to the Cou-
lomb capture radius R and also ;s = 7. For this reason this
special case was already considered explicitly in section 3.3.3.

For a qualitative check on the validity of the space charge
neutralization model we note that the presence of an electric field is
indispensible to effect the compensation. To achieve compensation
in the whole junction region, V = Vn, is a necessary and sufficient
condition. Application of a lower reverse bias only effects com-
pensation in the depleted junction zone. These predictions, following
from the proposed space charge neutralization mechanism, were
verified and confirmed by experiments.

To carry through a quantitative check on the validity of the
formula for the time constant 7., we first incorporate in the formula
the retarding effect of impurities to which lithium ions may get
bound. If, as in the preceding section, in consequence of LiB or
LiO+ complex formation, only a fraction « << 1 of lithium ions
diffuses freely through the silicon lattice, the time scale on which
space charge compensation occurs is enlarged and 7. becomes:

&

TC _—— .
Ryl

As before, from discussions given earlier the lithium concentration
ny; (paragraphs 1.3 and 1.4), the unpaired fraction « (sections 1.7.2
to 1.7.4) and the lithium mobility (section 1.7.1 and references 26,
27 and 52) are known. There is therefore no problem in calculating
7. directly from these data and comparing the results with the
experimental values. It may be inferred from table XI, where
results obtained on a number of samples are grouped together, that
agreement between calculated and measured values of the time
constant 7 is always very good. Variations dictated by changing
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the lithium concentration by a factor 12, the fraction of free lithium
ions by a factor 20, or the mobility by a factor 20, resulting in a
variation of the theoretical 7. by some factor 30 are always correctly
reflected in the experimental result. It is concluded therefore that
the formula for 7 is valid, and that actually the lithium ion drift
mechanism is the basic process for the observed space charge
compensation.

TaBLE XI

Summary of data on the time constant z¢.

Sample "L TZ:;I;ZP MLi « ca.lcz(l:a.ted mea..[s?lred
— 10 cm-3 °C 1012 cm?/Vs — hour hour
M, 17,6 1.41 19 0.50 0.8 32 30
M, 7,11 1.42 30 1.25 0.84 12.2 11.7
M, 7,12 1.42 30 1.25 0.84 12.2 12.4
M, 7,13 1.39 40 2.69 0.8 6.1 6.7
M, 7, 14 1.41 60 10.9 0.9 1.31 1.35
TI, 1,4 1.56 30 1.25 0.38 24.5 22.0
TI, 1, 11 1.61 40 2.69 0.48 8.6 8.5
2
R I - I I I
30 1.25 0.047 45.6 48
TI, 2, 6 6.77 40 2.69 0.081 12.2 11.5
50 5.53 0.123 3.9 3.6
W, 2,3 17.4 20 0.55 0.17 11.1 11.2
W, 2,5 15.0 20 0.55 0.25 8.8 7.9

3.6.3 Recovery behaviour of irradiation effect

Having established the significance of the time constants 7, and
71;r» the time dependence of the irradiation effect may be discussed
now in more detail. To this end we return to the experiments
described in section 3.4.3, results of which are illustrated by the
curves 1 to 4 of figure 37. In curve 1, measured very shortly after an
irradiation at 0 °C, pinning of the Fermi level occurs. As shown by
figure 38 this points to an irradiation defect level located 0.22 eV
above the valence band. Curves 3 and 4 measured after keeping the
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sample at 20 °C during 120 hours, and an additional 200 hours at
30 °C respectively. From these curves p,, and pp,, are read directly
and plots based on equation (9a,d) may be made. As illustrated in
figure 39 a level Eg at (0.2340.03) eV is then found. We conclude
that the same irradiation defect level as observed in curve 1 is still
present. Moreover, the density of the defect level calculated by
application of equation (8a,d) : #x = Prax—Pmin, 1S €qual in the
recovery stages corresponding to the curves 3 and 4. Taking together
these results, it is suggested that #y is a constant during the whole
recovery procedure. Building on this assumption, also for the curves
1 and 2 p,, is then known by equation (8a,d): ppin = Pmex—"r-
Since for the situation corresponding to curve 1, p,,. is small and
in fact ppa, << #g, @ negative pp ., is calculated. For p,,, < 0 the
actually observed Fermi level pinning is prescribed by the model
discussed in section 3.4.3. For curve 2 the equalities p,,, = #z and
Pmm = 0 approximately hold. In agreement herewith at low temper-
atures the Fermi level settles about halfway the valence band and
the irradiation defect level. Knowing both p,,, and pp, belonging
to curves 1 and 2, the right hand side of equation (9a,d) may be
calculated also for these stages. Again the result, as shown in figure
39,indicates anirradiation defectlevel given by Ex = (0.234-0.03)eV.

In conclusion we note that the results of the measurements are
consistent with the direct production by the irradiation of a defect
level at Eg == (0.234-0.03) eV. During the recovery treatment the
concentration of this level does not change. Evidently this irradia-
tion defect is not involved in the reaction: Lit4+R — LiR, and the
defect R must be a different irradiation produced defect. The time
dependence of the lithium precipitation process is governed by the
time constant 7 ;3. As a consequence of the lithium precipitation
the lithium concentration decreases, and both p,,. and pum
increase, as follows from the equations (6a) and (7a), or (6d) and
(7d). This time dependence of p,,, and ppy, fully accounts for the
observed behaviour of the hole concentration as given in figure 37
and discussed in section 3.4.3.

In accordance with these conclusions our next considerations
will be concerned with two irradiation defect types. With the first
of these the electronic level at 0.23 eV above the valence band is
associated. On the second defect, called R, lithium ions precipitate
by the reaction Li*+R — LiR. To avoid confusion it must be
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remarked, that the symbol R, now specifically set apart for the
second type of defect, was used in a looser sense in the preceding
text, where it often referred to the total irradiation effect without
further definition.

3.6.4 Defect level at 0.23 eV

Concerning this first type of irradiation defect the available informa-
tion is presented in the tables XII and XIII. In table XII experi-
mentally determined concentrations, called #,,;, are stated, as
well as their cross sections of introduction o ,3. Data from literature

TaBLE XII
Introduction of 0.23 eV levels by °Co gamma, irradiation.
S 1 Irradiation Irradiation
amp:e temperature dose Mo.23 To.23
— °C 10*¢ y/cm? ‘ 10 cm—3 10-4cm—?
W, 2,17 +40 36 90 2.5
Ww,2,9 0 35 60 1.7
TI, 2,3 +40 39 90415 2.340.4

concerning irradiation defects with a detected level in the range
(0.234-0.05) eV are summarized in table XIII. By cross section or
introduction rate is meant the concentration of defects divided by
the incident radiation dose per unit area. This is the parameter of
most physical significance, since at our low irradiation doses the
concentration of introduced defects is expected to be proportional
to the total dose. As illustrated by figure 34 a constant introduction
rate was actually observed.

To start a discussion on the donor or acceptor character of the
0.23 eV level, we first note that to curve 1 of figure 37 a value
Pmax &~ 10X 101 cm~2 belongs. From the tables XII and XIV it is
seen that irradiation defect concentrations #,,, and #g range from
60 to 200Xx101° cm™3. Compared to relevant concentrations, the
value of pp.., measured immediately after irradiation, is therefore
small. For convenience sake we put p,,, = 0 in the next discussion.
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TaBLE XIII

Summary of data on irradiation defects with a level in the range (0.2340.05) eV.

Level Donor (D) Introduction| Type of Defect
" or i . Reference
position Acceptor (A) rate radiation | assignment
eV — 104 cm—! — — —

0.18 D 0.7 MeV e 53
0.19 1 MeVe 54
0.21 80Co y 55
0.21 D 1 MeVe 56
0.21 D 0.2—0.5 80Co y centre 57

including

boron

0.21 0.9 MeV e 58, 59
0.23 0.6 8Co y 60
0.23 A 9 %Co y lithium- 61

vacancy

complex
0.25 D 1.5 MeVe| divacancy 62
0.27 D 2 %0Co y divacancy 55
0.27 1 MeVe 63
0.27 D 1 MeVe oxygen- 56

interstitial

complex
0.27 0.5 MeV e 53
0.28 D 0.1 80Co y divacancy 57
0.28 0.9 MeV e 58, 59

Considering first the acceptor case the above statement leads to:
Pmax = Np+ngo—n; =0,

or ng+mny.; = ny; immediately after irradiation. This is to be
compared with the conditions before irradiation, when in the well
compensated samples #g = #n;;. A simple model which explains
these results is ready at hand. In this model boron acceptor levels
are converted into 0.23 eV acceptor levels by the irradiation, while
the lithium concentration remains unchanged. From experiments
reported in the sections 3.5.2 and 3.5.3 we however do know that
primary irradiation defects interact with lithium ions. In conclusion,
the explanation given above does not hold and the 0.23 eV defect is
probably not an acceptor.

By arguing the same way for the case of a donor type
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irradiation defect level we obtain:

Pmax = Mp—ny; = 0,

or ng = #y,;, both before and after the irradiation. If we assume the
cross section for capture of a primary defect by boron and lithium
ions to be nearly equal, this result follows at once. It guides us to
propose a model in which boron plus a captured primary defect gives
rise to the 0.23 eV donor level, whereas the lithium ion by capture of
the primary defect is converted into a neutral atom. Some comments
to elucidate this particular choice of model are still to be made.

By assigning the 0.23 eV defect level to a complex including boron
agreement is established with results obtained by SONDER and
TEMPLETON%?. Equal removal rate of B—-acceptors and Lit-donors
is plausible if these centres are eliminated by vacancy capture. In
the present case vacancies are neutral since the Fermi level is near
midgap. No Coulomb attraction therefore exists between the inter-
acting species and comparable capture radii of 4 to 5x 1078 cm may
be anticipated for both processes. If lithium and boron removal is
effected by capture of interstitials, for which no level scheme is
known, these also have to be neutral. Nearly the same amount of
0.23 eV levels is created in the Wacker and Texas Instruments
samples. But it is known that the Texas Instruments silicon is
strongly contaminated with oxygen. In these samples less vacancies
will be available for capture by Li*+ and B-, since there is a severe
competition for vacancies by oxygen atoms for the A-centre forma-
tion. This argument favours the assumption that an interstitial
silicon atom is captured. Some authors® 64 propose the existence
of stable oxygen-interstitial pairs; it invalidates our present reason-
ing and raises new questions if they are right. The somewhat lesser
defect production rate in sample Wacker, 2, 9, compared to sample
Wacker, 2, 7, is justified by the difference in irradiation temperature
and is in quantitative agreement with results of DJErRASSI, MERLO-
FLORES and MEssIER . This temperature dependence, also apparent
in table XIV, is associated with the probability of escape of vacan-
cies and interstitials from a close pair, for which a quantitative
model has been developed by WERTHEIM®®, and MacKay and
KronTz%, Observation of this temperature dependence lends
support to the efforts of explaining results in terms of vacancies and
interstitials. The assumption of the neutral state of the proposed
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lithium-interstitial complex is in agreement with the results given
in section 3.5.2 for strongly lithium doped samples. No clear indica-
tion of new donor or acceptor levels was obtained in these experi-
ments. A rather high yield of defects is measured since the cross
section g 55 is about 2.5 X 104 cm™1, and, according to our model, the
same number of unobserved complexes including lithium is created.
The largest cross section for ¢Co irradiation defect formation,
10x 10~ cm™ at 40 °C, was reported by SONDER and TEMPLETON 67
for quartz crucible grown oxygen containing silicon. Our results
demonstrate that the greater part of the created interstitials has
been captured by boron and lithium ions, and that their major
irradiation effect thus has been measured. The role of vacancies,
still available in equal amount, in producing precipitation centres,
is discussed in the next section. In Wacker samples pairing between
lithium and boron ions takes place to a considerable extent. It is
credible that this process is immaterial to the present discussion,
since lithium and boron concentrations remain equal. In Texas
Instruments samples, however, lithium ions are specifically removed
by LiO*-formation. To take this effect into account our previous
assumption on the equal trapping cross section of interstitials by
lithium and boron has to be generalized to include also the LiO+
complex. One is inclined to the belief that interstitial silicon atoms
may be captured by many impurities having all about the same
capture radius. In view of the substantial body of experimental
information available on defects with a level near 0.23 eV, reviewed
in table XIII, the ambiguity in the foregoing discussion is rather
disappointing. In our opinion it would be most helpfulif by improving
the accuracy of measurements and their analysis, the spectral resolu-
tion could be raised by one order of magnitude.

3.6.5 Defect R

Starting a discussion on the defect R it must be reminded that at
the end of section 3.6.1 some properties of this defect were already
deduced. From the value of the capture radius for trapping of
lithium ions, except for the case of Wacker silicon, it followed that
R is a neutral defect, if the Fermi level is near the middle of the gap.
Measurements of the temperature dependence of the hole concentra-
tion revealed no level associated with the defect R located in the
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lower half of the gap. Also the reaction product LiR is likely to be
neutral and no level corresponding to it was detected. Since both
species, R and LiR, are therefore unvisible, their presence is only
established indirectly via the loss of positive lithium ions.

To facilitate a further discussion all available data concerning
the defect introduction rate are collected in table XIV. The striking
difference in defect production for room temperature and liquid
nitrogen temperature irradiations was mentioned and commented
upon in the previous section. There is also a difference to be noted

TABLE XIV

Introduction of precipitation centres by gamma irradiation, determined by junction
capacity (cap) or conductivity (cond) measurements. Sample M, 7, 13 is irradiated
by 13’Cs gamma, rays.

S 1 Irradiation | Irradiation ) ) Method of
ampie temperature dose PLiR OLiR measurement
- °C ' 104 y/cm? ! 10 cm—3 104 cm-! —
M, 17,11 + 40 10.5 70 6.6 cap
M, 7, 14 + 40 3.3 20 6.1 cap
TI1, 1,11 + 40 25.5 100 3.9 cap
TI, 2,6 + 40 19.5 80 4.1 cap
TI, 2,3 + 40 38.6 130 3.4 cond
W, 2,56 + 40 9.3 80 8.6 cap
W, 2,7 + 40 35.7 220 6.2 cond
W,2,9 0 35.3 140 4.0 cond
M, 7, 12 —196 23.9 70 2.9 cap
TI, 1, 4 —196 22.9 40 1.8 cap
T1, 2,1 —196 23.9 29 1.2 cap
W, 2,3 —196 24.2 27 1.1 cap
M, 17,13 —196 138 6.4 0.04 cap

in the defect yield in identical slices. Such an ununderstood effect,
also observed by other experimenters5®, forces one to be cautious
and prohibits any analysis based on subtle variations. Concerning
the Texas Instruments slices no choice is left, since these samples
contain a dominating amount of oxygen. This impurity is known to
capture a vacancy, creating a substitutional oxygen atom, the
so-called A-centre, with an acceptor level at E.—0.16 eV. A corre-
lated loss of lithium donors and A-centre acceptor levels was
observed in pulled crystals by VaviLov and co-workers®® 68, This
interaction, Lit+Ogypgt —> LiOgypet, also explains our results. So
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there is little doubt that, in the case of Texas Instruments crystals,
the precipitation centre R has to be identified with the substitu-
tional oxygen atom. In Merck slices the impurity oxygen is present
in much lower concentration. Nevertheless the phenomenon of
lithium precipitation takes place to a comparable extent. Clearly
also precipitation centres are created by the capture of a vacancy by
boron or lithium ions. It is not possible on the basis of the available
information to express any preference for one of these impurities
to be involved in this process. The Wacker silicon is rather excep-
tional, since only in these samples a large capture radius, equal to
the Coulomb capture radius, was observed. This indicates the
presence of negatively charged precipitation centres, which by
electrostatic forces attract a lithium ion over a larger distance. It is
tempting to attribute the exceptional behaviour of the Wacker
samples to the lithium-boron complex, only present in this lowest
resistivity silicon. Indeed, REiss, FULLER and MoORIN® attach
acceptor character to the LiB complex after capture of a vacancy.
However, if this explanation holds, one would expect the observa-
tion of the large capture radius in all Wacker samples, which was
actually not the case. The slightly larger negative defect yield in the
samples Wacker, 2, 5 and Wacker, 2, 7 also reflects the existence of
the negatively charged precipitation centre. On summarizing,
gamma irradiation produces a variety of defects, neutral or
negatively charged, on which lithium ions precipitate. The intro-
duced amount of precipitation centres is larger, although not twice
as large, as the amount of 0.23 eV defects. This again proves that
the absorption of the major fraction of the vacancies has been
observed. In all these discussions no mention has been made of
dislocations, which possibly act as a sink for vacancies and inter-
stitial atoms. If these processes happen a higher defect yield is
expected for the dislocation poor materials, where the smallest
number of primary defects is lost. Since such a dependence was not
observed, dislocations, at the densities as occurring in our crystals,
are considered as being of no importance.

3.7 Application to lithium drifted junction detectors

As was shown in previous discussions, 9Co gamma irradiation of
lithium drifted p-i-n junctions produces negative space charge in
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the lithium compensated intrinsic region. Mainly responsible for
this creation of space charge is the loss of positive lithium ions,
which precipitate on irradiation defects, thereby becoming neutral
atoms. Some of the junction characteristics undergo important
changes by the conversion of the p*-i-n* junction into a p+p-n+
junction. After irradiation the potential distribution ¢(x) is a
quadratic function of position x, with positive curvature, while the
electric field depends linearly on x. Potential probe measurements,
described in section 3.3.4, showed these variations which result in
slower detector pulses of modified shape. The junction capacity for
low reverse voltages increases by irradiation. As demonstrated by
the experiments discussed in section 3.3.2, below a certain marginal
value the capacity C depends inversely proportional on the square
root of the reverse bias V. Increased junction capacity, also there-
fore increased amplifier input capacity, deteriorates resolving power
of the detection system. Corresponding with an increased capacity
the depleted junction width decreases by irradiation. For low reverse
voltages an insensitive region develops adjacent to the p*-type
region. Its direct consequences on particle detection, decreasing
pulse heights and introducing statistical broadening, is shown
by the experiments reported on in section 3.3.5. All of these
effects adversely affect the operation of a junction as particle
detector.

It turned out that the total amount of precipitation centres intro-
duced by the irradiation hardly depends on the impurity content of
the crystals. Clearly in all cases the primary defects are absorbed
by impurities, creating precipitation centres, of which a diversity
exists. The introduction rate o, 5x10™ to 10—2 cm~! at room
temperature, is about 3 times higher than at the boiling point of
liquid nitrogen.

Lithium drifted junctions possess self-healing properties, which
counteract the above-mentioned deterioration of detector per-
formance. The lithium ion drift mechanism tends to restore the
space charge compensation in the initial intrinsic region. By this
process no anneal in carrier lifetime is necessarily effected. In a
reverse-biased junction in a steady irradiation flux equilibrium
conditions will develop. If the incident intensity, photons per unit
time and unit area, is ¢, and the introduction rate of precipitation
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«centres is o, then the equation:

dng
— = 09,
dt ¢
-expresses the generation of a net ionized defect density »ng. For the
lithium drift compensation mechanism it is known that:

where the time constant 7 is the ionic relaxation time, introduced
-and discussed in sections 1.6.3 and 3.6.2. The factor «, which is the
fraction of free lithium ions, is smaller than one, if too much boron
-or oxygen is present in the crystals. Under steady state conditions
.space charge generation and compensation will be equal. Thus:

_odre _ ode

R -_— .
« Xy ; 6l

‘On the other hand we quote from the discussion in section 3.3.2:

R eed?  eW? '

m

Equating the right hand side expressions we obtain:

oWy

Vo =——,
2oy iy

for the value V'n above which the p+-p-n* junction is still depleted
‘to the maximum width Wy,. Full depletion of the junction ensures
-complete collection of ionized carriers, a lowest capacity and no
“insensitive layers. Imposing this as the only criterion the junction
‘may be operated at a bias V' under a steady irradiation of intensity
-¢, given by:

¢ = 2any 41V
T oW

For example, if Via =100V, a =1, %n; = 104 cm=3 (starting
from 100 Qcm p-type silicon), g ; = 5x10"13cm?/Vs (at 20 °C),
Wm = 1 mm, and ¢ = 1073 cm™ the allowed radiation intensity is
¢ = 10° y/cm?s, corresponding to 0.6 Rontgen/second of €°Co
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radiation. The above formula indicates that a radiation resistant
detector should be thin, operated at high bias and temperature,
and made of low resistivity silicon. Concerning the latter factor
it is to be kept in mind that in low resistivity silicon, containing
much boron, the effect of Li+-B~ ion pairing, which decreases «,
becomes of importance. In the extreme of highly doped silicon «
is given by « = (K/n;;)}, where K is the equilibrium constant
of the pairing reaction. In this case the allowed radiation flux is
calculated from:

_ 2(Kny) gV
W3 )
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APPENDIX

TREATMENT OF P-N JUNCTION WITH
COMPLEMENTARY ERROR FUNCTION IMPURITY
DISTRIBUTION

In paragraph 1.6 expressions were derived for the capacity of a p-n
junction and also for the lithium ion drift rate in such a junction.
All these derivations were based on the assumption that the impu-
rity concentration in the junction region is adequately represented
by aline arfunction. In this Appendix we leave out this assumption
and base our calculations on a complementary error function distri-
bution, which after the applied diffusion procedure is expected to
hold.

A.1 p-n Junction capacity

As before the lithium concentration is given by

x
7y (%) = ny(0) erfcm .

The quantity 2(D)? is a characteristic length involved in all

diffusion problems. It will prove to be convenient to introduce a.

dimensionless reduced length by defining:

X
— 2Dt
The net acceptor concentration #,—#,4 is assumed to be constant
in the junction region. A p-n junction is formed at x = ¢, or, in
reduced units, at & = y, where y = ¢/2(Dy¢)}. The value of y
is found from:

ng—ng = ny;(c) = ny;(0) erfc y

The space charge p, set up by positive donors and negative acceptors
is given by:

p(&) = eny;(0) (erfc £é— erfc ).
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Substitution into the Poisson equation yields:

d2¢ dE eny;(0) (erfc &—erfc y)
dx? dx £ )

Integration of this equation yields an expression for the electric
field E. At the boundaries of the depleted junction width the electric
field is zero. Therefore E (&) = E(&;) = 0, where &, and &, represent
begin and end position of the junction width respectively. Carrying
out the above integration, then after minor rearrangements this
condition is formulated by f(§,) = f(&,), where

1
f(&) = & erfc y—& erfc & + —exp (—£&2).
A7
After series expansion one finds:
2 4y2
by = —(E6—n) + 5 G2 — = (G

Essentially the condition f(&,) = f(£,) expresses the equality of
total space charge in both sides of the junction. A second integration,
an integration of the electric field over the junction width, yields the
reverse voltage V for a junction extending from &, to &,. The result
is:

__eny; (0

D-.
v = a0l o k) vertc £— 2,4 () —erfc &),

&
Again, after series expansion this reads as:

49243
60

9 ‘
v =T 2 e (—pmbe—te[1 -
& V7

A practical procedure is now the following. Choose a value &,
and calculate f(&;). Find another ¢, called &,, with f(&,) = f(&;).
The search for an approximate &, is facilitated by making a graph of
f(&), which looks like a distorted parabola, with a minimum for & = y.
After &, has been found the junction width W = 2(D;2)}(£,—&,)
is known and also the reverse voltage V may be calculated. In this
way, starting from a suitable series of &,-values, a whole W—V,
or C—V, curve may be constructed.

The results of such calculations show that for high V' the capacity

AN
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indeed deviates from the V- power law. However, even for a
junction width equal to L, where the linear junction approximation
is certainly of doubtful nature, the deviation is small. It is therefore
concluded that the slower increase of junction width on the n-type
side of the junction, accidentally is compensated very well by the
faster increase in the p-type side. Figure Al shows some results
calculated for our standard diffusion conditions in 100 Qcm silicon.
The main variation of the junction capacity according to V¥ is
eliminated by plotting CV# on the vertical scale. This was done in
order to be able to present in a pronounced way the special features
characteristic for the complementary error function distribution.
In spite of the small difference between the calculated curves the
tendency of the experimental curve to follow the complementary
error function calculations is evident.

=
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Fig. Al. Capacity of p-n junction as function of reverse voltage. Vertical axis in

arbitrary units. Curve 1: According to linear junction approximation, using L.

Curve 2: According to linear junction approximation, using L*. Curve 3: According

to complementary error function distribution. «: Experimental points measured
on sample Texas Instruments, 1, 11.

For the low values of reverse bias only the first term in the
approximate formula for ¥ needs to be considered and one obtains:

_2eny;(0)Dy;¢
= Wexp (—r2)(&:—&1)3
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It follows then that the formula given in section 1.6.2 remains
valid, except for a replacement of L by another quantity of dimension
length L*. From a comparison of both formulae it is seen that the
latter is given by:

L* = (aDy;t)} exp (y2) erfc y.
L* and L are related by:
L* = L+/7 y exp (y?) erfc y.

Using the asymptotic series expansion for erfc y, retaining only the
first two terms of it, one obtains:

1
L* ~ L (1 —_ -—)
2y
In our circumstances the difference between L* and L amounts to
about 10 9%,.

A.2 Lithium drift

After application of a reverse bias the junction width will increase
because of space charge neutralization in the drift region. During
the drift process the total space charge in the depleted junction
region remains zero, and also there is no change in the voltage
across the junction. From these two conditions one derives an
expression for the initial rate of junction width increase. The factor
giving the space charge compensation is found by applying the
continuity equation:

(d’;(f))t=o + {dix ("Li(x)e‘“uE(x))}t_o =0

A contribution to the ionic current arising from diffusion is neglected.
The formula at which one arrives contains integrals of the type
J&(erfc £)2dé and similar ones, which by partial integration may
be reduced to a sum of complementary error functions and its
derivative —2 exp (—&2)/4/n. After straightforward but tedious
calculations the result finally reads:

dlnC) . (dan) . P
(dt - dt )y B
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P 3(erfc & —erfc &£,){2&,f(&,) +erfc £,— 2¢, f(&,)—erfc &}
B 4(&,—&,)?(erfc &, —erfc y) (erfc y—erfc &,) ’

Series expansion yields:

49243

20944-3y2—216
P=14— (52_51)2__"+7_

5670 (Gt

Comparing with the corresponding formula of section 1.6.3 one
infers that the factor P accounts for the modifications introduced
by the complementary error function distribution.

Actual calculations of this drift rate factor P were made using
existing tables of the complementary error function and its deriv-
ative?. In figure A2 a plot of P as function of bias V is given for
two values of the resistivity. One observes that P deviates only
slightly from unity, especially of course for low reverse voltage.
Again the linear junction approximation is surprisingly good and
may be used without causing substantial errors.

12—

Drift rate factor P
I
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Fig. A2. Factor P of the lithium jon drift rate expression as function of reverse
voltage. Curve 1: n  (c) = 1.26X 10" cm-3, p ~ 100 Qcm. Curve 2:
n,,(c) =6Xx 10" cm-3, p & 25 Qcm.
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SUMMARY

Chapter 1 is a survey of all experiments, performed to examine the
impurity content of silicon crystals. Dislocation densities are deter-
mined by counting the etch pit density on preferentially etched
crystal surfaces. Hall effect and resistivity measurements, based on
the Van der Pauw theorem, are carried out using accurate equip-
ment and careful measuring techniques. Analysis of the results by
a donor-acceptor model also yields the concentration of the compen-
sating dopant. Thus a powerful method is developed for future
research on irradiation effects. Crystals from one of the ‘“Lopex”
batches turned out to be strongly compensated. The absorption of
infrared radiation near 9 pm revealed oxygen contamination in
“Lopex”” silicon, correcting current views on this matter. A treat-
ment is given of lithium diffused p-n junctions by dealing with the
sheet resistance of the n-type layer, the junction capacity and
lithium ion drift in the junction region. Formulae, which are exactly
valid for the actual complementary error function impurity distribu-
tion, are derived in the Appendix. The improvement of the latter
results over the usual linear approximation is demonstrated by
capacity measurements. Lithium drift rate was exploited to
investigate lithium-impurity reactions. The presence of oxygen in
“Lopex”’ crystals is confirmed by a reduced drift rate. Studies were
made of the time constants involved in the pairing reactions between
Li* and O or B—. A capture radius of about 5 x 10~8 cm is associated
with the Li+-O interaction. Results obtained by Spitzer and Waldner
for the equilibrium constant of the reaction Lit4B~ % LiB were
found to be inapplicable. In conclusion the method of preparation
of lithium drifted p-i-n junctions is summarized.

Chapter 2. Reverse-biased p-i-n junctions are used as solid state
ionization chambers for the detection of protons, deuterons and
a-particles in the range from 5 to 50 MeV. Pulse heights are propor-
tional to the particle energy. An analysis, for particles incident on
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the p-type surface of a junction, shows that the pulse shape is
exclusively determined by the particle range. Theoretical pulse
shapes, given in mathematical and graphical form, are confirmed by
experimental recordings. A particle identification system, based on
the available information on energy and range, is described. Results
of experiments are given, and are shown to compare quite nicely
with a theoretical analysis. Separation between deuterons and
a-particles above 8 MeV is demonstrated, but at about 22 MeV the
curves representing the distinct particle types do intersect. Experi-
ments with particles incident on the n-type side of a detector are of
great significance, since a theoretical analysis forecasts considerable
improvement of separation performance for this case.

Chapter 3. In an introduction some general aspects of irradiation
effects in silicon, stressing the role of impurities, are discussed.
Space charge creation by a gamma irradiation increases the capacity
of reverse-biased junctions. The uniform concentration of charged
defects is calculated from the low voltage branch of the capacity
curve, where C ~ V-4, As demonstrated by potential probe measure-
ments, the linear potential distribution is changed by the irradiation
into a quadratic one with positive curvature. Detection of a-particles
from radioactive sources and of 26 MeV deuterons and 52 MeV
a-particles from a cyclotron show a decreased depleted junction
width. These observations also confirm the negative sign of irradia-
tion produced space charge. Isolated lithium compensated silicon is
converted by irradiation into extrinsic p-type silicon. The annealing
behaviour is described by two time constants 7. and 7;;z. The time
constant 7 is only observed in experiments with reverse-biased
junctions and governs the rate of space charge neutralization by the
lithium drift mechanism. A formula for . is derived which is appli-
cable for the compensation processin both p-n and p*-p-n* junctions.
The time constant 7;;; is associated with precipitation of lithium
ions on irradiation defects. In most cases the capture radius,
Rygpt = (4£1) X 1078 cm, is consistent with an interaction lacking
Coulomb attraction. Introduction cross sections near 10—2 cm—! at
room temperature are about three times higher than at —196 °C,
and prove that all primary defects are absorbed by impurities,
hardly dependent on the impurity content of the silicon crystals.
A defect level, located 0.23 eV above the valence band, is tentatively
attributed to a boron-interstitial complex with donor character. No
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interactions between this centre and lithium exist. The nature of the
precipitation centres is not very well established; presumably there
is a variety of such centres. Lithium donor removal, by interaction
with electron irradiation produced primary defects, is demonstrated
by some experiments with heavily lithium doped crystals.
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SAMENVATTING

Hoofdstuk 1 bevat een overzicht van de experimenten waarmee het
gehalte aan verontreinigingen van silicium kristallen werd onder-
zocht. Dislocatiedichtheden werden bepaald door de dichtheid van
etsputten te tellen. Hall effect- en soortelijke weerstand-metingen
werden uitgevoerd volgens een methode die berust op het Van der
Pauw-theorema, met gebruikmaking van nauwkeurige apparatuur.
Analyse van de meetgegevens op basis van een donor-acceptor
model levert als resultaat ook de concentratie van de compenserende
verontreinigingen. Op deze wijze is een waardevolle mogelijkheid
geschapen voor toekomstige onderzoek van bestralingseffecten.
Silicium van een der ,,Lopex’’ partijen bleek in sterke mate gecom-
penseerd te zijn. Metingen van de absorptie van infrarood-straling
bij ongeveer 9 pm toonden de aanwezigheid aan van zuurstofver-
ontreiniging in ,,Lopex’ silicium, waardoor gangbare meningen
hieromtrent dienen te worden herzien. Op de eigenschappen van
door middel van lithium-diffusie vervaardigde p-n overgangen
wordt nader ingegaan door een discussie van de oppervlakteweer-
stand van de n-type laag, de capaciteit van de overgang en drift van
lithium ionen in het overgangsgebied. In de Appendix worden
formules afgeleid die exacte geldigheid bezitten voor de in werkelijk-
heid bestaande verdeling van verontreinigingen volgens een com-
plementaire waarschijnlijkheidsfunctie. De verbetering die deze
formules geven ten opzichte van de gebruikelijke benadering met
een constante gradiént wordt aan de hand van capaciteitsmetingen
aangetoond. Het lithium-drift proces werd benut om reacties tussen
lithium en verontreinigingen te bestuderen. Een verlaagde drift-
snelheid in ,,Lopex’ kristallen bevestigt de aanwezigheid van
zuurstof in dit materiaal. De tijdconstanten van de paar-vormende
reacties tussen Lit-ionen en zuurstof of B—-ionen werden in een
aantal gevallen gemeten. Bij de Li+-O wisselwerking behoort een
vangststraal van ongeveer 5x10-8 cm. Gegevens van Spitzer en
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Waldner voor de evenwichtsconstante van de reactie Lit4B~<LiB
blijken niet van toepassing te zijn. De methode voor de ver-
vaardiging van p-i-n overgangen volgens de lithium-drift methode
wordt ten slotte in het kort besproken.

Hoofdstuk 2. Van onder tegenspanning geschakelde p-i-n over-
gangen werd gebruik gemaakt voor de detectie van protonen,
deuteronen en a-deeltjes in het gebied van 5-50 MeV. De hoogte der
spanningsstoot is evenredig met de energie-afgifte van het deeltje.
Een analyse, voor deeltjes die op de p-type zijde van de overgang
invallen, toont aan dat de vorm van de spanningsstoot volledig door
de dracht van het deeltje wordt bepaald. Theoretische beschouwin-
gen over de vorm van de spanningsstoot, waarvan de uitkomsten in
mathematische en grafische gedaante worden gegeven, vinden
bevestiging in enkele experimenteel verkregen resultaten. Een
systeem wordt beschreven, dat uitgaande van de beschikbare
informatie over dracht en energie, de aard van een deeltje vaststelt.
De experimentele resultaten blijken zeer goed met een theoretische
analyse overeen te stemmen. Boven 8 MeV worden deuteronen en
a-deeltjes van elkaar gescheiden, maar bij ongeveer 22 MeV is er een
snijpunt van de krommen die de afzonderlijke soorten van deeltjes
weergeven. Berekeningen voor het geval van deeltjes invallend op de
n-type zijde van een overgang voorspellen een aanzienlijk verbeterd
deeltjes-scheidend vermogen en benadrukken de wenselijkheid van
een experimentele verificatie.

Hoofdstuk 3. In een inleidende bespreking van de algemene
aspecten van stralingsbeschadiging in silicium wordt enige nadruk
op de functie van verontreinigingen gelegd. De vorming van
ruimtelading door een gamma bestraling doet de capaciteit van een
onder tegenspanning staande overgang toenemen. De concentratie
van de homogeen verdeelde geladen puntfouten is berekenbaar uit
de capaciteit in het lage-spanningsgebied, waar C~ V—%, Metingen
met een sonde geven aan dat het lineaire verloop van de potentiaal
door de bestraling is gewijzigd in een kwadratisch verloop met
positieve kromming. Door middel van detectie van a-deeltjes van
radioactieve preparaten, en van 26 MeV deuteronen en 52 MeV
a-deeltjes van een cyclotron, wordt de verminderde dikte van een
bestraalde overgang vastgesteld. Deze metingen bevestigen boven-
dien het negatieve teken der ruimtelading. Door bestraling wordt
geisoleerd, met lithium gecompenseerd, silicium omgezet in
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extrinsiek p-type silicium. Twee tijdconstanten, t. en 7.z, be-
heersen het gedrag van het bestralingseffect tijdens een herstel-
behandeling. De tijdconstante 7, wordt uitsluitend waargenomen
in experimenten met onder tegenspanning staande overgangen
en beschrijft de snelheid van ruimteladingscompensatie door
het lithium-drift mechanisme. Voor 7. wordt een betrekking afge-
leid die zowel voor compensatie-processen in p-n als in p*-p-n*
overgangen toepassing vindt. De tijdconstante t;;z hangt samen
met precipitatie van lithium ionen op stralingsfouten. De vangst-
straal, Rgpy = (41) X 1078 cm, die voor de meeste gevallen wordt
berekend, heeft de goede grootte voor een wisselwerking waarbij
electrische aantrekkingskrachten ontbreken. Werkzame doorsneden
van ongeveer 1073 cm~! bij kamertemperatuur zijn 3 tot 4 maal
hoger dan bij —196 °C, en bewijzen dat alle gevormde primaire
stralingsfouten door verontreinigingen zijn ingevangen, vrijwel on-
afhankelijk van de zuiverheid der silicium kristallen. Een electronen-
toestand, die 0.23 eV boven de valentieband ligt, wordt door be-
straling ingevoerd. Voorgesteld wordt dit niveau het karakter van
een donor toe te kennen en toe te schrijven aan een complex be-
staande uit borium en interstitieel silicium. Wisselwerkingen tussen
dit centrum en lithium blijken niet plaats te vinden. De aard van de
precipitatiecentra kon niet in alle gevallen worden vastgesteld;
waarschijnlijk is dat er een verscheidenheid van deze centra bestaat.
Experimenten met preparaten die in sterke mate met lithium ver-
ontreinigd waren, toonden aan dat lithium donoren worden weg-
genomen door wisselwerking met de primaire stralingsfouten.
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