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ABSTRACT

The electrical properties of chemical vapor deposited (CVD) diamond films have
been measured using charged particle-induced conductivity (CPIC). The collection
distance, d, that a carrier drifts under the influence of an applied electric field was
measured. In terms of the electrical properties, d = pE7 where p is the carrier
mobility and 7 is the excess carrier lifetime. It was found that there is a con-
stant gradient of collection distance along the film growth direction for the CVD
diamond films produced by various techniques. Material characterizations were
performed on the CVD diamond films. Visual observation, scanning electron mi-
croscopy, x-ray diffraction, Raman spectroscopy and photoluminescence were used
to investigate the limitations bf the electrical properties. Correlations were found
between electrical property studies and the material characterizations. Crystal
structural defects were found to be the factor limiting the electrical properties in
CVD diamond.
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CHAPTER I

INTRODUCTION

1.1 CHARACTERISTICS OF DIAMOND

Diamond is composed of carbon atoms arranged tetrahedrally with a uniform spac-
ing of 1.54 A between nearest neighbors (Figure 1). The bonds between the car-
bon atoms in diamond are strong sp® o-type bonds, which gives rise to many of
its properties. As a result, its atomic number density is 1.77 x 10 em™2, the
highest of any material at normal pressure, and its mass density is 3.52 g cm~2.
The cohesive energy of diamond, the energy required to disassemble a solid into
its constituent parts, is almost twice as large as that of silicon and germanium.
This dense structure and strong bonding give dizamond extreme hardness and wear

resistance.

Diamond’s thermoconductivity is extremely high, surpassing most metals and
semiconductors. At room temperature, it is five times that of copper. It is able to
dissipate its own heat or the heat generated elsewhere and can tolerate high tem-
perature. It is one of the rare materials that naturally conducts heat yet electrically

insulates.

Figure 1: Crystallographic unit cell of 2 diamond crystal. The distance between
the nearest carbon atoms is 1.54 A. The lattice constant, a, is 3.57 A.



Electronically, diamond is an insulator with the capability of being & semiconduc-
tor . Like silicon, diamond has an indirect band gap ®. The maximum of the
valance band lies at the center of the Brillouin zone in reciprocal space (symmetry
I'); the lowest point of the conduction band is near the zone boundary in k= {111)
direction (symmetry X), where the band gap, Ey, is defined [1] (Figure 2). For
diamond, Eg = 5.470 £ 0.005 eV at 295°K [2] and the temperature dependence of
E; at 300°K is:

%‘- = —(5.4+0.5) x 1075 eV °K™! (1.1)
The direct edge Eg", the energy difference of the valance band and the conduc-
tion band at the zone center ('), is approximately equal to 7.2 ¢V [2, 3] and its
temperature dependence at 300°K is:

dEdiucl

daT

A detailed band structure can be found in Ref. [3, 4].

= —(6.3+1.8) x 107* eV °K~! (1.2)

Diamond has e large breakdown electric field (~ 107 V cm™!) and its satura-
tion velocity is approximately 107 cm sec™!. The electron and hole mobilities are
1800 cm?V~'sec™! and 1200 cm?V~'sec™! respectively. Table 1 lists some of the
important material parameters of diamond and compares them with silicon and
germanium. The different sections in Table 1 cover the atomic, crystal, thermal
and clectrical properties. Also included are the typical operating parameters for
devices made of diamon}l, silicon and germanium. One interesting property of the
devices constructed in diamond is that they attain the saturation properties of the

material at a high electric field.

"The classification of di d will be introduced in Appendix A

Aisetl

IIn » direct band gap material, the lowest point of the band in reciprocal space
occuts at the same wave vector k as the highest point of the valance band; in an indirect band
gap material, the lowest point of the conduction band does not occur at the same wave vector
k as the highest point of the valance band.

20 ¢

Conduction Band

10 =
o ’\.-./
g ,— Eénrecl IEg
Boof
Lﬁ . Valence Band
-10 E—-
20k
L r X

-
Wave Vector k

Figure 2: Energy band structure of diamond (R. A. Roberts and W. C. Walker,
Physical Review, 161, 730, 1967).



Table 1: Basic Properties of Intrinsic Diamond, Silicon and Germanium at 300°K

Quantity Diamond Si Ge
Atomic Number Z 6 14 32
Atomic Weight A 12.01 28.09 72.60
Density p, (g em~3) 3.52 2.33 5.33
Number of Atoms (x10*? cm™7) 17.7 4.96 4.41
Crystal Structure Di d | Di d | Di d
Lattice Constant a (A) 3.67 5.43 5.66
Nearest Neighbor Distance () 1.54 2.35 2.45
Cohesive Energy U (eV/atom) 7.37 4.63 3.85
Compressibility (x10'™ m*N-T) 0.226 1.012 1.29
Work Function ¢ (eV) 4.81 4.58 4.62
Melting Point T, (°C) ~4100 7 | 1420 936
Thermal Conductivity or (W em~! °K~T) 20 1.27 0.653
Electron Diffusion Coefficient Dp, (cm?secT) 47 38 90
Hole Diffusion Coefficient Dp (cm?sec™T) 31 13 45
Dielectric Constant e 5.70 11.9 16
Band Gap E; (eV) 5.5 1.12 0.665
[ Bpair (¢V) . 13 3.6 3.0
Intrinsic Carrier Density n; (cm™—) <10° [1.6x10" [24x 107
Resistivity p. () cm) >10% ] 23x10° 47
Electron Mobility 1, (em?V~Tsec™T) 1800 1350 3900
Hole Mobility ptp (cm?V~"sec™T) 1200 480 1900
| Burcakdown (V cm™") 107 3x10° | ~10°
| Esaturation (V em~T) >4x107] 2x10" | 2x10°
Ysaturation (X107 em sec”T) 2.2 0.82 0.59
Eoper-linn (v cm-l) 4 x 107 107 10%
Voperation (X107 em sec™T) 2.0 0.2 0.3

t Graphitisation occurs at 700°C in present of oxygen.

1.2 ELECTRICAL PROPERTIES OF DIAMOND

1.2.1 ELECTRICAL CONDUCTION

When an electric field, E, is applied across a material, charge carriers (free electrons
with a density n) are accelerated. The charge carriers, however, constantly suffer
scattering which reduces their velocity. In the scattering process, some of the
energy obtained from the electric field is transferred to the solid. When the energy
gained from the electric field is balanced by the energy lost in the scattering, the

charge carrier drift velocity, ¥4, reaches a constant value.

The drift motion of charge carriers constitutes a current density J. Figure 3
illustrates the movement of & sample column of charge carriers. At ¢t = 0, the
column occupies the space AB. If dz is the length of the column, it takes a time
dt = dz [vq to move the entire column AB to a new position BC. The total number
of carriers passing through B is dN = nSdz, where § is the cross-sectional area.

Then the current density, J, is equal to:

9@ __edN
T 8dt T Tsa o™
or (1.3)
J= —nety

1.2.2 CARRIER MOBILITY

The relationship between carrier drift velocity 73 and the electric field E can be
written as:

3= —n(B)E (1.4)

where p(E) is defined as carrier mobility. The mobility s is a tensor in general. If

a charge carrier is moving in an isotropic material, p is reduced to a scalar.
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Figure 3: The motion of electrons driven by an electric field E. At time ¢ = 0, the
column of electrons occupies the space AB. At time d¢, the whole column drifts to
a new space BC.

Using Ohm's law, J = 05, the electrical conductivity, ¢, can be expressed as &
function of charge carrier density n and carrier mobility p:

o =nep (1.5)

Mobility is determined by the scattering processes in a crystal. If 7y is the average
charge carrier relaxation time between two successive scatters, then in the Drude
model [5] for free electron conduction, carrier mobility is given by:

p= (1.6)

where m” is the effective mass 3.

In the Drude model, the carrier mobility is directly proportional to the scattering

SInstead of having been treated with a free electron mass m,, experienci g both the periodi
potential of the lattice and the external potential, a carrier can be treated as a “particle” with
an cffective mass m°, experiencing the external potential only.

relaxation time *. In the other words, the more frequently the scattering occurs, the
lower the carrier mobility. Usually, there are three major scattering mechanisms
in a crystal. These are phonon scattering, charged center scattering, and carrier-

carrier scattering.

Phonon scattering is the interaction of a charged carrier with the crystal as a
whole. At finite temperature, the vibration of the atom around a particular lattice
site distorts the periodic structure of the crystal. The energy of a lattice vibration
is quentized. The quantization of the thermal vibration in a crystal is called
a phonon [1]. The interaction between charge carriers and lattice vibrations can
change the momentum and energy of the charge carriers. Two branches of phonons
exist: an optical branch and an acoustical branch, depending upon the frequency
range. Both the optical branch and the acoustical branch contribute to phonon-

electron scattering.

Charge center scattering is the interaction of a charged carrier with imperfections
in the lattice. These imperfections, such as chemical impurities, both substitu-
tional and interstitial, and crystal structural defects, can alter the course of the
charge carriers. These types of scattering are usually caused by Coulomb interac-
tions between the charge carriers and charged centers puch as ionized impurities,
dangling bonds due to dislocations, and crystal boundaries.

Carrier-carrier scattering is the electric interaction between two carriers. When the

4A more complicated model should be used when the simple free elecizon approximation fails.
The drift velocity of the carriers can be described by:

o - Lia(E)f(E)E
4 = S (1.7)
J f(k)dk
where the i 8 1 is d by all the possible values of k; i is the wave vector associated
with a carrier in Brillouin _sone; vd(k) is the group velocity of a single carrier with its wave

vector center at k and f(E) is the distribution function of lhf carrier wave vectors. f(K) is
determined by the Boltsmann equation (6]

(e ().

where all the possibl tteri hani are idered in the d term.




charge carrier population is higher than 10'® cm~?, the scattering between carriers
due to their Coulomb interaction becomes important. This effect is negligible at

low carrier density.

Each scattering mechanism described above has a particular temperature depen-
dent behavior. If p; represents the carrier mobility when only the i mechanism
is present, the effective mobility, i1, can be expressed by the Mattiessen rule [1, 5):

L > 2 (18

B T M 9
The temperature dependence of the carrier mobility indicates which scattering
process is dominant in a crystal.

A simple argument from the relaxation time approximation [5) may be used to
deduce the temperature depend of the mobility. For phonon scattering, the

! o

scattering rate, R, is proportional to the phonon energy (~ kgT) and the density
of states. If e is the average kinetic energy of the charge carriers, the density of
states, D, is proportional to /¢ ~ /kgT [1]. Then the temperature dependence
of the relaxation time is given by:

1 1 i

TR &

Using Eq. 1.6, the temperature dependence of mobility due to phonon scattering
behaves as:

ppa ~ T71 (1.11)

For ionized impurity scattering, as the temperature is raised, the charge carriers
have larger average kinetic energy, hence they are deflected less. Application of
Rutherford’s law (6] shows that m is proportional to e} [7). Since ¢ ~ (kaT)?,
the temperature dependence of mobility due to ionized impurity scattering has the
form of:

s ~ T (1.12)

For carrier-carrier scattering, the mobility, picc, is & function of temperature and

10

electron density n and hole density p [8, 9]:
™ 1
ces X ——
Heer & a8 " 1n {1+ 117 x 108 [T? (np)-H]}

(1.13)

At low electric field strength, p is independent of the electric field. This region
is called the ohmic zone or zone of thermal carriers because the current density
follows Ohm's law: J oc E. At high eclectric field strength, the scattering process
dominates and the charge carriers can not increase their mean energy. Then,
the drift velocity, v, tends to be independent of the electric field and the carrier
mobility is inversely proportional to E (u oc E~'). This region is called zone of
hot carriers and the drift velocity attained is called the carrier saturation velocity:
Vyaturation. Figure 4 illustrates the electric field dependence of electron drift velocity
in diamond [10].

1.2.3 CHARGE CARRIER DENSITY

As a crystal is formed, the distinct electron atomic orbitals overlap causing a
reorganization of the electron system. Instead of & set of isolated orbitals in the

atomic state for individual atoms, energy bands are formed [11] (Figure 5).

The highest energy band occupied by electrons is called the conduction band; the
energy band lower than the conduction band is called the valance band. The sepa-
ration of highest point of the valance band and the lowest point of the conduction
band is called bend gap Eg. In metals, the conduction band is partially filled
with electrons. This gives a metal its large conductivity. In semiconductors, the
conduction band is empty at zero absolute temperature; at a finite temperature,
some electrons in the valance band are excited thermally. They cross the band gap
into the conduction band, leaving vacant orbitals or “holes” in the valance band.
The charge carriers in semiconductors are the electrons in the conduction band
and the holes in the valance band. In an intrinsic semiconductor ®, the electrons in

the conduction band can only come from formerly occupied states in the valence

5An intrinsic semiconductor refers to s highly purified material.
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Figure 4: Electric field dependence of electron drift velocity in diamond (F. Nava
et al. Solid State Communication, 33, 475, 1980).
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band. In the thermal equilibrium state, the number of electrons in the conduction
band, ny, is equal to the number of holes in the valence band p, [5]:

M=p=n (1.14)

where subscript “y” refers to concentrations in thermal equilibrium state and =; is

the intrinsic carrier density [7):

mw(T) = K [T(K)F exp (“szfr)

(1.15)
m® 3 m® H
K=48 (-——) (—'-) x 10" cm™
mﬂ mG
where m or m; is the effective mass of a carrier in the conduction band or in the
valance band. The existence of energy gap in semiconductors limits the numbers
of charge carriers at thermal equilibrium so that semiconductors exhibit a smaller
electrical conductivity than metals. In semiconductors with large band gap such
as diamond, the population of the electrons in the conduction band is very small
in the equilibrium state because of the exponential factor in Eq. 1.15. As a result,
the electric resistivity is very high. Sometimes, large band gap semiconductors are
referred to as insulators. Figure 6 illustrates the occupancy of the energy bands

for metals, semiconductors and insulators.

When electrons are excited externally, a non-equilibrium state is produced in which
an excess carrier concentration exists. Excess carriers refer to the carriers whose
concentration exceeds the thermal equilibrium concentration. External excess car-
rier generation can be introduced by charged particles traversing the material, or
by incident of photons with energy above the band gap (Figure 7). These excess
charge carriers give diamond a higher conductivity than that in the equilibrium

state.

1.2.4 Excess CARRIER LIFETIME

In an intrinsic semiconductor, electrons and holes are constantly generated by

thermal excitation of electrons from the valance band to the conduction band. In

(a) Metal (b) Semiconductor (c) Insulator

Figure 6: The occupancy of energy bands in 2 metal, 2 semiconductor and an
insulator. In a metal (a), the conduction band is partially filled. In a semiconductor
(b), the intrinsic carrier density is proportional to exp (—-5%;) and there are 2
few occupied states (dots) in the conduction band and a few unoccupied states
(open circles) in the valence band. In an insulator (c), the large band gap E and
exponential factor exp (—-2-,%7) cause the conduction band to be nearly empty.
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Figure 7: Charged particle-induced and photo-induced excess carrier generation:
electrons are excited by energetic charged particles or photons with energy above
the band gap. They jump into the conduction band and leave the holes in the
valence band.

a state of thermal equilibrium, the generation process is counter-balanced by the
recombination process in which electrons and holes annihilate each other. The
recombination rate, R, is equal to the generation rate G.

R =G =rngpo (1.16)

where r is the recombination coefficient. In a non-equilibrium state, when an excess
electron ‘density (n) and an excess hole density (p) are present, the recombination
rate becomes:

R =r(ng +n)(po + p) (1.17)

The thermal generation rate still keeps the form of G = rngp. That R > G
indicates that the recombination process outweighs the generation process. More
free charge carriers are lost through the recombination process than are gained
through the generation process. The material relaxes towards the equilibrium
state and the concentrations of charge carriers decay to their cquilibrium values.
The recombination processes give excess carriers a finite lifetime, 7, their average

existence time.
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Two basic processes are involved by which electrons and holes may recombine
with each other. In the first process, electrons in the conduction band make direct

transitions to the vacant states in the valance band. This is called the intrinsic re-

combination pr In the dpr , electrons and holes recombine through
intermediate states in the band gap. Those states, called recombination centers,
exist because of structural defects or chemical impurities. This process is called
the extrinsic recombination process. Because the two recombination processes are

independent, using Mattiessen’s rule, the effective lifetime is given by [1, 5]:
1 1
+

Tintrinsic Textrinsic

1
== (1.18)
The lifetime Textsinsic in diamond results from recombination centers. It is observed
to be of the order of 10-® ~ 10~'° sec from transient photo-induced conductivity
measurements [9]. Therefore, the band-to-band intrinsic lifetime, Tnirinsic, Which
ranges from 108 ~ 1 sec [12, 14] does not play an important role in the recombi-
nation process of excess carriers when the material contains & considerable amount

of defects and impurities.

A recombination center can be in either one of two possible states: occupied or
unoccupied. In its unoccupied state, a recombination center is ready to receive an
electron from either the conduction band (process 1 in Figure 8) or the valence
band (process 4); in its occupied state, a recombination center can give its electron

to either the conduction band (process 2) or the valence band (process 3).

For process 1, the rate of capturing an electron is proportional to (2) the concen-
tration of the unoccupied recombination center states; and (b) the concentration
of the occupied conduction band states. If N, is the concentration of recombina-
tion centers, and n, is the concentration of occupied centers, the concentration of
unoccupied recombination centers is given by (N, —n,). The occupied conduction
band states can be expressed by the sum of the carrier concentrations at thermal

equilibrium state and the excess carrier concentration:

M=ﬂn+ﬂ (]19)
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Figure 8: Extrinsic recombination processes through recombination centers. Elec-
trons are captured from the conduction band (process 1) and the valence band
(process 4) by unoccupied centers. Electrons are released to the conduction band
(process 2) and the valence band (process 3) by occupied centers.

18

Therefore, the rate of capturing an electron can be written as:

Uy = Co( N, — n )N (1.20)
where C,, is the recombination coefficient for the electron-capture process. The re-
combination coefficient is associated with the electron capture cross section which
will be discussed later. The rate of the reverse process (releasing electrons to the
conduction band by occupied centers in process 2 is proportional to the concen-
tration of occupied centers n,:

Ul =R, (1.21)
where R, is the emission coefficient for the electron-emission process. Thus the

net rate of capturing electrons from the conduction band is equal to:

- ‘;—'t‘ — U, —U! = Co(Ns = )N — Rumy (1.22)

The minus sign indicates the carrier concentration is decreasing. In thermal equi-
librium, A = no and d;"'- = 0. Thus:
B =i (N‘ ""‘) (1.23)
L 0

When excess carriers are present, %’,1 is no longer zero. Substituting the expression

for R,, we have:
dn

= E = Cn[(N| = ﬂ;)N = ﬂ;ﬂ’] (124)
where n' is defined as:. e
' =mp (-L""T'ﬂ)o *(1.25)

For a low level excitation, for example, n ~ 10" cm™3, the number of capture sites
is usually much larger than the number of excess carriers. Thus, the number of
occupied sites is small, Ny > n,. On the other hand, the density of excess carriers
is much larger than the equilibrium intrinsic carrier density, n >» no. Therefore,
Eq. 1.24 reduces to:

dn
1 ~Ca( NN —nn')
~ —ChNin
= _.r’l (1.26)

where 1, = 1/C, N, is the excess electron lifetime.
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A similar expression exists for the recombination of excess holes:

dp _ p
ik —;; (1.27)

where 7, = 1/C,, N, is the excess hole lifetime. These two quantities can be ex-

pressed in terms of capture cross sections oy, and o,:

1

Tn = e (1.28)
1

5= N (1.29)

where vy, = /3kaT/m* is the thermal velocity which is about 107 e¢m sec™! at
300°K. The capture cross sections for electrons and holes determine the kinetics of

the process.

1.2.5 COLLECTION DISTANCE

When an external excitation occurs, excess clectron-hole pairs (e-h pairs) are pro-
duced. If an external electric field, B, is applied, the excess carriers separate. The
distance which the excess carriers arc able to drift is determined by the carrier drift
velocity vy and the excess carrier lifetime 7. Since the charge collection process is
of interest in the development of radiation detectors, the average drift distance is
denoted as COLLECTION DISTANCE. The collection distance is defined as:

d = vyr = pBr (1.30)
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Since there are two types of carriers, the collection distance is the average distance
which the electron and hole depart under the electric field E. Because electrons
and holes have different effective masses (m:, m;) and exist in different energy
bands, the values of electron mobility (p,) and hole mobility (4,) may be diffcrent.
In addition, the electron lifetime (7,) and hole lifetime (7,) may not be equal.
Therefore, the collection distance, d, is equal to:

d = (mamatppry) B

= pBr (1.31)
where
b= m (1.32)

and 7 is the mobility weighted lifetime.

1.2.6 EXPERIMENTAL TECHNIQUES

The collection distance may be determined by charged particle-induced conductiv-
ity (CPIC) and photo-induced conductivity (PIC) measurements. In both experi-
ments, electric contacts are applied on the diamond by metallization. The motion
of excess carriers under an electric field created by a voltage applied to the electric
contacts produces a current pulse. The collected charge, Qcoliccred, can be measured
by integrating the current pulse. The collection distance, d, can be derived from
Qcoliccted- As & result, the product of carrier mobility and lifetime can be evaluated.

.

The configuration of the electric contacts is determined by the excitation source
used to create the excess carriers. The excitation sources include energetic charged
particles and photons with an energy above the band gap. The various structures

are summarized below:

o Metal- Or-
Since charged particles such as high energy electrons from a radioactive

source or accelerator test beam are able to fully traverse the diamond film,
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a metal-insulator-metal (MIM) structure is used (Figure 9). The incident
particle direction is nearly parallel to the electric field, the excitation occurs
along the particle track throughout the diamond film. In this case, informa-
tion about the bulk of the material can be obtained.

o Planar Contact Structure,
When the excitation solirce is a photon (ultra-violet, x-ray and q-ray) or
charged particle such as a particle, the penetration range in diamond is
small ®. The electron-hole pair generation takes place near the surface of
the material. In this case, & planar contact configuration is used (Figure 9).
Since the excitation region is just beneath the diamond surface, this method

carries the information of the electrical properties near the surface.

The information from both measurements compliment each other. Using both
measurements, the relationship between the properties in the bulk and the surface
can be investigated. Also, the relationship between the drift perpendicular to the

film surface and parallel to the surface can be compared.

1.3 DIAMOND DETECTORS

1.3.1 CHEMICAL VAPOR DEPOSITION TECHNOLOGY

Chemical vapor deposition (CVD) technology has been used in the growth of most
of the diamond films studied in this dissertation. In the CVD processes, a hy-
drocarbon gas, such as methane, is mixed with a large concentration of molecular
hydrogen gas. The gas mixture is excited by a power source and the atomic state
carbon atoms link together onto a substrate, forming o-type bonds which lead to
2 diamond lattice and eventually a polycrystalline film. In various CVD processes,
it is common [15] to start from a reactive gas phase which is composed of carbon
and hydrogen. Oxygen is frequently added, either directly or as & part of the car-
bon carriers (CO or CO;). The presence of oxygen can have a marked influence

SMore details will be introduced in Chapter II.
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Figure 9: The upper diagram shows the diamond ionization chamber, two elec-
tric contacts on the surfaces are deposited. The lower diagram shows a diamond
photo-detector, the shaded areas represent the electric contacts.



23

c @ dlamond

A nogrowih

@ non-dlemond carbon

O position of undiluted
compound

.-*" orlentation lne

os%" limil of diamond
domain

e

o~ oetol connecied
experimenial data

I

Bl
Lo

: o x
AN RS  CGRE RAEE e o

Yop-ooe) Mz

o

Figure 10: Atomic C-H-O diamond deposition phase diagram (P. K. Bachmann,
D. Leers and H. Lydtin, Diamond and Related Materials, 1, 4, 1991).

on the deposition processes, as can the temperature of the CVD gas phase and
substrate [15]. Successful diamond deposition is restricted to a well defined area

within a C-H-O triangle phase diagram (Figure 10).

Natural diamond and man-made diamond have the same crystal lattice. However,
the different production processes introduce different components of impurity con-
centration levels and different structural defect densities. These differences may
likely result in different material properties, e.g. mechanical strength, thermal
conductivity and electrical conductivity.
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Although natural diamond is single crystal, it is far from perfect, containing high
densities of impurities 7 and structural defects. For example, one impurity element
common in natural diamond is nitrogen. Its concentration can be as large as
10'® cm~3. As CVD diamond growth technology has matured, the quality of the
polycrystalline diamonds has improved. It will be seen in the following chapters
that some of the material properties of new CVD diamond films have already

exceeded those of natural diamond.

1.3.2 AN APPLICATION OF DIAMOND DETECTORS

Because diamond has a high saturation velocity and & high breakdown electric
field, a detector made of diamond can be operated at high electric field. Hence,
high collection efficiency can be attained and fast operation can be achieved. In
addition, the strong carbon bonds in diamond gives it excellent resistant to radia-
tion damage. The other advantage of diamond based devices is the potential low

cost of CVD dizmond growth process.

One application of diamond detectors is in high rate, high radiation environments
such as the Superconducting Super Collider (SSC) and the Large Hadron Col-
lider (LHC) which require high performance detectors that can survive extreme
environments. These facilities provide a unique opportunity for the discovery and
investigation of a host of new phenomenon. Here the unique properties of diamond,

when compared with silicon based devices, make diamond detectors extremely at-

tractive.

"The major impurities in natural di d are (1) nitrogen, up to 0.2% in type s diamond; (2)
nickel, iron etc. up to 10% as inclusions in synthetic diamond; aluminium, up to 10 p.p.m. in
natural diamond; boron, up to 0.26 p.p.m. in natural type IIb and 270 p.p.m. in specifically
doped type IIb synthetic diamond; (3) up to twenty-five mineral species have been positively

identified [18, 17). :
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1.4 ELECTRICAL AND MATERIAL CHARACTERIZATIONS

The work I have undertaken is to investigate the electrical properties of diamond
films, to characterize the dianiond films using material research experiments, and
to seek the possible correlatioris between the electrical properties and the material

characteristics.

1.4.1 CHARGED PARTICLE-INDUCED CONDUCTIVITY

To measure the collection distance, one of the electrical properties of diamond,
charged particle-induced conductivity (CPIC) measurements were performed. Ac-
celerator test beams and a radioactive sources, %°Sr, were used. Different particle
species with different energies were used in the CPIC experiments. Using the CPIC
technique, the electric field dependence of collection distance of natural single crys-

tal diamond and CVD polycrystalline diamond films was measured.

There are differences between single crystal and polycrystalline materials 8. In
natural diamond, due to its single crystal nature, the collection distance in the
bulk is equal to the surface collection distance. This was demonstrated in our
experiments. In polycrystalline diamond films, a columnar grain structure exists.
Figure 11 illustrates the cross section of polycrystalline diamond film with a film
thickness of L. In CVD diamox‘d, the crystal quality was found to improve with film
thickness along the growth direction. Because there is a gradient in the quality
of polycrystalline diamond films, the electrical properties at the surface are no
longer equal to those in the bulk. Charged particle-induced conductivity delivers
information averaged over the bulk of the diamond films. These bulk measurements
were associated with the results of surface measurements. From both experimental

observations and theoretical analysis, it was found that the bulk collection distance,

A crystal is & 3-dimensional pattern in which atoms g Iy orderly arrang t. On
the contrary, an amorphous solid is of non-periodic disordered state. A polycrystalline solid is
in between the two extremes: the orderly patiern of crystelline terminates at grain boundaries;
the grain-grain structure extends to form the polycrystalline material.
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Figure 11: Cross section of polycrystalline diamond film: a columnar grain struc-
ture along the crystal growth direction is illustrated.

determined from the charged particle-induced conductivity, is the average value of

the collection distances at the two surfaces.

Another problem exists in polycrystalline materials: grain boundaries. In a mate-
rial with anisotropic grain boundaries, the drift parallel to the boundary may be
different than the drift perpendicular to it. When the collection distance is much
smaller than the grain size, excess carriers recombine before reaching the bound-
ary. Thus, the boundaries have little the effect on carrier transport. However,
when collection distance approaches the grain size, the anisotropic grain boundary
conditions may yield a difference in the drift process in different directions. For
polycrystalline diamond films, because of the columnar grain structure, few bound-
aries occur in the columnar direction. Thus, the grain boundaries have minimum
influence on th;e collection distance measured by the CPIC technique. However,
for the PIC measurement, when the collection distance is comparable to the lateral

grain size, the effect of grain boundaries must be considered.

The electrical properties of diamond may also be limited by crystal imperfections in
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the material. These crystal imperfections can be chemical impurities or structural
defects. Material characterizations have been used to study the limitations of the

electrical properties.

1.4.2 MATERIAL CHARACTERIZATIONS

Scanning electron microscopy was used to study crystal structure, grain size,
faceting and defects. The columnar polycrystalline grain structure was also exam-
ined. It was found that the average lateral grain size increases with film thickness.

Also, the collection distance and the average grain size were compared.

X-ray diffraction measurements yield information about the lattice constant and
crystal imperfections. From the diffraction peak positions, the diamond lattice
constant of the polycrystalline films was determined. A deviation from a perfect
diamond lattice due to crystal imperfections was observed. In addition, from the
width of the diffraction peaks, the overall quality of the polycrystalline films was
characterized. Correlations were found between the collection distance and the

lattice constant and peak width.

Raman and photoluminescence provide information on impurities in diamonds.
From Raman spectroscopy, graphite or amorphous state of carbon can be exam-
ined. A correlation between the collection distance and Raman spectrum width
was also observed. As characterizations of film quality, the diamond Raman line
width was found to be correlated with the x-ray diffraction peak width. Photo-
luminescence measurements were used to identify crystal defects and characterize
polycrystalline diamond films.

From the material characterizations and their correlation with the electrical prop-
erty studies, structural defects were found to be the major factor limiting the

performance of a polycrystalline diamond detectors.

CHAPTER II

THEORETICAL ANALYSIS

The purpose of this chapter is to describe the ionization and charge collection
processes based on fundamental physical concepts and thorough mathematical
approaches. An understanding of the ionization and charge collection processes
is necessary to link the experimental results and theoretical analysis for charged
particle-induced conductivity (CPIC) and photo-induced conductivity (PIC). It is
also important to develop a method to characterize the radiation detectors using

fundamental physical quantities such as carrier mobility and carrier lifetime.

The external excitation induced by charged particles or by photons can be classified
into two categories: intrinsic or extrinsic excitation. Extrinsic behavior results
when charge carriers are excited from impurity centers with energy levels within
the band gap. Since the diamonds we studied are not doped, the number of carbon
atoms is much larger than the number of impurity atoms. This implies that the
extrinsic excitation is negligible. Intrinsic excitation is caused by a band-to-band
transition where electrons are excited from the valance band to the conduction
band leaving empty states in the valance band. Both the excess electrons and the

excess holes contribute to the transient conductivity.

When a charged particle, such as an electron, traverses into a piece of semicon-
ductor, electron-hole pairs (e-h pairs) are produced by the ionization process. Al-
though the material remains electrically neutral, the conductivity of the material

28
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increases. Similar to charged particle-induced conductivity, intrinsic photo-induced
conductivity results when incident light or other suitable electromagnetic radiation
has energy larger than the band gap E;, generating clectron-hole pairs and higher
conductivity. To measure the transient conductivity, two metallic electric contacts
are deposited on a diamond. A bias voltage is applied to the electric contacts to
collect the charges generated by the external radiation.

2.1 CHARGE IONIZATION PROCESS

When a non-equilibrium state is produced by an external excitation source, &
bounded electron may absorb energy and become a free charge, leaving its parent
atom ionized. This process is called ionization. The energy transferred is deter-

mined by energy and momentum conservation laws during the ionization process.

2.1.1 CHARGED PARTICLE EXCITATION

As a high energy charged particle passes through a material, energy transfer occurs
due to the Coulomb interaction between the charged particle and atomic electrons
in the material. The orbital speed of the atomic electrons is approximately equal to
ac, where a = 1/137 and cis speed of light in vacuum. Thus, the bounded electrons
can be treated as free compared with the incoming high energy particles with
velocity (v ~ ¢). The Bethe-Bloch theory has been used to calculated the average
energy loss in a material, 4 (MeV cm’g~'). Based on energy and momentum
conservation when radiative energy loss is negligible [18, 19):

- %"- = 41rNAr3m.c’z’%bl—z [ln (Emg—c;-ﬁéz) —p* - L(zﬂ ] (2.1)
where the minus sign represents energy loss; ze is the charge of incoming charged
particle; N, Z and A are the atom density, the atomic number and atomic weight
of the material; m, and r, are the electron mass and classical radius (—i— and

mec? /Y
dx Nar?m.c? = 0.3071 MeV cm?g™"; I is the ionization constant, approximately
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equal to 162°° ¢V if Z > 1, which is measured to be I = 78 eV for diamond [20];
B =v/c;y = (1—p%""? and §(7) is & correction for the density effect caused
from the screening of incoming particle’s electric field by atomic electrons. When
4 < 2, §(v) is approximately equal to zero [20]. The energy loss per unit length,
4 (MeV cm™'), can be written:

d€ i dE

—_— )= —_— 2.2

% (MeV cm) = o 5o (22)
where pp, is the mass density. In the low energy region, 4 falls due to the 1/47
factor; % increases when the In(y?) term dominates. Using I = 78 eV, Eq. 2.1
gives a minimum of energy loss in diamond 4 = (%)m ~ 1.84 MeV cm?g™!

when 8 ~ 0.957. This region it is called minimum ionization.

REMSS' U

Particles passing through material are scattered and lose energy by collisions and
undergo deceleration. It is known that charges which are accelerated emit elec-
tromagnetic radiation [21]. The radiation emitted during the collisions is called
Bremsstrahlung radiation or braking radiation. The ratio of the energy loss due to
radiation to the energy loss due to the Coulomb interaction is given approximately
by [22]:

(), 25,
(gf)cﬂ:d ~~ 1600 e @

where E; is the incident electron energy. The energy at which the loss due to
radiation equals to the loss caused by Coulomb interaction is called the critical

energy:
Ec = !_6@ mec’

Z
When E; 3» E.y, radiation is the dominating mechanism for energy loss; when

(2.4)

E; € E.j, Coulomb interactions dominate. The critical energy for diamond is
equal to E.; =~ 130 MeV.
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2.1.2 ENERGY DEPOSITION ALONG PARTICLE TRACKS

Some of the energy lost by a fast charged particle appears in fast secondary elec-
trons or high energy photons which leave the vicinity of its track within times
< 107" gec [23]. For thin materials, the energy deposited near the track by the
charged particle, called restricted energy loss, may be different from the total en-
ergy loss. When energy is carried off by the energetic secondary particles, the
energy loss in a material which may be detected is given by [23]:

" 21 [ (T

dz T

where B, is the cut-off energy above which the secondary particles escape the
material. B, ~ 7.5 keV which will be discussed in the following section.

2.1.3 PHoTON EXCITATION

When an electromagnetic wave propagates through a dielectric medium, transitions
belween atomic states occur. As a result of photon absorption, the intensity of
the wave attenuates as it propagates. The electromagnetic field can be treated
as a classical variable to obtain the solution of the complex dielectric constant
é(w) = n(w) + ik(w) from the Kramers-Kronig relations [5, 24]. The absorption of
energy leads to a change of the light intensity — Lambert’s law:

I(z) = Iy e7 1)

(2.6)

Kk(w)

i) = =2
where 1/ is referred to the absorption length; z is the depth from the medium
surface; w is the light frequency; K = w./pi€/c; p and ¢ are the permeability and
permittivity of the medium; Iy is the normal incident intensity and n is the optical

index. A full quantum mechanical theory for the induced transitions between two
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energy levels leads to a similar result [24]. The absorption length is a function of
photon frequency. For 2 photon energy of 6 eV, the absorption length in diamond
is about 1 ~ 2 pm (2, 25, 26); for the unfiltered synchrotron spectrum (SSRL, see
Table 2), the absorption length is about 0.2 um [27]

The photon energy attenuation can be used to estimate the cut-off energy Eo..
for the restricted energy loss. When a charged particle traverses & material, some
of the energy lost by this charged particle generates high energy photons and
fast secondary electrons. If the material thickness is thin, some of those encrgetic
secondary particles may escape from the material. Therefore, those secondary par-
ticles can not contribute to generate more excess electron-hole pairs. The photon
escape can be described by the intensity attenuation !. The intensity after a thin
film with a thickness, L, is attenuated by a factor of exp (—7L). The absorption
length is plotted as a function of photon energy in Figure 12 [28]. When the photon
energy increases, the attenuation decreases and more photons will escape from the
material. Thus, the cut-off energy, E.x, can be approximated as the energy above
which the probability for the secondary to escape is lesp than 1/e. Setting vL = 1,
the absorption length, 1/, is equal to 0.05 cm for a thickness L = 500 pm. Then
the cut-off energy can be extrapolated from Figure 12: Epqx = 7.5 keV.

2.1.4 ENERGY FOR ELECTRON-HOLE GENERATION

Incident radiation causes the generation of excess carriers (electron-hole pairs).
The average energy to generate an electron-hole pair is called Ep.. High energy
charged particles or photons with energy above the band gap can act as ionization

gources.

"The e*e~ pair generation cross section for high energy photons is equal to [ of that for high
energy elect [28]. B the restricted energy loss is a weak function of Emax (Eq. 2.5),
the différence of Epay caused by the different cross secti for phot and elect can be

glected in the calculations of the restricted energy loss.
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Figure .12: Photon absorption (Particle Properties Data Booklet, 121, 1990). The
absorption length, 1/7, is plotted against photon energy for carbon atoms. The
mass density of diamond is equal to p,, = 3.52 g cm™3.
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High energy charged particles can generate excess electrons and excess holes. For
an excess carrier with a kinetic energy larger than the ionization threshold Ej,
some of the energy is lost in generating additional electron-hole pairs until the
end of the ionization process when the excess carrier has a kinetic energy less
than F;. In addition, some of the energy transfers to the lattice through Raman
scattering. Shockley [29] proposed that the average energy required to generate an

electron-hole pair is given by: ~

EBpuir = E; + 2E; + vEp (2.7)

1. E; is the energy absorbed in the generation of an electron-hole pair. In a
simplified model, E; = Eg.

2. E; is the kinetic energy of each excess carrier after the jonization process.
E; < E;. For electrons in the conduction band, in 2 simple parabolic model
of the electron energy as a function of the electron momentum, Ey is given
by [29):

3

3
E; = gE; = EE‘ (2.8)

As a consequence, for charged particles, the average energy to generate an

electron-hole pair in a semiconductor is equal to:
Epuir = 2.2Eg + rEq (2.9)

An x-ray photon with energy from 500 eV to 3000 eV has & wave num-
ber greater than 107 cm™!, comparable with the size of Brillouin zone (~
108 cm~?) [1]. Since photon wave number is proportional to the photon mo-
mentum, this large momenta make it possible to excite an excess electron
anywhere in the Brillouin zone. Similar to the case for charged particles, for

the x-ray excitation, E,.;, is equal to:

Epur = 2.2E¢ + rEq (2.10)
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3. Ey is the energy transferred to lattice through Raman scattering. Because
the Raman shift (Av) corresponding to the optical phonon in diamond is
equal to 1333 cm™!, Ex can be calculated to be: Ey = hcAv = 0.165 eV.

4. r is equal to L;/Lp, which is the ratio of the carrier mean free path (L;)
and the mean free path for the Raman scattering (Lg). The quantity, r,
represents the average number of phonons per ionization. Using the Drude
model, the carrier mean free path can be estimated as L; ~ 500 A. The
mean free path for the Raman scattering is of the order of Ly ~ 50 A [29].

Therefore, r can be estimated to be r ~ 10.

Using Eg = 5.5 ¢V, r = 10 and Eg = 0.165 eV, the average energy to generate
an electron-hole pair in diamond can be approximated: E,.; = 13.8 ¢V. The
experimental result of Ey,; in diamond is equal to E,,;, = 13 eV [31].

o C (0]

A photon energy of ¢ = 6.1 ¢V from an ultra violet (UV) laser excitation source
(Chapter I1I) has a wave number of 5 x 10* cm~'. This is much smaller than the

size of a Brillouin zone.

To insure momentum conservation during the transition process, the electron tran-
sition from the valance band to the conduction band is limited to occur near the
band edge. Therefore, the average energy to generate an electron-hole pair is equal
to:

Epirme (2.11)

2.1.5 ELEcTRON-HOLE PAIR DENSITY

The number of electron-hole pairs generated can be calculated from the total
amount of energy absorbed and the energy to generate one electron-hole pair

(Epaic). For charged particle excitation, the number of electron-hole pairs gen-
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erated per unit length, @, is equal to:
de P dE
fi=-—dx ="T ds 2.12
Epdr Epnir ( )

For photon excitation, if an assumption is made that the absorption occurs in a
rectangular box with the side along the semple normal direction and the side of
the box is the absorption length 1/, the electron-hole pair per unit length is given
by:

s it Y Epuise Y Epuee (2.13)
Eplir Epdr €

where Epuic i8 the photon energy per pulse.

2.2 CHARGE COLLECTION PROCESS

An excess carrier density is generated by absorbing energy from an external exci-
tation source. {Jriven by an electrical field, the motion of excess carriers induces
current pulse which can be integrated to deduce the charge induced on the electric
contacts. Excess carriers have a limited lifetime and the population of excess car-
riers decreases during the drift process due to the recombination processes in the

material. The excess carrier densities can be determined by the rate equations.
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2.2.1 RATE EQUATIONS FOR A TRANSIENT PROCESS

The total current density through a material is composed by the drift current and
the diffusion current contributed by electrons (J,) and holes (J,):

Jo = epaNE +eD, VN (2.14)
eppPE — eD, VP (2.15)

-
I

N and P are the total electron and hole density respectively:
N = ng+n (2.16)
P = potp (2.17)
These are the sum of the carrier densities in the thermal equilibrium state (indi-
cated with subscript “y") and the excess carrier densities. In diamond at room
temperature, the intrinsic carrier density is very small compared with the excess

carrier densities. Therefore, the total carrier density, A and P, can be represented
by n and p.

Based on the charge conservation, the continuity equations for electrons and holes
are given by [7, 21]:

fn 1 - n .
r i +;V “Jn— oy + g(7,t) (2.18)
op 1o » p ”
a = —;V b Jp - ;_; + g(r,t) (219)

where g(7,t) is the charge geilenﬁon term. Assuming that the illumination be-
tween the electric contacts is uniform, space charge is negligible and the generation
term becgmcu independent of position 7. If no spacial gradient is present, V - J,
and V - J,, vanish . Thus, the rate equations reduce to:

On n
T —T—n +g(t) (2.20)
o _ _p
% = rp+y(¢) (2.21)

The traversal time for a charged particle passing a diamond film is approximately

2Carrier gradient and t density di will be di d in Appendix C.
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1 ps. This fast generation process implies that g(t) becomes a 5(t) function. When
the process of ¢ > 0 is considered, g(t) = 0.

2.2.2 Excgess CARRIER DENSITY

At t = 0, when an excess electron-hole pair density is generated by external radia-
tion, the excess electron density equals to the excess hole density, njonized = Pionized-
In Figure 13, 2’ is used to represent where the electron-hole generation occurs at
¢ = 0. At time ¢, an excess carrier has drifted to a position z under an electric field
E. The position of the electric contact with a negative bias, marked with “-", is
z = L; the positive biased electric contact is at z = 0, marked with “+4+”. Because
of recombination, the number of excess carriers decreases with time. The excess
electron density n = n(z) and excess hole density p = p(z) can be solved from the

rate equations.

The collection distance introduced in Chapter I is the average distance which an

excess electron and an excess hole have drifted apart under an electric field E:

d = vim+vin
= d"+d° (2'22)

where d® = v]r, and d” = v}, are the distances which the electron and hole drift
under E. Since excess electrons drift towards the negative direction of the z axis
while excess holes drift towards the positive direction of the z axis (Figure 13), the

drift velocities can be written as:

dz

g o= -5 (2.23)
d
W = +d—: (2.24)
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Figure 13: The charge collection process in diamond. The shaded areas represent
the electric contacts. Excess electron-hole peir generation occurs along the path
of the charged particle where jonizea = Pionizea. The excess electrons drift towards
the electric contact at z = 0; the excess holes drift towards the electric contact at

z=1L.
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Using the definition of collection distance, the rate equations (Eq. 2.20 and Eq.2.21)
can be rewritten in spacial form:

dn dt dz _d_e

dp dt dz  dx
P m W d )

The solution of these differential equations describes the decaying behavior of the
excess carrier densities. As mentioned in Chapter I, unlike single crystal dia-
mond, polycrystalline diamond films have & multi-grain structure. Moreover, the
diamond grains demonstrate a columnar siructure along the film growth direc-
tion. As a result, many material properties vary with the thickness of the film (scc
Chapter IV). This special feature of polycrystalline GVD diamond film has been
taken into account in describing the electrical properties. Thus, the theoretical
analysis of this chapter is separated into two parts: (A) single crystal diamond
and (B) polycrystalline diamond. '

(A) SINGLE CRYSTAL DIAMOND

The collection distance (d”,dP) can be treated as a constant throughout the sample
for a natural diamond due to the single crystal nature, The solutions for the rate
equations (Eq. 2.25 and Eq. 2.26) are simple exponen‘iah. The initial conditions
when ¢ = 0 (or = = ') are: n(z') = Njoniged 80d p(2') = Pionizea. The solutions are:

/

n(2,2) = Nionizea €XP (‘z d"— z) (z < 2) (2.27)

P(z,2") = Pionisea €xp (—z;z’) (z'<z< L) (2.28)

It can be seen that both excess electrons and excess holes follow the same decay
behavior.
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(B) POLYCRYSTALLINE DIAMOND

The situation discussed above is appropriate only when the collection distance is
a constant across the sample. When a gradient of collection distance exists along
the columnar direction, it may be approximated, to first order, by using a linear
function with z (Figure 14a, the situation shown in Figure 14b can be carried out
by analogy, the results are the same.).

d - d7

d" = (—‘——L ')z-{—d:'d:':' a"z + " (2.29)
d° —dr

&= ("LZ") z+d? ¥ Pz 4 pp (2.30)

where df, d?, d} and df are the collection distances at the grow.th side and substrate
side of the diamond film for both type of carriers. The superscript “*” and “P”
represent the values for electron and hole respectively. The other parameters are
defined as:

o G E

p def g~ %
“ L

(2.31)
g
pE R
When a" < 1 (df — df < L), the difference of collection distance between the
two surfaces is negligible. This situation can be treated in the same way as for
a single crystal. In the following discussions, a” > 1 and o > 1 are treated for
polycrystalline diamond.
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d(x)
dg (a)
dg b)) -
L
0 L *

Figure 14: Model for collection distance in polycrystalline diamond, d increases
linearly with film thickness. (a) at the substrate side of the film (z = 0), d(0) = d,;
at the growth side of the film (z = L), d(L) = dg. (b) the growth side is assigned
as the origin (z = 0); the substrate side is at z = L.

Substituting the collection distances (Eq. 2.29 and Eq. 2.30), the differential equa-
tions (Eq. 2.25 and Eq. 2.26) become:

dn dz
= - te
dz
YT I 2.32
NPy (2.32)
g _ _d
p dp
- 4=z (2.33)
aPz + P

Using the initial conditions: z = z' when ¢ = 0, n(2') = Nionized 80d p(2’) = Pionized,
the solutions for these differential equations are obtained:

- +ﬂ"/a" + ,
Tionized (z——-—, +ﬂ"/a") (z < 2') (2.34)

n(z,z')

P [P —*
p(2,2') = Pionized (%) (z'<z< L) (2.35)
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2.2.3 CHARGE INDUCTION ON ELECTRIC CONTACTS

Under an electric field, the excess electrons and holes move in opposite directions.
The motion of the charge carriers induces a current pulse. The charge induced on
the electric contacts is called Qcojiccred. To use a simplified model to describe the
charge induction process, a few assumptions are made: (1) the jonization chamber
is modeled by a parallel plate capacitor (electric contact spacing is L and contact
area is §); (2) the process during which the charge particle is brought to this
capacitor from infinity is neglected.

When ¢ = 0 (z = 2'), the total number of excess electrons or holes in a cylinder
with a volume of dv' = Sdz’ is given by Rionizea dV' OF Pionizea dv’. If we track
the excess carriers in this cylinder dv', the number of excess carriers at z is given
by n(z,z') dv’ or p(z,z') dv’. When these excess carriers have drifted a distance
dz under E , the induced charge on the electric contacts, dQ ojiccted, can be given
by [32, 33, 34):

Qs = ~len(z,2) dv]) 22 (236)
d
Qi = Heplz,a) dv') T (237)

where the minus sign in Eq. 2.36 is due to the fact that dz is negative for excess
electrons. Two different derivations are shown in Appendix B. The total charge
induced by the two types of excess carriers can be calculated by superposition:

QC""ﬂ:ltd = Q:ullecled‘ + Q:ollecled (238)

Substituting the excess carrier densities solved from the rate equations (Eq. 2.36
and Eq. 2.37), the total charge collected on the electric contacts can be obtained.
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(A) SINGLE CRYSTAL DIAMOND

Substituting the solutions of the rate equations for single crystal diamond (Eq. 2.27
and Eq. 2.28),

dz

dQCiectea = —[e n(z,2") dv'] x dfz = =€ Njoaized dv' exp (————= = ’) *ig (2.39)
dQP = +[e p(z,2') dv'] x . + dv' exp (-2 4 x s (2.40
collected = 1 - € Pionized exp ar L . )
Then the total charge induced on the electric contacts can be integrated as:
5 . 0 dz

Qcollected = /danlh:led = _/“/ dvl'/‘, € "(ztz’) X T (241)
Q°. =/dQ" =+/du'/L=p(z z')xgi (2.42)

collected collected v L5 ’ L .

The total volume of the diemond ionization chamber is V = § x L, thus, using
dv’ = Sdz’, we have:

Quucrcs = =5 [ de' [ enfa, ) x %2 (2.43)
Qbotectea = +8 /OL dz'_/: e p(z,z') x dfz (2.44)
Integrating, we find:
Qeollected = Qlonized % [ 1- % (1- G'J") ] (245)
Qlotectea = Qionized % [ 1- % (l - e‘ﬁ’) ] (2.46)

where Qjonizea i8 defined as total number of excess electrons or holes generated by

charged particles:

Qioni:ed dé‘ Mjonized X (SL) = Pionized X (SL) (2'47)
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When L >» d",dP, the charge collected on the electric contacts becomes:
N d"
Qco"ecled s I Qioniud (L > d") (248)
dr
Qt':ullecl.ed ~ f Qlcnl:ed (L > dp) (249)

The total induced charge on the electric contacts measured by the CPIC technique
is equal to:

Q Hected = Q".. ,.+qu ted

dc;'c Qionized (L dd) (2.50)

~

where dcpic = d" + dP.

(B) POLYCRYSTALLINE DIAMOND

Using solutions of the rate equations for polycrystalline diamond film (Eq. 2.34
and Eq. 2.35),

. + 0o + d
dQliected = —€ Monized dv’ (5;:%,4—2;) -Li (2.51)
z + A°/aP ¥ 4y
dQCcctea = +€ Pioninea v’ (m) XTI (2.52)

Integrating, the charge collected on the electric contacts for polycrystalline dia-

mond is obtained.
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When o™ = 1 (d? — d7 = L), using the solution of the charge collected in Eq. 2.34,
the integral for the charge collected on the electric contacts is given by:

L 0 dz
Q:ollecl:d = —S/o dz'/‘, e n(z, zl) X “L—
_ Qiontgea L, 0 fz+p" dz
s /ﬂ dz /, N\a s X i
- Qluniud K n ny2 ﬂ"
= o2 [2 + LA™ +(B")" In I+p (2.53)
For the charge collected due to excess holes, -
Qlonlud I 2 ﬁp
Qcotected = “g73 - [7 + IR TR gy (2.54)

For the case of a” # 1, substituting the solution from Eq. 2.34, the charge collected
is equal to:

Chama= G (20 [(B)H (0 2) T (E)])

The contribution by excess holes is given by:

s = G L 00 L [(B)0 (2007 (1,207}
- {5 B 5 )]} e
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It can be seen that the total charge contributed by excess electrons and excess
holes has the same form. For the polycrystalline diamond films currently in use,
- L>» dy,dp,dy,dP. Under these conditions, the last two terms in the two equations
above are negligible compared with the first two terms. Then:

o Qi 1 (1L
collected ™ L3 ;ﬂ o -

2 a”
d° 1
= T (m) Qionlud
do
B i Qionised (L > dg,d?) (2.57)
Qiuniud

1 L prL
P N —— _= i
Q:allected L? +1 ( 2 + aPf )

T
aPf
dv 1
=7 (a,, ¥ 1) Qionized
dv
N T Qionired (L>> &, d?) (2.58)
where &
(2.59)
=Bt ! i
The total charge collected is
dop
anllccled ~ _Cél_C_ Qionhed (L > d:, d:, d:‘, dr) (2-60)

with depic = [(df +d8)+(ds+dP)]/2. In either the CPIC or the PIC measurements,
the contribution from excess electrons and excess holes can not be distinguished.
To simplify the notations, dg 4 dg + d? and d, &ef di + df are used. Hence:

depic = ds ; d. (2.61)

This equation shows that dcpic, a characterization of the electrical properties of

diamond radiation detectors, is equal to the average value of the surface collection
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distances when a constant gradient of the electrical properties exists along the

columnar direction.

It is worth noting that when A" = 0 and AP = 0, (d, = 0),
d,
dcp]c = —;— (d. = 0) (262)

The average collection distance in this case is equal to the half of the value of the

collection distance at growth side of the film.

2.3 ELECTRIC CONTACTS

Electric contacts have been an important topic of research for electronic devices.
They represent the boundary conditions needed for the solution to the charge
collected on the electric contacts. When the collection distance is small (d < L),
most of excess varriers are not able to drift to the electric contacts, the boundary
conditions at the electric contacts do not play a key role. However, when d is
comparable to the film thickness, different boundary conditions at the electric

contacts must be considered.

2.3.1 BLOCKING CONTACTS

A high resistivity layer at the electric contact region may exist due to a large
amount of recombination centers at the contact junction. This layer is called
blocking layer [14] and the contact with a blocking layer is called a blocking contact.
When reaching a blocking electric contact, a charge carrier can not jump over or
tunnel through the junction barrier. It is trapped by surface states. After reaching
the contact, it no longer contributes to the conductivity. In addition, no carrier

can be injected into the material from the external circuit.
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(A) SINGLE CRYSTAL DIAMOND

A numerical calculation is used to calculate the charge collected on the electric
contacts Q7 .cieq (Figure 15). When d" = L, Q% iccieq = 0.37 Qionizea. The total
charge collected is equal to 0.74 Qjonizea. When d" > L, QP jccied = 0.5 Qionized-
Then, the total charge collected is equal to:

Q 11 d= Q" 11 i+t Qp Nected = Q(onlud (dnfdp > L) (2’63)

All the charges generated in the ionization process are collected.

(B) POLYCRYSTALLINE DIAMOND

For polycrystalline diamond, the results from a numerical calculation for the charge
collected on the electric contacts, Q% i.cicq» 87€ shown in Figure 16. For d® > L,
Q% otected = 0.5 Qionizea. Then, the total collected charge is equal to:

Qcollecled ~ Qlaniud (dn —-d" > L) (264)

2.3.2 Onmic CONTACTS

For an ohmic contact, no surface barrier exists. When each carrier reaches an
ohmic contact, it is elevated by the power supply in'the external circuit, and then
injected from the other electric contact into the diamond. The mechanism to
reduce the current is the recombination process in bulk material. When d 3> L,

the diamond can keep its high conductive status until all excess carriers recombine.

(A) SINGLE CRYSTAL DIAMOND

After the excess carrier generation occurs at z = z’, excess holes are drifted toward
the electric contact at z = L (Figure 13). After being lifted by the power supply in
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Charge Collection for Natural Diamond
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Figure 15: Numerical calculation of the charge collected, Q¥ yjccieq) for a single crys-
tal diamond detector with blocking contacts. For d" = L, Q" 1.cica = 0.37 Qionized;
for d® > L, Q% cceea =~ 0.5 Qionizea. The inset shows that Q0 ..\cq/Qionired i8
approximately a linear function of d"/L when d"/L < 0.1.
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Charge Collection for CVD Diamond
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Figure 16: Numerical calculation of charge collected, Q7. ., 4, for a polycrystalline
diamond detector with blocking contacts. For d" 3 L, Q tiected = 0.5 Qionized-
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the external circuit, these holes are injected into diamond from the electric contact
at z = 0, then drift back towards the position where the ionization occurs. In this
“cycle”, the collection distance is a constant. The excess carrier density decays by
a factor of exp (—£). As shown in Figure 17, this periodical boundary condition
is equivalent to a diamond with infinite thickness composed of diamond films with
thickness L in series. Thus, infinity can be used as the upper limit of the induction
integral for z. Using Eq. 2.28,

_) s

Qlottected = S/OL_/:a € Pionized €XP (— 7 )T dz'
& Qionised % (® > L) (2.65)
Adding the excess electron contribution, we find:
Qeollected & Qionised dCLP'c (depic > L) (2.66)

When dcpic = L, Qcollected = Qionized, 81l the charges are collected. When dcpic >
L, the integrated charge collected on the electric contacts, Qcoliccted, may be larger
than the number of excess carriers generated by ionization, Qcoltccted > Qionized-
This means that gain occurs:

Qcoltected _, decpic >1 (2.67)

~

Qionlud L

(B) POLYCRYSTALLINE DIAMOND

Unlike a single crystal, in a polycrystalline diamond, the material quality is dif-
ferent at the electric contact (z = 0) from that at the electric contact (z = L).
In Figure 17, a “saw tooth model” is used to substitute the periodic boundary

condition. Using Eq. 2.55, the excess hole density at z = L is equal to:

i L+pPfa?\ "
P1 = Pionized (z’ +ﬁP/aP) (2.68)
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Figure 17: Boundary condition for ohmic contacts. The upper diagram is for single
crystal diamond, in which the collection distance is a constant. The lower diagram
represents polycrystalline diamond. A linear model is used for the collection dis-
tance between mL and (m+1)L. Thus, a “saw tooth” shape is shown.
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The excess hole density at z = 2L is equal to:

L+BPfaP\ & (L4pPfaP)
z'+ﬂ"/a") ( pe/ar ) (:09)

Similarly, for the excess holes travelling through m films to a position of z = mL,

P2 = Pionized (

the excess hole density can be obtained by:
L+ﬂ"/a" - L+ﬁ"/a" -5 2.70
e e

bThuu, the excess hole density at position z, where mL < z < (m + 1) L, is given
y:

Pm = Pionized (

Pz, 2') Boci (L+BV/ap)‘=‘f L+ﬂv/ap)"5‘ (;-mt,+pv/¢,p)-:‘t

z' 4 AP [aP BP/aP AP JaP
L+BPjaP\ ¥ —mL+pP/a?\ "
= Piosised ( ey ) (' i ) (@m)

The charge collected on the electric contacts when an excess hole is drifted from
z =z’ to infinity is equal to:

Qlotiectea = A+ B (2.72)

where A is the contribution of excess holes drifting from z = 2’ to z = L; and B
is the contribution of excess holes drifting from z = L to infinity:

-

A = S[)L./‘f € Pionized (:T%) %3_ dl' (273)
) L p(m+1)L adz

B=m2=|[3/0 \/mL p,.‘(z,z)—[—l-dz ] (2.714)

A numerical calculation for the charge collected at the electric contacts is shown
in Figure 18. When d, = 0, the boundary condition at the electric contact on
the substrate side of the diamond film acts as & blocking contact. The maximum
charge collected on the electric contacts is Qjonizea. When d, > 0, gain may occur.
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Charge Collection for CVD Diamond
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Figure 18: Numerical calculation charge collected, Q). ..q, for 2 polycrystalline
diamond detector with ohmic contacts. Gain (Qwucmd > Qionizea) occurs when
dr > 0.
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2.4 PHoOTO-INDUCED CONDUCTIVITY

Most of the photo-induced conductivity (PIC) measurements have been performed
at Lawrence Livermore National Laboratory. Since the PIC results will be used to
compare with the results from the CPIC measurements, photo-induced conductiv-
ity is briefly discussed.

This transient process and experimental techniques are similar to the CPIC mea-
surements. After excess electron-hole pair generation by the illumination of pho-
tons with energy above the band gap Ey, the motion of excess clectrons and holgs
under an electric field E induces a current pulse. From the integration of the
current pulse, the charge collected on electric contacts, Qcoliected, can be obtained.
In addition, from the photocurrent decay, the carrier lifetime, 7, can be derived.
Instead of using the spacial form of the rate equations (Eq. 2.25 and Eq. 2.26), the
rate equations in the time coordinate are used (Eq. 2.20 and Eq. 2.21):

On n
Tl .__Tn +9(2) (2.75)
9 _ _»p
& - +9(2) (2.76)

Because of the large band gap of diamond, UV excitation from a laser or x-ray from
synchrotron are used to excite electrons from the valance band to the conduction
band. From Table 2, we can see that the two types of Fxcxtatmns are in different

time and energy regimes.

Table 2: Photon Pulse Excitation Sources [35).

Source € (eV) | Width (ps) [ Shape | Rate (Hz)
UV (Laser) 6.1 <5 8(¢) ~ 10
X-ray (Synchrotron) | 300 ~ 5000 350 Gaussian | 1.3 x 10°
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2.4.1 X-RAY SYNCHROTRON EXCITATION

The excitation pulse can be modeled using a Gaussian function with a characterized

time og:

0 1 -5
. 1w 2.77
9(t) = op % s (2.77)

where w and L are the electric contact width and spacing and 7 can be calculated
from Eq. 2.13. The solutions of the rate equations are given by:

n(t) = Mol o ({% - Ti) {erf [ \/iz. (% - %‘-’-)] + 1} (2.78)

0 - 5 (B Y[ ] o
(2.80)

]

where the error function is defined as:
et () % / S (2.81)

For x-ray excitation from synchrotron, 7 can be determined [27] by numerical

integration.

2.4.2 LASER EXCITATION

For laser excitation, the fast laser pulse is considered a §(¢) function because the
recording system has bandwidth limitation. Thus Eq. 2.78 and Eq. 2.79 are reduced

to simple exponential terms:

n(t) Tonized €XP (_ri,,) (2.82)

p(t) = Pionizea €XP (—Ti) (2.83)

P

In practice, the current pulse is delivered by a transmission line with a character-

istic resistance of 50 2 to a scope. The current density J(t) is equal to:

J(t) = ¢ (O + p(O)1p) B (2.64)
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Using the expression for the current J = J x S (S is the cross-sectional area of
the current, which is equal to the product of w and the absorption length 1/7;
v = SL), the charge collected can be calculated by:

Qeoltected = /o Idt (2.85)

Substituting the exponential solutions from the rate equations, we have:

Qcollected = Q'—"}'fﬂ (Bomo + o) E
= % urE (2.86)
where p is defined as:
’ p=Eol Tl t i (2.87)
Using dpic = p7E, ;ve have:
Qcollected = i;—c Qlonied (2.88)

the same expression as the charged particle-induced conductivity measurement
(Eq. 2.50, Eq. 2.60). '

2.5 COMPARISON OF PARTICLE-INDUCED CONDUCTIVITY AND
PHOTO-INDUCED CONDUCTIVITY MEASUREMENTS

To summarize the results from the discussions above, the general expression of the
collection distance for both single crystalline diamond and polycrystalline diamond
measured by the CPIC or the PIC techniques can be written as the following:

Q:ollecl:d = %Qinnlud (289)
or Q
. Weollected
dineas = g — L (2.90)

where d,cas can be either depic or dpc.
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o for single crystal diamond:
depic = dpui = dpic = dyurtace (2.91)

o for polycrystalline diamond (Eq. 2.61):
dg + d,

depic = (2.92)
dpic = dyurtuce = dy or d, (2.93)
For a special case when d, = 0,
_ dpic
depic = 5 (d. =0) (2.94)

These are the relationships between the results from the CPIC measurements and
PIC measurements. The CPIC study yields information about the bulk of the
diamond films while the PIC measurement yields surface information. The two
experimental techniques compliment each other and allow us to obtain a complete
picture of the electrical properties in diamond.

CHAPTER III

CHARGED PARTICLE-INDUCED CONDUCTIVITY

Charged particle induced conductivity (CPIC) measurements have been performed
on both single crystal natural diamond and polycrystalline CVD diamond. To per-
form these measurements, a metal-insulator-metal (MJM) structure is fabricated
on each diamor:! to create an ohmic contact with the diamond. In order to insure
that good contact is made to the diamond a current-voltage (I-V) curve is taken
for each diamond. Figure 92 shows a typical I-V curve illustrating a symmet-
ric linear relationship. Contacts which do not have good I-V characteristics are

removed and re-applied.

Typically the diamond films studied were a few hundred microns thick and had
an approximate lateral size of 50 mm?. Large area (3 cmx3 cm), continuous
polycrystalline films have also been tested. The response of these detectors to
charged particles with different species, different energy and from different sources
has been observed. The excitation sources include charged particle accelerator
beam at the TRI-University Meson Facility (TRIUMF) in Canada and radiocactive
source (*Sr). The CPIC measurements are summarized in Table 3.

From the response of the detectors to the charged particles, the electrical properties
have been investigated. A comparison of single crystal diamond and polycrystalline
diamond has been made.

60



61
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Figure 19: Current-voltage characteristics of a polycrystalline diamond detector.
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Table 3: Charged particle-induced conductivity measurements.

Excitation Source Particle(s) | Energy (MeV)
Radioactive Source (*°Sr) e” 2.281
TRIUMF (M13 beam line) | x~, p~, e~ ~ 100

T cut-off energy of three body decay spectrum

3.1 EXPERIMENTAL TECHNIQUES

3.1.1 AcceELERATOR BEAM TEST AT TRIUMF

M13 beam line at TRIUMF national laboratory consists of pions, muons and elec-
trons with momentum, p, of 100 MeV/c (Table 4). At this momentum, electrons
are close to minimum ionizing, while muons are 1.7 times of minimum ionizing

particle and pions are 2.5 times of minimum ionizing particles in diamond.

Three scintillation counters along with two silicon P-I-N junction detectors ! were
used in the beam test (Figure 20). A trigger was formed by the coincidence of three
scintillation counters and a silicon detector (S1:52-53-Si#1). The signals from the
diamond detector and the silicon detector (Si#2) were averaged and recorded by
a digital scope ? (256 event averaging in a single sequence) and a CAMAC ADC.
Sample signal pulses are shown in Figure 21.

Table 4: Charged particles in M13 beam line at TRIUMF.

Particle [ mo (MeV/c®) [ p (MeV/c) | A v (El‘ )/( _EIE M1
L 139.6 100 0.58 | 1.23 2.5
. 105.7 100 0.71 | 1.42 1.7
e” 0.51 100 0.99 | 7.09 1.0

"HAMAMATSU S2506.
3TeEKTRONICS 2440,
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Figure 21: The upper scope trace is the signal from & natural diamond detector
Figure 20: A schematic view of the experimental setup for the TRIUMF beam test. : 2 b;:u ;f 2godvt a\;ernged foe 250 wvente, Lhe lowc‘r tracg is the prerage signal
A trigger was formed by three scintillation trigger counters and a silicon detector om the Sif2 detector.

(S1-52-53-8i#1).
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3.1.2 RADIOACTIVE SOURCE MEASUREMENT

The experimental setup for a radioactive source measurement is shown in Figure 22.
A %Sr source produces electrons with continuous energy - decay spectrum. *'Sr
decays by B~ emission to ®Y. The maximum kinetic energy of those electrons
is 0.53 MeV. Then Y decays by 8~ emission to ®°Zr. The maximum kinetic
energy is 2.28 MeV [28, 36].  No gamma radiation is present [36]. The decay
scheme and the energy distribution spectrum is illustrated in Figure 23. The
probability of emission of an electron with a kinetic energy between Ey and Fy +
dE, is denoted as P(E,)dEy. P(Ey) is shown in Figure 24 as a function of the
electron kinetic energy FEy [36]. For kinetic energy above 1.2 MeV (4 > 0.957),
the electrons are approximately minimum ionizing particles in diamond. For the
electrons with a kinetic encrg}; of 0.5 MeV, the energy loss in a 500 gm diamond
film is approximately AE)y =~.0.35 MeV. Thus, electrons with energy below 0.5
MeV will stop in the diamond. From the curve in Figure 24, the ratio of the
number of electrons from 0.5 MeV to 1.2 MeV to the number of electrons from
0.5 MeV to 2.3 MeV is calculated to be 62%. Thus, the total average energy loss
if an electron from Sr® source may be slightly higher than the energy loss for
a minimum ionizing particle, (:’_E)Ml' To take this into account, the diamond is

modeled as 500 thin (1 pm) pieces.

When electrons travel in the ;naterin.l, their velocities are reduced as they loose
energy. For electrons with a kinetic energy between 0.5 MeV to 1.2 MeV, more
energy is lost as they travel ihrough the diamond because :—f increases as the
particle velocity decreases. The average energy loss for an electron with a kinetic

energy of Ey in the 500 thin pieces of diamond is calculated by:

(5) -0 2 (2), o
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Figure 22: Setup for radioactive source-induced conductivity measurement. The
electron beam is formed by two brass collimators between the ®Sr source and
diamond. A scintillation counter behind diamond triggers the digital scope.
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Figure 23: Decay scheme for ®Sr and Y.

where (%’f)i is the energy loss in the it slice. The total energy loss for the electrons
from the B-decay is then:

dE 23MeV (dE
(2), = Lo (&) P en

1.99 MeVem?®g™!

dE
1.08 x (—) (3.2)
dz /.

This calculation indicates that the energy loss of electrons from Sr* is 8% larger

Il

than minimum ionizing particles.

In order to form a well defined particle beam, two brass collimators with a total
thickness of 30 mm were placed between the diamond detector and the radioactive
source. The aperture size of the collimators is 2 mm. One scintillation counter
was placed directly behind the diamond detector to trigger the acquisition system.
The signals were averaged and recorded by a digital oscilloscope . An analog

3TexTroNICcS TD540.
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Figure 24: The energy spectrum of the 8~ emission for **Sr radioactive source.
P(E\)dEy is the probability of emission of an electron with a kinetic energy be-
tween Ey and Ey + dEy. The electrons with a kinetic energy larger than 1.2 MeV
are minimum jonizing particles in diamond. The electrons with energy below 0.5
MeV will stop in diamond.
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oscilloscope * was used to monitor the signals. Figure 25 shows the pulse traces

from the digital scope in both single shot mode and averaging mode.

3.1.3 ELECTRONICS

Similar electronic systems were used in the radioactive source experiments and
the accelerator beam test. The signal from a diamond detector was amplified by
a charge sensitive preamplifier ® and a shaping postamplifier ® (Figure 26). The
rise time of the signal from a diamond detector is very fast (< 100 ps). The
rise time of the preamplifier is about 50 ns. In the preamplifier (Figure 27), the
integration of the current pulst yields the collected charge. The pulse height after
the preamplifier, VP™, is proportional to the collected charge:

1
pre
VP o G /I dt (3.3)

The feedback capacitor (C;y = 0.2 pF) is very small giving the preamplifier a
large gain. In order to measu'ie the pulse height, a large feedback resistor, Ry =
1.0 G2, is used to give the signal a long fall time (200 us). Thus, the pulse can be
approximated as a constant during the time of measurement. However, because
of the long fall time of the preamplifier, overlap of pulses may occur. Therefore, a
shaping amplifier is used to cancel this long tail. In the shaping amplifier, shown in
Figure 27, a pole-zero filter (Cy/R,) differentiates the signal from the preamplifier
to obtain a pulse with faster falling time. However, by differentiating the falling
part of the pulse, a negative tail occurs. This negative tail can be offset by using a
parallel path (C,/R;) with a long time constant. An integrator after the pole-zero
filtering network is used to increase the signal-to-noise ratio. All signals have the
same shape after the shaping amplifier. In the radioactive source measurement, the
shaping time of the postamplifier is 2.5 ys. The shaping time of the postamplifier
used in the TRIUMF beam test is 0.8 ps.

YTEKTRONICS 2465.
®HIC-1676 from Digitex Laboratory Co., Ltd. Ref. [37].
S0SU-M475.
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Figure 25: Scope traces of signals from a polycrystalline diamond at 2 bias of 300
V: (=) single shot signal; (b) an average over 5000 events. The lower trace in each
diagram is the trigger pulse. The different shaping time used in the TRIUMF
beam test shown in Figure 21 can be noticed.
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By measuring the pulse height of the signal from the shaping amplifier, the number
of charges induced on the clectrodes, Qcyjicciea, can be calculated. Since all signals
have the same shape, the pulse height of the signal from the shaping amplifier,
Viru, is proportional to the charge collected on the electrodes of the detector. The
proportional factor is the electronic gain G:

VP" =G x Qcallecled
or (3.4)
Veu

anllect:d &= '—G—

3.1.4 ELECTRONIC GAIN

To determine the electronic gain, the output pulse height Vpy from the shaping
amplifier and the input charge @i, to the preamplifier were measured. A step pulse
Vpulee from a pulse generator 7 was used to charge a test capacitor Cley. The input
pulse on the test capacitor (Figure 26) is given by:

Vin = Vpulee X attenuation (3.5)

The attenuation was measured to be 0.0263 for a two stage I'-type voltage divider.
The charge on the test capacitor is Qi = V;,Cienr. The electronic gain is given by:

Ven
& = Qin
_ _Yeu
Vin Clul
- Veu
" (Vpule X attenuation) Ciey,
1 Veu

0.0263 * Vo Coont o

The built-in test capacitor on the preamplifier circuit board is called Cy. To change
the capacitance Ci.qy, 2n external capacitor, C’, was used in parallel to Cy. Thus,

"Hewlett Packard HP-8011A.
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Figure 26: Schematic view of the electronics setup. A charge sensitive preamplifier
and a shaping postamplifier are shown.
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R=1G}
R,=20k2
C ¢=0.2pF
1 C,=330pF R, =8.2kQ C,=150pF

i "ﬂ:} —

C,=4.1yF R,=392kQ

Charge Sensitive Preamp Shaping Amplifier

Figure 27: Detail of the preamplifier and shaping postamplifier circuits. The rise
time of the signal from diamond detector is less than 100 ps. The rise time of the
preamplifier is about 50 ns and the fall time is 200 pxs. A long tail can be seen for
the signal from the preamplifier. The shaping time of the shaping amplifier is 2.5

p8.

4

Table 5: Capacitance in the electronic gain measurements.

Capacitor | C' (pF) | AC’ (pF)
“10pF” 9.4 1.2
“20pF” 17.2 1.4
“30pF” 274 1.8

the total test capacitance is equal to:

Cret =C' + Co (3.7)
Three different capacitors C' were used with marked values of “10pF”, “20pF” and
“30pF”. Their capacitances were measured. The mean values of C' are listed in
Table 5. From a histogram of the deviation from the mean values, the error of the

measurements cen be estimated: o, = 1.15 pF. Another error introduced in the

measurements is the meter accuracy, approximately 5% of C'. The total error in
AC' = [al + (5% C')? (3.8)
Eq. 3.6 can be rewritten as:

Ciea(pF) = C'(PF)+CO(PF)
= K(pF) x (VL""—) (3.9)

pulse

quadrature is given by:

where 16x 107 (Cle) 1 1
0 X e
10-1 (F/pF) > 0.0263 * G (V/e) A

K(pF) =

By plotting Vi /Vpulee verse C’, K can be determined from the slope and then the
electronic gain can be calculated. In Figure 28, the slope, K=, can be obtained
by fitting the experimental results: K~' = 3.17 pF~"'. Thus, G (volts per electron)
can be derived from Eq. 3.10: G= 1.93 4 0.08 x 10~5 V/e.

The electronic gain has been measured frequently to ensure the stability of the
electronic system. Figure 29 illustrates the electronic gain of the radioactive source

sctup as a function of time over a two year period.
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The gain of the electronics used in the TRIUMF beam test was measured to be
GPis = 0.77 x 105 Ve for the diamond channel, G5'#! = 0.69 x 10~ V /e for the
Si#1 channel and G5#2 = 0.67 x 10~% V /e for the Si#2 channel. The smaller gain
is primarily due to the faster shaping time used in the TRIUMF beam test than

that in the source measurement.

3.1.5 CALIBRATION OF THE EXPERIMENTAL SETUP

The calibration of the radioactive source setup has been performed using a single
crystal natural Ila diamond detector (D34, 1 mmx1 mmx3 mm). This diamond
was tested with both accelerator beam and photoconductivity. In addition, a high
quality polycrystalline diamond detector has been used as a calibration device.
This detector has been used on 2 regular basis or after major modifications of
the setup to ensure the consistency of the measurements. The results will be

introduced in Section 3.3.3.

3.2 MEASUREMENT OF COLLECTION DISTANCE

In charged particle induced-conductivity (CPIC) measurements, the charge col-
lected on the electric contacts, Qcoliected, can be derived from the average signal

pulse height Vpy:

Veu

Qeoltectea = ~5~ (3.11)

The average pulse height Vpy for N triggers is equal to:

1 N
Ve = N Y Viu (3.12)
i=1

78

where Vjij; is the pulse height for the it trigger and Vpy can be measured by
a digital scope in an averaging mode. Therefore, using Eq. 2.90, the measured
collection distance can be evaluated:

Qecollected L

Qionized‘ :
anllected (313)

Qloniud/ L

depic =

3.2.1 TRIGGER ACCEPTANCE

When a charged particle beam has divergence or a diamond detector with a small
area is used, the charged particle triggering the electronics may not traverse the
diamond detector to produce a signal. Such triggers cause a systematic reduction
of the average pulse height obtained. Those triggers, Ny, are false triggers. Random
background triggers, Ny, are also false triggers. If the number of acceptable triggers
among the total number of triggers is N, the total trigger N is equal to:

N=N + N( + Ny (3.14)

To reduce the influence of the random background triggers, Ny, should be kept to
a minimum and much less than the total trigger N. In the TRIUMF beam test,
trigger rate was as high as 10! Hz. In the radioactive source measurements, the rate
of the beam triggers ranges from 20 Hz to 100 Hz depending upon the thickness of
the diamond film. The rate of background random triggers is about 1 Hz. Thus,
the background triggers are negligible.

When the signal pulses are averaged, false triggers lead to systematic reduction
of the average pulse height and to an inaccurate result. They must be taken into
account. A trigger acceptance factor, a, is used to calculate the average pulse
height for N’ acceptable triggers:

N'
N
Figure 30 illustrates the geometry for the triggering detectors and diamond detector
in the TRIUMF beam test. The false triggers caused by beam divergency are

a (3.15)
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shown. From a beam Monte Carlo calculation for M13 beam line at TRIUMF,
the trigger ratio of the Sif2 detector to the Si#1 detector (Figure 20) is equal
to 0.85 due to the beam divergency [38]. This calculation means that the trigger
acceptance factor for the Si#2 detector is equal to a5#? = 0.85. Because the
diamond detector was located halfway between the two silicon detectors, the trigger
acceptance factor for diamond detector can be calculated by a linear extrapolation:
uf,“' = 0.92.

The other factor causing false triggers is a smaller detector area. Because the area
of the Si#1 (A¥#!) is equal to the area of the Si#2 (AS#2), the trigger acceptance
factor for the Si#2, a5#2, is equal to unity. The trigger acceptance factor for a
diamond detector with small area, AP is equal to:
Die _ ADiA
a7 ASi#!

(3.16)
When ADie > ASi#1, gDie — 1. The total trigger acceptance factor is equal to:
a=ayXa, (3.17)

The trigger acceptance factors for the Si#1 detector, the Si#2 detector and the
diamond detector arc listed in Table 6. Therefore, the collection distance depc
calculated from the average pulse height is equal to:

1 Qcollected
d = - X —— 3.18
e 2™ Qionisea/ L P:18)

In radioactive source measurements, the beam size is smaller than the size of
diamond detector and the scintillation trigger counter. In addition, the the distance
between the collimator and diamond detector and the distance between diamond
detector and the scintillator were kept very small (see Figure 31 and Table 7).
Several sets of x-y-z translation stages allows to adjust the relative positions of
the source, collimators, diamond detector and the scintillator in order to obtain
an optimum alignment of the system. When the system is well aligned, the trigger
acceptance factor for diamond detector is equal to unity.
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End of Beam Pipe, x=0 mm

S1: Scintillation Counter #1, x=28 mm
$2: Scintillation Counter #2, x=440 mm
S3: Scintillation Counter #3, x=535 mm
Si#l: Silicon Detector #1, x=204 mm
Si#2: Silicon Detector #2, x=230 mm
Diamond Detector, x=217 mm

Figure 30: A geometric diagram showing the false triggers caused by the beam
divergency. A cone shape beam due to the beam divergency can be seen. The
triggers formed by the particles outside the cone are false triggers.



Table 6: Trigger acceptance factor in the TRIUMF beam test.

Sift1 Detector | Diamond Detector | Sif£l Detector
Position (mm) 0.0 13.0 26.0
ay 1.0 0.92 0.85
o, 1.0 A 1.0
a 1.0 0.92 x A 0.85

Table 7: Trigger acceptance factor in the radioactive source measurement.
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3.2.2 ELECTRON-HOLE PAIR GENERATION IN DIAMOND

SURE 0

The number of electron hole pairs per unit length (Qionizea/L) in diamond can be
calculated using Bethe-Bloch equation (Eq. 2.1) 8. The energy loss in diamond for a
minimum jonizing particle is Qf = 1.84 MeV cm’g~!. Using the density of diamond
and the energy needed to generate one electron-hole pair in diamond (Epa = 13
¢V), the number of excess carrier per unit length generated by a minimum ionizing
particle can be calculated for bulk diamond:

Dia dE
fonized _ p_ﬂl_ig_
L Epaie
_ 3.52gcm™® x 1.84 MeV em?g”!
B 13 eV/pair
= 49.8 pairs/pm } (3.20)

Similar calculations can be carried out for bulk silicon:

Coil-.imntor Diamond Detector | Scintillator
Position (mm) 0 2 10
Size (mm?) 3 ~ 20 ~ 50
a - 1 1
Diamond
----» Beam
Collimators Scintillator

Figure 31: A geometric diagram in the radioactive source measurement. The small
aperture size of the collimators limits the beam divergency.

Si
9—"’?’—'—’- = 107.0 pairs/pm. (3.21)
8Bremsstrahlung effect can be ignored in the radioactive source experiments b in di d
Eee & 130 MeV which gives:
(%E) lrad Ey
(4) lcoutoms 130 MeV
2.28 MeV
S T0Mev (2.
~ 1.8%
Therefore, the mechanism of the energy loss is d ted by C
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On the other hand, @} ,..,/L was determined experimentally. Figure 32 exhibits
a histogram for signal pulse height from a silicon detector (the Si#2 detector in
Figure 20) in response to pions. The average pulse height is equal to Vpy = 122412
mV from a Gaussian fit for the 605 acquisitions. The electronic gain for the Si#2
channel is G¥#2 = 0.67 x 10~® V/e. Considering that the trigger acceptance factor
a for the Si#2 detector is 0.85 and the normalization factor to minimum jonizing
particles is 2.5, Qfi ., in silicon can be calculated from Eq. 3.4:

s o x Ve
fonized = .85 ** 2.5 x GS#2
= 8569 pairs (3.22)

The length of the depletion region, L, can be derived from the junction capacitance
of the silicon detector. The junction capacitance was extrapolated from the plot
of junction capacitance as a function of the reverse bias [39). At a reverse bias of
30 V, C; = 7.7 pF. The junction area, AS#2 s equal to 0.277 cmx 0.277 cm from
the technical data sheet (HAMAMATSU, INC) [39):

“OASI#Z

L

where € is the dielectric constant of silicon and ¢; is the permittivity of free space.

G = (3.23)

The calculated length of the depletion region is equal to L = 106 + § pm °,

Hence, the number of excess carriers per unit length in the silicon can be calculated
using the total number of excess carriers, Qi 4, and the length of the depletion
region L. Therefore, the experimental result for the number of excess carriers per
unit length is equal to:

Qsi
% = 81 £ 9 pairs/pm (3.24)

The value of (107 pairs/um) calculated from Bethe-Bloch theory is based on con-
verting all the energy lost by a charged particle into the generation of electron-hole
pairs. For a material with a large thickness, all the energy lost by a charged par-
ticle is contained in the material. For a thin film, some of the energy lost by the

®The length of the depletion region given by the manufacturer is 100 sm.
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Figure 32: Pulse height distribution of silicon detector for 605 pion events in the
TRIUMF beam test. The mean value is 122 & 12 mV, which are obtained from a
Gaussian fit shown by the solid line.
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charged particle may escape the material. A calculation of the energy deposition

in a thin film using the restricted energy loss will be discussed later.

From the measurement for the;Si#2 detector, the ratio of the energy generated the
excess clectron-hole pairs to the total energy loss is equal to (%). Same ratio is
used for the electron-hole pair generation in diamond. Then the number of excess
carriers per unit length in diamond is equal to:

Qgin.l"d : 81 :

= 49.8 pairs/pm x (m) =38 1 4 pairs/pm (3.25)
A comparison of the number of -excess carriers per unit length generated by a

minimum ionizing particle for both silicon and diamond is shown in Table 8.

Another approach to determine the excess carrier density in diamond is used to
calculate the restricted energy loss (Eq. 2.5). Using Epax = 7.5 keV obtained in
Chapter II and substituting into Eq 2.5, the restricted energy loss for a minimum
ionizing particle traversing a diamond film is equal to:

d Dia _
- ( E) =1.34 MeV cm?g™" (3.26)

LY P

Then, the number of excess carriers per unit length generated by a minimum

ionizing particle is equal to:

Q{l))‘l\.lltd - B_"‘_;_f_
L E i
_ 3.52gem™ x 1.34 MeV em’g”!
13 eV /pair
~~ 36.3 pairs/pm (3.27)

Using the same calculations for the Si#2 detector, the restricted energy loss for

pions traversing silicon film is equal to:

dE Si ¥
- ( ) =3.21 MeV cm?g”’ (3.28)

dz <Emax

86

Table 8: Electron-hole pair generation in diamond and silicon. Comparisons are
shown for the experimental values and the calculated values from the restricted

energy loss (r.e.l).

Epuic (V) | Qiomizea/ L (prirs/pm) [ Qfsii.o/ L (pairs/pm)
Silicon 3.6 8149 80.2
Diamond 13 3844 36.3

Thus, the number of excess carriers per unit length in silicon generated by a min-

imum ionizing particle is equal to:
lenlni:ed e H
= 80.2 pairs/pm (3.29)

The experimental results of the excess carrier density generated by a charged par-
ticle agree with the calculations from the theory of the restricted energy loss.

3.2.3 PEDESTAL ANALYSIS

In order to measure the signal size and the electronic noise of the system, the pulse
height spectrum was recorded using a multichannel analyzer '°. A gate width of
10 psec was used to encompass the signal pulse. Figure 33 shows the experimental
setup for the pulse height analysis. The electronic system was triggered by a pulse
generator instead of the trigger counter. Figure 34 shows (2) the “raw” pulse height
spectra when a 400 V bias was applied; (b) the pedestal spectrum when bias on
diamond was 400 V; (c) the pulse height spectrum after the pedestal subtraction

from the “raw” spectra.

The signal-to-noise ratio (S/N) is calculated as:
S /N & Vd‘:n - Vgped
Oped

= 37 (3.30)

10CANBERRA-35 multichannel analyser.
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Figure 33: Experimental setup for pulse height spectrum analysis.

where oy is the width of the pedestal spectrum; V§. is the peak pulse height
from the diamond detector; and Vi is the peak pulse height of pedestal. A clear
signal is evident. Although this method yields all the information desired, it is

time consuming. Thus, a different method was used in the CPIC measurements.

In the CPIC measurements, the collected charge on the electric contacts were
measured using the pulse height of the average signals. Peak-to-peak value of the
average pulse was used for Vpy. At zero bias, noise gives a non-zero peak-to-peak

background value, V4, for a finite number of events. For an average over N events,
the background voltage is equal to:

1
W o W (3.31)

To calculate the charge collected at the electric contacts, this background voltage
should be subtracted from the “raw” peak-to-peak pulse height Vpy at each bias.

To determine this background voltage, a histogram of pulse height at zero bias
on diamond detector is plotted in Figure 35. The mean value of the background
voltage (V4) and the deviation (01,) can be determined. Then, the pulse height
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Figure 34: Pulse height spectrum of polycrystalline diamond detector: (a) the
“raw” pulse height spectra when a 400 V bias is applied; (b) pedestal spectrum

when bias on diamond is 400 V; (c) the pulse height spectrum after the pedestal
subtraction from the “raw” spectra.
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used to calculate collection distance should be the difference between the raw

pulse height and the mean background voltage: Vpy — V.

The background voltage was measured and used to correct each pu]ge height mea-
surement. Figure 36 exhibits the background voltage fluctuation over 15 months.

3.2.4 EXPERIMENTAL ERROR ANALYSIS

In radioactive source measurements, at each bias voltage, three single sequences
were measured. In each scquehce, 5000 events were averaged. A complete run for
each diamond sample was performed covering voltage from zero to a few hundred

volts.

There are five major error sources in the CPIC measurements: (a) the fluctuation
of the collection distance in different runs, (b) the fluctuation of pulse height in
different sequences in each rur, (c) the fluctuation of the background voltage, (d)
the digitization scale of a digital scope, and (e) the fluctuation of the background.

(2) Even though the experimental conditions such as incident rate, sample positions
were kept the same in different runs, the statistical fluctuations still exist. To
determine the run-to-run deviation for the measurements of collection distance
(o), @ histogram is plotted for the deviations from the mean value of the collection
distance in different runs (Figure 37). A Gaussian fit gives oy, = 1.3 pm.

(b) For the different sequences in the pulse height measurements at each voltage,
statistical fluctuations exist. Figure 38 shows a histogram of the deviations from
the mean value of the pulse height in different sequences for single crystal diamond
in the TRIUMF beam test. The standard deviation for sequence-to-sequence fluc-
tuation can be determined: o,, = 0.31 mV or 0.43 pm.

(c) Background noise fluctuation introduces error when the background voltage is
deduced from the raw pulse height. The standard deviation (o1,) can be obtained
from the histogram shown in Section 3.2.3. A typical value of the fluctuation is
equal to op, =0.08 mV or 0.11 pm.
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Figure 35: Background voltage distribution. The average background voltage is
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(d) The digitization of the digital scope gives error in the pulse height measure-
ments. The digitization, A,, depends on the chosen scope range. For example,
when a range of 20 mV/div is used in TEKTRONICS TD540, the digitization is
equal to Aq = 0.02 mV. It means that no voltage difference below 0.02 mV can be
recorded. The pulse height distribution f(V)in A, is assumed to be uniform, the

deviation, Oycope, i8 given by:
Aq

Tscope = ﬁ

() The background triggers yield a background noise. The fluctuation is repre-
sented by op. This background fluctuation was found to be very small.

(3.32)

A typical overall error for the setting described above is given by:

Vb + 0% + b + 0hope + 0}

Yo% + 0.2 (pm) (3.33)

o

3.3 CHARGED PARTICLE-INDUCED CONDUCTIVITY IN DIAMOND

In the CPIC measurements, the bias voltage is changed from zero to a few hundred
volts to measure the electric field dependency of the collection distance d(E).
Both single crystal natural diamond and polycrystalline CVD diamond films were

measured.

3.3.1 SINGLE CRYSTAL DIAMOND

In the TRIUMF beam test, the response of single crystal natural Ila diamond
radiation detector (D34) to pions (x's), muons (p's) and electrons (e's) was tested

and analyzed.

Figure 39 shows the pulse height as a function of bias voltage for a single crystal
diamond (D34, 1 mmx1 mmx3 mm) in response to pions, muons and clectrons.
The apparent steps in the pulse hight measurements are due to a small number of



95

cvents in the average (256 events) and a coarse scope setting (Gucupe = 2 mV for a
setting of 20 mV /div). Normalizing the pulse height for different charged particles
to minimum ionization particles, Figure 40 illustrates the averaged collection dis-
tance deduced from the pulses from the particles. At an electric field up to 26 kV
cm™', no saturation of pulse height is observed. This indicates no saturation of the
carrier drift velocity up to this electric field. In addition, no internal breakdown

has occurred up to this electric field.

The same detector (D34) used at the TRIUMF beam test was measured in the
radioactive source induced conductivity test. The consistency between the beam
test and the source test is shown in Figure 41.

3.3.2 POLYCRYSTALLINE DIAMOND

The quality of the polycrystalline diamonds varies from wafer to wafer. Different
growth processes, different growth parameters and different post-growth processing
may give quite different electrical properties and detector response.

Signals were detected at the TRIUMF beam test (Figure 42) from the detectors
made by polycrystalline diamond films grown in 1990. This was the first demon-
stration that polycrystalline diamond could be used in radiation detection. The
collection distance of the best diamonds at that time was about 10 pm at an
electric field of 10 kV e¢m™!, three times less than that of single crystal diamond.

The collection distance of the polycrystalline diamond films grown in the last year
was over 40 pm. At low electric field, the collection distance is comparable to or
even exceeds that of single crystal diamond (Figure 43).

3.3.3 STABILITY OF COLLECTION DISTANCE MEASUREMENT

A high quality polycrystalline diamond has been used over a long period of time
to calibrate the radioactive source system. Figure 44 illustrates the consistency of
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Figure 39: Pulse height as function of bias for a single crystal diamond detector
(D34) in the TRIUMF beam test. Typical errors are shown.
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Figure 40: Collection distance as a function of electric field for a single crystal
diamond detector (D34) in the TRIUMF beam test. Normalized signals from
pions, muons and electrons to minimum ionizing particles.
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Figure 41: Collection distance versus electric field for a single crystal diamond
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Figure 42: Collection distance of polycrystalline diamond in the TRIUMF beam
test. Collection distance of a single crystal diamond (D34) is plotted as a compar-
ison.
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Figure 43: Collection Distance of recent polycrystalline diamond measured by the
CPIC. The collection distance of a single crystal diamond (D34) is also shown.
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the measurements of collection distance at a low electric field (E = 3 kV cm™')
and a higher field (E = 10 kV cm™').

3.3.4 DIFFERENT BiAs POLARITY

A change of bias polarity was performed by switching the two surfaces of the
detector as the particle entrance surface (see Figure 31). The collection distance
was measured with cach bias polarity. Figure 45 shows the collection distance
as function of the electric field E. The curves shows that there is no significant
difference for the different biad polarities. This indicates that the charged particle-
induced conductivity measuréments uniformly average over the bulk no matter
which side of the film is used as the entrance surface. This also indicates that the

electric contacts on both side of the films are identical.

3.4 BULK AND SURFACE COLLECTION DISTANCE

Since a charged particle fully traverses the diamond film, electron-hole pair pro-
duction is uniform along the path of the charged particle throughout the film.
Therefore, the CPIC technique integrates the bulk information of the diamond
film. The measured collection distance averages over the bulk material. In photo-
induced conductivity studies (Figure 46), the absorption depth (1/e) for the pho-
ton of 6.1 eV is about 1 ~ 2 pum, the electron hole pair generation occurs in a
region near the surfaces of a diamond film. Therefore, the PIC technique delivers

information near the surface of the diamond film.

3.4.1 SINGLE CRYSTAL DIAMOND

From the transient photo-induced conductivity experiment at Stanford Synchrotron
Radiation Laboratory (SSRL) [40], the field dependent collection distance for de-

tector D34 was measured. A agreement between the CPIC and the PIC measure-
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Figure 44: Stability of the measurements of collection distance. The consistency
of the measurement for a diamond sample over a period of several months at both
low and high electric field.
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Figure 45: Collection distance with different bias polarity for a polycrystalline
diamond detector. No obvious difference can be seen.
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Figure 46: Photo-induced conductivity measurement.

ments is shown in Figure 47. This agreement indicates uniform electrical properties
throughout the single crystal diamond from the bull; to the surface. This is con-
sistent with the result of Eq. 2.91, the theoretical analysis in Chapter II.

3.4.2 POLYCRYSTALLINE DIAMOND

Unlike single crystal diamond, for polycrystalline diamond, the results from the
CPIC measurements and the PIC measurements were found to be different. From
Figure 48, it is clear that the bulk measurement differs from the surface mea-
surement and that dcpic/dpic is approximately equal to 0.5 and independent of
clectric field strength E. This result led us to pursue the hypothesis that the
crystal quality of the polycrystalline diamond increases with the film thickness
along the columnar direction of the film [41] resulting in a corresponding change of
electric properties along the columnar direction. In the other words, a gradient of
the electrical properties in the columnar direction exjsts. As a consequence of this
gradient, different results may be obtained if the experimental techniques probe
different portions of the polycrystalline film.

In Figure 49, dcpic, the average value throughout the bulk along the columnar
direction, is plotted as a function of dpic, the surface value at the growth side of the
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Figure 48: Difference between the CPIC and the PIC measurements for a CVD
diamond. dpic was found to be larger than dcpic (upper plot). The lower plot
shows the ratio of dcpic/dpic as a function of electric field E. dcpic is extrapolated
from the curve in the upper plot fitting the experimental results. dcpic/dpic = 0.5.
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films. Figure 49 shows that for polycrystalline diamond film, the collection distance
averaged over the bulk of the material is not equal to the collection distance near
the surface of the material. This implies that the collection distance is not a
constant along the columnar direction. A weighted fit of the data yields dcpic =
(0.51 £ 0.07) dpic.

From the discussion in Chapter II, the collection distance from the CPIC mea-
surement is equal to the average value of the collection distances at the two surfaces

of the film (Eq. 2.61):
dg +d,

depic = (3.34)

For unpolished samples, the PIC measurements show that the collection distance at
the substrate side of the polycrystalline diamond films is very small (d, ~ 0.1 pm)
compared with that of growth side of the film. In the other words, the collection
distance from the CPIC measurements for polycrystalline diamonds, dcpic, is equal
to half of the collection distance at the growth side of the film determined from
the PIC measurements dp;c.

When the quality of the polycrystalline diamond films improves, the collection
distance should increase. In Figure 50, dcpc is plotted against dpc for the samples
with high collection distance and the samples shown in Figure 49. dcpic = 0.5 dpjc
still holds for the samples with large collection distance samples.

The gradient of the collection distance along the columnar direction was demon-
strated by measuring the collection distance depth profile d(z) where z is the
“depth” in the film measured from the substrate side of the film; d(z) is the col-
lection distance as a function of depth z. Two approaches were used to prepare
the samples for the depth profile studies. One approach used thick diamond sam-
ples (500 pm) cut from the same wafer which were thinned by removing different
amount of materials to different thickness (Figure 51). The other approach, the
different thicknesses were achieved by varying the growth time, keeping all other
growth conditions constant.

Although the CPIC measurements deliver the averaged bulk information, the col-
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Figure 49: The relation between the results from the PIC measurements and the
CPIC measurements. A weighted fit of the data gives dcpic = (0.51 % 0.07) dpjc.
This indicates that the bulk value is approximately equal to the average value of
the collection distances at the two surfaces.
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Figure 50: Bulk collection distance verse surface collection distance.
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Figure 51: Sample preparations for the depth profile studies: the original wafer
is shown. A sample is thinned down to a thickness of L. The shaded arcas are
the areas where materials are removed. The positions of the two surfaces of the
sample are z; and z;.

lection distance at the surfaces still can be derived based on the experimental
results and theoretical analysis. Figure 52 illustrates the average collection dis-
tance, dopic, 88 & function of 7 = (z; + =;)/2, where % is the “position” of each
sample relative to the substrate of the original diamond wafer, and z; and z;
represent the position of the two surfaces of each sample relative to the substrate
(Figure 51).

As an averaged value of the collection distance in the bulk over a thickness of
L = 2, — 23, dcpic can be expressed as:

2 d(z') do’

Ty — T

depic = (3.35)
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Figure 52: Plot shows the experimental results of dcpic as a linear function of
z = (z; + z3)/2.
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Figure 52 illustrates the linear relationship between dcpic and (z, + 23)/2. Asa

result,
Z:d 0 d U
depic = = L L. sty (3.36)
T2 — ) 2
where 2 (d 4)
_ CPIC — s -
a= i " b=d, (3.37)
Rewriting Eq. 3.36:
/‘ l’ d(&') da' = 3 (2] — =1) + b (a2 — 21) (3.38) .
The solution of this equation may give the collection distance in a form of
2 (depic — ds)
d(z) = =t 7 .
(z) =az+b o z +d, (3.39)

For the collection distance at the surfaces, we have:

d(:l) =az; +b=2 (dcmc — d.) (z| :" zz) +d, (3_4[))
d(z3) = aza + b =2 (dcpic — di) (z1 j-zz,) +d, (3.41)

This result suggests that if dcpic is a linear function of Z, which can be demon-
strated by the CPIC measurements, the derived surface value d(z) may be a lincar

function of z.

The depth profile of the surface collection distance is plotted in Figure 53 and
Figure 54 for several series of diamond samples. The open marks are the derived
values from the CPIC measurements. The solid marks are from the PIC measure-
ments, the collection distance at the surface of the film. The horizontal error bar
is estimated from the uncertainty as the result of removal of material applied on
both side of the film. The solid line is the fit for the PIC results. A linear change in
the collection distance with depth is shown for cach series of samples. The linear
behavior exhibited in Figure 53 and Figure 64 shows no saturation up to thickness
of 500 pm.
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Figure 53: Collection distance depth profile. The solid marks are the surface values
obtained directly from the PIC measurements. The open marks are the surface
values derived from the bulk values dcpic based on the experimental results and

analysis. Figure 54: Plots show the depth profile for the derived surface collection distance

from the CPIC measurements for high quality polycrystalline diamond films.



CHAPTER IV

MATERIAL CHARACTERIZATIONS

The electrical properties discussed earlier may be limited by imperfections in the
material. By imperfections, we mean chemical impurities or structural defects.
Such imperfections may form charged centers and crystal boundaries which reduce
the carrier mobility. Imperfections may also form recombination centers which re-
duce the excess carrier lifetime. Material characterizations may help us understand

the factors which limit the electrical properties in diamond.

A series of material characterization experiments have been performed on diamond
samples. The material characterization experiments include visual observations,
scanning electron microscopy, x-ray diffraction, Raman spectroscopy and photo-
luminescence. Visual observation may provide quantatitive information on im-
purities such as graphite or amorphous carbons in CVD diamond. An electron
microscope image is a map of a crystal structure in real space. This method pro-
vides a powerful and direct approach to observe the material structure and defects
at the surface. An x-ray diffraction pattern of a crystal is a map of the crystal in
reciprocal space. X-ray diffraction measurements may deliver the information on
crystal imperfections. Raman scattering yields information on phonon scatterings,
impurities and defects. In this chapter, the material characterization experiments

are introduced and the measurements are presented.
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4.1 VisuAL OBSERVATIONS

Visual observation of polycrystalline diamond films leads to information on film
color and transparency. Thus, the bulk polycrystalline film quality can be exam-
ined. The transparency was quantified by using the template grey scale shown
in Figure 55. The template was printed on a piece of translucent tracing paper.
When a diamond film was in contact with the template placed with a lighted back-
ground, the transparency, T', was determined by matching the greyness of the film
with one of the markers on the template. By using a decreasing number of dots per
unit area for each marker, the template was designed with a linear scale. When
the film is opaque, the transparency 7T is equal to zero; when film is transparent,
the transparency T ~ 100. The results for the measurements of T are listed in Te-
ble 9. The uncertainty of T' measurement is of the order of AT ~ +2. In Figure 56,
the transparency is plotted for three groups of samples with different thicknesses:
(350 pm < L < 400 pm), (400 pm < L < 450 pm) and (450 pm < L < 500 pm).
The uniform distributions of the transparency T' in Figure 56 indicates that at a
given thickness, the transparency of a diamond may vary. Thus, thickness alone

does not determine the transparency.

When polycrystalline diamond films contain a large amount of non-diamond com-
ponents such as graphite or amorphous carbon, they may look opaque and dark
(Figure 57). In Figure 58, the sample containing less non-diamond components
looks lighter. When samples have high quality, they look white, and after polishing
they are translucent (Figure 59).
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Figure 55: Transparency scale which is determined by the number of dots per unit
area. The scale is linear. When the film is opaque, the transparency T = 0; when
film is transparent, the transparency T ~ 100.
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Figure 56: Transparency histograms for film with different thicknesses. The uni-
form distribution of each histogram indicates that at a given thickness, factors
other than thickness determine the transparency.



119 120

10 mm
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Figure 57: An optical image for a “dark” diamond (7' = 85). This sample contains
@ large amount of non-diamond coniponents. The light area at the center of the Figure 58: An optical image for a “light”. diamond (T' = 95).
film is the metallic electric contact.
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10 mm

Figure 59: An optical image for a translucent diamond film (T = 99). There is a
hole cut out of the diamond.
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4.2 SCANNING ELECTRON MICROSCOPY

Scanning electron microscopy (SEM) has been used to collect information on the
crystal structure at surface of polycrystalline films. Grain uniformity was exam-
ined and the average grain size was determined at each surface. A cross-sectional

observation was performed to examine the crystal growth formation.

4.2.1 FORMATION OF TOPOGRAPHIC CONTRAST

In a scanning electron microscope, an electron beam with a diameter of ~ 10 nm
is produced under acceleration of 10 ~ 20 kV in a vacuum chamber at 10-% torr.
A scanning generator controls a set of electromagnetic coils to scan the primary
electron beam across the sample to collect information in & given area. When
a sample is irradiated by a finely focused electron beam (Figure 60), secondary
electrons !, backscattered electrons, characteristic x-rays and several other types
of radiation (Auger electrons, continuous x-ray spectrum etc.) are emitted from
the irradiated zone due to the electron-sample interactions. The intensity of these
signals depends upon the shape and the chemical composition of the irradiated
volume. Since the energy of secondary electrons is small, the emission region of
secondary electrons is just a few nanometers beneath the sample surface. Thus, the
secondary electron image can be used to deliver surface information of a material.

Figure 61 illustrates the formation of the topographic contrast: ¢ is the angle
between the primary beam and the normal to the sample surface, the yield of
secondary electrons is given by [42]:

. 1
yleld o< m (41)

Since g5 < ¢g, the yield of the secondary electron from surface “A” is less than
that from surface “B”. As a result, a detector will collect more secondary electrons

1g dary elect are the elect ited by the primary elect beam bombard

having energy larger than the work function. The energy of secondary electrons is about a few
electron volts.




123

Incident Electron Beam
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Figure 60: Schematic view of the electron-material interaction. A suitable detector
is chosen to detect the desired signal. In a scanning electron microscope, the
secondary electron image is used.
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Primary Electron Beam

Secondary Electron
Detector

Figure 61: ¢4 < ¢p, the yield of the secondary electron from surface “A” is less
than that from surface “B”. Thus a topographic contrast is formed.

from surface “B” than from surface “A”. Hence, surface contours are illustrated
by topographic contrast. This contrast modulates the brightness of the display on
a cathode-ray tube (CRT) or on a POLAROID camera. The brighter parts of the
image correspond to those parts of the sample with stronger signal.

The typical secondary electron images for the substrate side and growth side of
polycrystalline diamond film are shown in Figure 62 and Figure 63. On the sub-
strate side, the average grain size is 1 ~ 2 pm and gaps can be observed between

grains. On the growth side, large grains and clear faceting are visible.

The film cross section for a fractured portion is shown in Figure 64 where the cone
shaped columnar crystal structure along the growth direction can be observed.

4.2.2 EXPERIMENTAL TECHNIQUES

The operating voltage of the electron microscope ? was kept at 15 kV and the
magnifications were typically 200 ~ 2000. A photomultiplier sensitive to secondary

?INTERNATIONAL SCIENTIFIC INSTRUMENT ISI-SX-30.
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1 pm 30kx 15kV

Figure 62: SEM photo of the substrate side of & polycrystalline diamond. The
average grain size is 1 ~ 2 pm.
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10 pm 0.50kx 15kV

Figure 63: SEM photo of the growth side of a polycrystalline diamond.
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100 pm 0.100kx 15kV

Figure 64: SEM photo of the cross section of a polycrystalline diamond film. The
lower edge is the substrate side of the polycrystalline diamond film. The upper
edge is the growth side. The columnar grain structure along the normal direction
of the film can be seen.
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electrons (~ 5 eV) was used.

For a highly insulating material, charge accumulation on the sample surface may
occur when the sample is under exposure from the electron beam. The charge
accumulated on the sample surface deflects the primary electron beam and interacts
with the secondary electron causing an image distortion. This is called the charging
effect. The charging effect was observed in our SEM experiments. To avoid this

effect, a metallic layer was coated on the surface of each diamond.

4.2.3 AVERAGE GRAIN SIZE MEASUREMENT

As shown in Figure 64, polycrystalline diamond film has a cone shaped columnar
grain structure. We use gll to represent the grain size in the film normal direction,
parallel to the columnar direction, and g* to represent the lateral average grain
size on the film surfaces, perpendicular to the columnar direction. The average
grain size, g*, is measured following the standard method by American Society
of Material Testing (ASMT): (1) choose an area, A, from an SEM photograph,
usually & POLAROID film, (2) deduct the area of the spacing between adjacent
grains (grain gap), A’, (3) count the number of grains N in the area (A — A’),
(4) calculate the average area which each grain occupies, (5) calculate the average
grain size using:

P (42)

4.2.4 EXPERIMENTAL OBSERVATIONS AND RESULTS

As shown in Figure 62 and Figure 63, there is a difference of grain appearance and
grain size between the substrate and the growth side of polycrystalline diamond
filme for all samples.

On the substrate side of the films, the grains are small, typically 1 ~ 3 pm.

Some samples exhibit a loose lateral structure. The gap between adjacent grains
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can be as large as 8 pm while some samples show small gaps under 0.5 pm.
The appearance of the substrate side of the film looks similar for different growth
processes, microwave assisted plasma CVD process or DC Arc Jet CVD process,

and different substrates, tungsten, molybdenum or silicon.

On the growth side of the filins, the grains are larger than the substrate side.
Some individual grains were measured to be as large as 100 pm. The average
grain size, g+, differs from sample to sample, ranging from 20 pm ~ 70 pm. The
grain appearance for different samples was also found to be different. Some sam-
ples exhibit smooth grain surface and clear crystal faceting; others show obvious

structural defects.

The grain size along the columnar direction (Figure 64), gll, is larger than one
hundred microns for a sample > 300 pm thick. Table 9 shows a summary for the

SEM measurements for our samples.

Table 9: Results of SEM measurements and transparency measurements.

Sample L (pm) | g (sm) | g (um) it (um) | Gap (um) | T.
(4K391B 60 23 0.5 ~1 ~0 -
4K440 250 28 -
17205 330 46 98
P52B-A 310 12 71
Pb62B-B 180 10 1.0 10~15 | 0.2~1.0 | 72
T1784D 408 54 2.6 20~3.0 | 02~5.5 |76
T789D-1 445 28 3.8 3.0~8.0 | 02~8.0 | 90
T789D-2 310 21 2.0 20~6.0| 02~3.0 | 95
T789D-3 165 20 5.7 - - -
T793D 276 46 2.2 1.0~35 ] 02~20 | 95
T797D 470 47 1.5 1.5 02~12 | 85
T797D-1 480 40 1.4 2.0 0.2~0.5 | 84
‘T801D 370 51 2.4 1.6~565 | 0.2~3.6 | 82
T804D 390 46 1.8 2.0 0.2~ 1.5 | 80
T816D-1 196 16 3.6 1.6~6.0| 02~6.0 | 76
T821D 430 26 2.3 2.5 0.8 92
‘T826D-1 395 32 1.2 1.0 0.2~0.8 | 89
‘T826D-U 430 36 1.6 1.0~3.0 | 02~ 2.0 | 80
T826D-P 340 36 4.0 4.0 ~ 0 86
T826D-PA1 3456 27 3.5 3.0 0.8 . 89
T834D-1 285 26 2.1 08~25| 02~25 |90
‘T846D-1 600 64 4.1 25~56.6 | 02~556 | 84
T886D 0656 72 1.5 2.0 02~20 |91
T942D-U 330 23 2.5 2.0 0.2~20 | 98
T942D-P 276 2 i ; i 9
T942D-C 345 26 2.2 3.0 0.2~20 | 96
T949D 320 28 1.7 1.6~85 | 0.2~25 |97
T950D 430 34 1.6 2.0 0.2~1.0 | 97
T1013A 4906 46 1.7 2.0 1.0 -
‘T1038D-U 430 48 1.2 1.0 0.2 97
T1093D 550 64 1.2 1.6 0.2~ 10 |97
T1097D 400 52 3.5 1.6~5.0| 02~ 20 |95
T1118D 825 58 3.0 1.0~20] 02~30 |97
T1154D 380 36 1.0 1.0 0.6 97
'T1202D 390 42 1.4 1.0~20| 0.5~ 2.0 | 95

T Grain-grain distance on the substrate side.
t smooth surface, crystal structure can not be resolved.
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An increase of grain size g* with film thickness has been observed in all samples.
The samples for the collection distance depth profile studies in Chapter III were
measured using SEM to investigate the grain size depth profile for different growth
conditions. Figure 65 shows the SEM results of grain size depth profile for several
series of samples. The increasing behavior can be described by a linear function for
a given series of samples. This linear increasing trend does not seem to saturate for
sample thicknesses up to about 600 pm. The increase of grain size with the film
thickness is consistent with the cone shaped columnar structure from the cross-
sectional observations. This indicates that some crystal orientations have higher
growth rate than the others in both the columnar and the lateral directions.

4.3 X-rAY DIFFRACTION

4.3.1 DIFFRACTION CONDITION

Because of the periodic structure of a lattice, a diffraction pattern is formed when
a monochromic x-ray beam is incident on a crystal. According to Bragg's law, the

diffraction angle 0 is determined by:
2dp 8ind =n A

(4.3)

a
R iy
where 26 is the angle between incident beam and diffracted beam (Figure 66); A is
the x-ray wavelength; n is the diffraction order; a is the lattice constant; &, k and
1 are the lattice plane indices.

4.3.2 DIFFRACTION SELECTION RULE

The diffraction intensity, I, is given by [44]:

I« S2M? (4.4)
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Grain Size Depth Profile
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Figure 65: The average grain size depth profile g*(z). The substrate position of
the diamond film is taken as z = 0.
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X-ray Source

X-ray Detector

Figure 66: Diagram shows the x-ray diffraction and Bragg’s law.

where M is the total number of umit cells in the crystal and Sg is called the
structural factor. The structural factor represents the x-ray amplitude scattered
by one unit cell and determines the x-ray diffraction (XRD) selection rules [1, 5].
The structural factor is given by:

Sa=Y fjei% (4.5)
i

where the summation is over all the atoms of the basis; 7 is the position of j&
atom; G is the reciprocal lattice vector; and f; is the atomic form factor for each
atom j, which is defined as:

fi= [ () 0 &7 (4.6)

where the integral extends over the atomic electron concentration n;. Identical
atoms have the same atomic form factor: fj = f.
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A diamond crystal consists of a face center cubic (fcc) lattice and a basis with

two atoms on (000,222). The basis of an fec lattice has identical atoms at

(000,022,20%,5%0). Because the primitive translation vectors of the lattice re-

ciprocal to an fcc lattice are [1]:
b = 2:” (-2+§+7)
b= Z(4e-g+3) 4.7)
b= Z(a+i-9)
the reciprocal lattice vector, é, is given by:
G = hb, + kb, + 1By (4.8)
The structural factor for an fec lattice, S{f", is equal to:
sk = f [1 4 eminlkH) | ominlhl) e-.'w(hﬂ:)] (4.9)

This means that in an fcc lattice, s{;c = 0 when the indices are partly even and
partly odd. In these situations, no diffraction occurs.

In the diamond basis, two atoms are located at 7 = (000) and 7 = ($%%), the
product of G . 7, is equal to unity and the product of G .7, is equal to:

G- (h3,+k52+153)-i—(5+i+5')
%(h+k+l) (4.10)

Then the structural factor for the diamond basis, SI°, can be calculated as:
S& = 3 e
i

f [1+ei§(h+k+l)] (4.11)

Hence, when the following conditions are satisfied, the structural factor for the
diamond basis is given by:

s =0 ifh+k+1=202m+1), m=0,1,..
s& = 2f ifh+k+1!=4m, m=0,1,.. (4.12)

S = (1i)f  ifh+k+1=odd
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The requirement of a non-vanishing structural factor, Sg = S(’f‘ -S&b, yields diffrac-
tion selection rules. As a consequence, the allowed diffraction patterns for diamond
lattice satisfy one of the following:

(1) b+ k + 1 = 4m (all indices are even, m is an integer)
or (4.13)
(2) all indices (h,k,!) are odd

When the Bragg condition Eq. 4.3 and the selection rules Eq. 4.13 are satisfied, a
diffraction peak occurs and can be recorded by a detector. The allowed diffraction
and the relative intensities for diamond powder ? are listed in Table 10. The (220)
diffraction is the second order diffraction for the crystal plane (110). The (220)
diffraction peak is used to represent the (110) crystal plane since (110) diffraction
is forbidden. The same situation is true for the (400) diffraction: since both the
(100) and the (200) diffraction are forbidden, the fourth order diffraction for the
crystal plane (100) is used to represent the (100) crystal plane.

From the x-ray diffraction pattern, information about the periodicity of the lattice,
such as the lattice constant a, can be determined. In addition, the diffraction
peaks may shift from the ideal position and the peaks may be broadened due to
the existence of impurities and defects in polycrystalline diamond films. Thus,
the effect of the crystal imperfections can be observed from the x-ray diffraction

measurements.

4.3.3 X-RAY ATTENUATION IN DIAMOND
NORMAL ATTENUATION

When x-rays propagate in a material, energy is absorbed and the intensity is atten-
uated due to photo-electric absorption and incoherent scattering. The attenuation

3In powder form, each crystal orientation is randomly distributed.
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Table 10: The allowed x-ray diffraction for diamond powder. The the wavelength
of the incident x-ray is 1.5406 A. Results were published by the Joint Committee

- for Powder Diffraction [43].

Diffraction | 26 (degrees) | Relative Intensity
(111) 43.917 100
(220) 75.304 %
(311) 91.542 16
(400) 119,659 8

of the x-ray intensity is given by [44, 45]:

1(=)

Iy exp (—y.z) (4.14)
Io exp (—Ympmz)

where Iy is the incident x-ray intensity; if  is used to represent the distance from
the material surface, I(z) is the x-ray intensity at z; p, is the mass density of the
material; 7 (cm? g=!) is called the mass absorption coefficient and the product
of Y and pyy, is called the linear absorption coefficient: 4y, (cm™') = Yupm.

The mass absorption coefficient of carbon as a function of photon energy is shown
in Figure 67. For an x-ray with a wavelength of 1.54 A, the mass absorption
coefficient is equal to v, = 4.18 cm? g~!, and the linear absorption coefficient is
equal to 4, = Ympm = 14.7 cm™'. This gives an absorption length (1/7.) of 680
pm in diamond. When an x-ray with a wavelength of 1.54 A propagates through
a 300 pm diamond film, the intensity attenuation is equal to:

4 ~ 0.64 (4.15)
Io
ABNORMAL ATTENUATION: EXTINCTION

For a crystal with a periodic lattice structure, diffraction creates additional at-
tenuation of the x-rays incident when the crystal is set at the Bragg angle. In
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Carbon Mass Absorption Coefficient
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Figure 67: Mass absorption coefficient in carbon (B. L. Henke et al., Atomic Data
and Nucl. Data Table, 27, 27, 1982). For an x-ray with a wavelength of 1.54 A
(8047.8 eV of photon energy), the mass absorption coefficient is equal to v, = 4.18

cm?g!.
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addition to ordinary mass absorption, this coherent scattering process reflects the
x-rays and the intensity of the transmitted x-ray is significantly reduced 4. This

phenomenon is called extinction [47].

The total attenuation can be empirically expressed by a linear attenuation factor

41.. The attenuation equation Eq. 4.14 can be rewritten as [44]:
I(z) = Iy exp (—1.2) (4.16)
where the linear absorption coefficient, 7, is equal to:

N = YmPm + 9Q (4.17)

In Eq. 4.17, g is the extinction constant and @ is called the reflection scattering
power for an absorptionless crystal. The reflection scattering power is a function
of the structural factor (Sg), the volume of the unit cell (V'), the x-ray wavelength
() and the diffraction angle (0) *:
e \? . A
=|{— — O(0
0= (%) 533 00
(4.18)
1 4 cos® 20
o) = ———
) 2sin? 20
When the atomic planes form an arbitrary angle with the incident beam, no diffrac-
tion occurs. Under these circumstances, the second term in Eq. 4.17 is equal to
zero. The attenuation is only a result of mass absorption. When diffraction occurs,
the second term in Eq. 4.17 contributes to the attenuation of the x-ray intensity.

If the size of & crystallite domain, r, is about 1 ym, 8 maximum value of the ex-
tinction constant can be given by: g ~ r/A ~ 6500 [48]. Using the atomic form

414 is interesting that this was observed by Bragg in a diamond crystal. It was found that the

observed intensities were iderably ller than expected. This led Bragg to suspect that
the difftacted beams were absorbed by the diamond crystal. A few years later, a complete
explanation of this “ab 1" absorption effect was presented by Darwin [46].

5V = 1a® for an fec Iattice.
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Table 11: Linear attenuation length in diamond when diffraction occurs.

Diffraction Peak | ©(6) | Q (cm™T) [1/4{ (um)
(111) 1.50 0.385 4.0
(220) 0.572 | 0.147 10.8
(311) 0.501 | 0.120 1.6
(400) 0.171 | 0.0439 33.3

factor given by Eq. 4.6 for the carbon atom (Z = 6) at r = 0:
f = / n(F) =47 5

/ a(f) &%
= 6 (4.19)

Then, the quantity Q, the linear attenuation coeficient (7{,) and attenuation length
(1/41,) can be calculated. In Table 11, we list the results of this calculation. These
results indicate that the x-ray diffraction measurements deliver the information
near the diamond surface ©.

4.3.4 EXPERIMENTAL TECHNIQUES

A four-circle diffractometer 7 was used at room temperature. The x-ray radiation
is produced by a secondary beam. When an accelerated electron beam strikes a
copper target, the electrons occupying the inner atom orbitals of copper are excited
leaving vacant orbitals. X-rays emit when the electrons with higher energy transit
to fill in the vacancies. Figure 68 illustrates the L-K and M-K transitions and the
corresponding frequencies of the x-ray emissions. For the o emissions, a doublet
of wavelengths is obtained: Ag,, = 1.5406 A and Aka, = 1.5443 A.

SIf the crystallite domain is larger than 1 pm, from Eq. 4.17, the attention length, 1/9, will
be smaller than the values in Table 11.

"SciNTaG PAD-V with a diffraction ma t soft package (DMS-2000TM),
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Energy Level

K A

Figure 68:  X-ray production through L-K and M-K shell transitions:
Aka, = 1.5406 A and Aga, = 1.5443 A. Mg, = 1.39214 A and Axp, = 1.39220 A.

The acceleration voltage and current were kept at 45 kV and 20 mA respectively.
A nickel filter was used to eliminate the K emissions. A set of small receiving
slits (0.3 mm/0.1 mm) at the entrance of the detector was used to reduce the
instrumental broadening of the diffraction peaks. The position of the x-ray source
was fixed. The sample rotates about the x-ray source controlled by a step motor
with a constant angular velocity of w while the detector rotates with an angular
velocity of 2w.

In order to satisfy the Bragg condition Eq. 4.3 (Figure 66), the normal direction
of the sample surface should be kept in the plane formed by the incident beam
and diffracted beam. In addition, the angle between the sample surface and the
incident beam should be the same as the angle between the sample surface and the
diffracted beam (the Bragg angle 6). Thus, the angle between the incident beam
and the diffracted beam is equal to 20. To achieve these geometrical requirements,
an angular position calibration for the sample holder and detector was performed
before measurements started. A slow motor speed was chosen to maintain the
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accuracy in the intensity of the diffraction patterns.

4.3.5 DIFFRACTION PEAK INTENSITY

A scan of a diamond sample started with 26 = 25° and ended above 120°. Because
of the polycrystalline nature of the CVD diamond films, a multi-peak diffraction
pattern was observed (Figure 69).

Unlike the random distribution of the crystal orientations for a material in the
powder form, polycrystalline material has a preferred crystal orientation, called
texturing. Because the diffraction intensity is proportional to the square of the
total number of unit cells in the crystal [49], the relative intensity of the diffraction
peaks from differently oriented crystals represents the relative quantities of those
crystals. ‘Thus, the relative diffraction intensity can be used to demonstrate a
preferred orientation in polycrystalline materials.

Texturing was observed in all the polycrystalline diamond samples. The ratio
of the relative intensity was found to be different from sample to sample. Even
for the same sample, the texturing at the growth side differs from that at the
substrate side. In Figure 69, tlie difference of texturing at the growth side and the
substrate side of a polycrystalline diamond is shown. For comparison, a schematic
diffraction pattern for diamond powder is also shown in Figure 69. It can be seen
that the crystals exhibit more (110) texturing at the growth side of the film than
the substrate side. The (110) texturing is larger than the random orientation of
diamond in powder form.

From our measurements, at the substrate side, samples with (110) texturing or
(111) texturing were found. At the growth side, strong (110) texturing was ob-
served in almost every sample. This indicates that the growth rate of the crystals
with (110) orientation is higher than other orientations. That implies that coned
shaped (110) oriented crystal grains are formed at the growth side of the films.
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Figure 69: X-ray diffraction pattern for the substrate side and the growth side of a
polycrystalline dismond film (T942D-U): (111), (220) and (311) diffraction peaks
can be seen. The upper plot shows the relative diffraction intensity for diamond
powder.
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4.3.6 DIFFRACTION PEAK POSITION

The diffraction peak position (26) can be determined from the experimental results.
Since the a x-ray radiation contains two peaks, a double Gaussian function was
used to fit the experimental diffraction intensity I(6):

(20— 26,,)°

1(29) = Io + ]1 exp 263.

2

J + I exp [—(29—26%"')—] (4.20)
Among the fitting factors, Ip is the background intensity; 26,, and 20,, are the
measured doublet peak positions; 0,, and o,, are the peak widths. The error
of the intensity 1(26) is equal to 1/I(20) because of the Poission distribution for
counts from the photo-multiplier x-ray detector. Substituting a4, and 6,, in Eq. 4.3
and using Ak,, and Akq,, the lattice constant, a, can be calculated and averaged
(Table 12).

A standard calibration sample (quartz pellet) provided by the instrument manu-
facturer, was used to calibrate the system. The deviation of the diffraction peak
position (26) from the JCPD standard results [43] indicates an error less than 0.02°
(Figure 70). This implies an error of 0.001 A in the diamond lattice constant mea-

surement at 20 ~ 75°,

For a comparison with polycrystalline diamond films, a natural ITa diamond sam-
ple, (110) orientation, are also measured and analyzed (Figure 71). To offset the
misalignment between the atomic plane and the film surface plane, the sample
was tilted to fit the atomic plane into the system calibrated reference plane where
Bragg condition can be satisfied. The experimental results are listed in Table 12.

From the lattice constant measurements, deviations from an ideal diamond lattice
constant were found in polycrystalline diamond films. Deviation from a perfect
crystal lattice due to crystal imperfections may cause the diffraction peak position
shift [44, 49, 50]. For polycrystalline diamond, during the growth processes, the
existence of vacancies in the crystal, impurities incorporated into the lattice, and
structurel defect may cause internal strain in diamond films. The strain can slightly
enlarge or reduce the lattice constant which will also shift the diffraction peaks [44,

4
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Figure 70: X-ray diffraction for a quartz powder pellet. The top plot is from the

JCPD standard diffraction data file for quartz.
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X-ray Diffraction for Natural Diamond
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Figure 71: X-ray diffraction for a single crystal diamond sample. Crystal orienta-
tion is (110).
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Table 12: Results of x-ray diffraction measurements.

Sample a (A) Ba (degrees)
Natural (4x4) | 3.5703 + 0.0004 | 0.010 + 0.008
T784D 3.5648 + 0.0004 | 0.200 &+ 0.008
T789D-1 3.5665 + 0.0004 | 0.135 & 0.008
T793D 3.5669 + 0.0004 | 0.052 & 0.008
T797D 3.5654 + 0.0004 | 0.158 &+ 0.008
T801D 3.5657 + 0.0004 | 0.179 + 0.008
T804D 3.5653 + 0.0004 | 0.214 + 0.008
T826D-1 3.5665 + 0.0004 | 0.154 + 0.008
T826D-U 3.5678 + 0.0004 | 0.084 £ 0.008

T834D-U2 3.5676 + 0.0004 | 0.068 + 0.008
T846D-U2 3.5655 £ 0.0004 | 0.117 £ 0.008

T942D-U 3.5689 + 0.0004 | 0.044 £ 0.008
T942D-C 3.5698 + 0.0004 | 0.048 X 0.008
T1038D-U 3.5701 + 0.0004 | 0.048 + 0.008
T1093D 3.5691 + 0.0006 | 0.074 + 0.008
T1097D 3.5694 + 0.0006 | 0.079 4 0.008

49).

For each run of XRD measurements, the result of the peak positions, 26, and 26,,,
were found to have fluctuations caused by random factors such as misalignment
and non-perfect position calibration. To estimate the random errors, the deviation
of the each diffraction peak position from the mean value is plotted in 2 histogram
in Figure 72. The standard deviation is equal to 0.026° which is consistent with
that measured using the quartz pellet. This leads to an error in an individual
lattice constant measurement of ¢, = 0.001 A. The error of a mean value for N

measurements is equal to 0./ JN.

4.3.7 DIFFRACTION PEAK WIDTH

The diffraction peak obtained from the experiments has a finite width. The mea-
sured peak width, Omeas, can be the result of the following reasons:
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Figure 72: The deviation of the diffraction peak position from a mean value. A

Gaussian fit gives an estimated error due to the random factors: o = 0.026°.
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1. Instrumental broadening. Because of a non-monochromaticity of the x-ray,

finite size of the source, divergent incident beam, finite size of the receiving
slits, and unresolved doublet diffraction peaks, the diffraction peak has a
minimum width, Gine.

In order to analyze the diffraction width, sample with crystallite size causing
no broadening and low defect density is usually used to estimate the in-
strumental broadening Bjn. [44]. From the XRD measurements on a quarts
pellet, the instrumental width was estimated to be fin, ~ 0.1°.

. Small grain size. Bragg’s law is applicable to crystals consisting of an infinite

stack of parallel atomic planes. In a polycrystalline material, the crystallite
with limited grain size contains a much smaller number of atomic planes
than a single crystal. This may cause a broadened diffraction peak. Scherrer
(1928) first derived a formula to estimate the gll'n.in size from the diffraction
width Gg. A number of investigators have confirmed this relation [44, 49, 50,
51): :

2
= — 2
Pe Dcos@ (1)
where A is the x-ray wavelength; D is the average grain size; k = 0.94 for

the grain dimension normal to the reflection planes and % = 1.8 for the grain
dimension parallel to the reflection planes.

From the SEM measurements on the polycrystalline diamond films, the small-
est average grain size was found to be about 1 pm. Using Eq. 4.21, the peak
width B due to the grain dimensions was calculated. The result shows that
Bg is much smaller than the instrumental width: f; < fina. Thus, the peak
broadening due to the grain size can not be observed in this experiment. In
other words, the diffraction peak broadening is not the consequence of the

polycrystalline grain size.

. Structural defects. Deviation from a perfect crystal lattice due to crystal im-

perfections may cause a broadened diffraction peak [44, 49, 50]. Defects such
as dislocations and small angle boundaries ® may cause the crystal to deviate

8formed by parallel array of disl
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from a perfect periodic siructure resulting in broadened diffraction peaks.
Also, a non-uniform strain can contribute to the diffraction peak width [44].
The diffraction peak width caused by the crystal structural defects is called
Ba. The actually observed curve is the convolution of the contribution of
instrumental factor and the crystal defects. Stokes developed a method to
resolve the convolution due to the two kinds of broadening [44]:

ﬂd = meas ﬁi’mt (4‘22)

Thus, the diffraction peak width due to the crystal structural defects, G4,
can be evaluated.

The width of the diffraction peak can be used as a relative measure of crys-
tal quality. When the diffraction peaks are sharp enough, the a doublet
diffraction peaks can be resolved. However, when crystal quality is poorer,
as shown in the lower plot in Figure 73, the broadened a; and a; peaks can
not be easily resolved.

Using the same method to estimate the random errors in the peak position mea-
surements, the deviation of the each diffraction peak width () from the mean
value is plotted in a histogram in Figure 74. We find the standard deviation to be
0.02°

4.3.8 CORRELATIONS WITH VISUAL OBSERVATION

Transparency T from the visual measurements was found to be correlated with the
XRD measurements. In Figure 75, an increase of transparency with lattice constant
is shown. In addition, the transparency increases when the x-ray diffraction peak
width decreases (Figure 76).
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Diamond (220) X-Ray Diffraction
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Figure 73: The difference in crystal quality as characterized by the peak width.
Polycrystalline diamond (220) diffraction peak is plotted: the upper plot shows
that the o doublet can be resolved for a film with good quality; the lower plot
shows the poorer film quality where the o doublet can not be resolved. The solid
lines are the double Gaussian fit. Also, the difference of the peak positions for the
two samples can noticed.
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Figure 75: Transparency as a function of lattice constant. The transparency in-
creases when lattice constant, a, approaches 3.57 A.

Figure 74: The deviation of the diffraction peak width (o) from 2 mean value. A

Gaussian fit gives an estimated error due to random factors (o = 0.02°).
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Transparency vs XRD FWHM
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Figure 76: Transparency as a function of x-ray diffraction peak width. The nar-
rower the x-ray diffraction peak, the higher the transparency.
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4.4 RAMAN SPECTROSCOPY

During the CVD growth process of diamond, it is crucial to form sp® o-type bonds
among the carbon atoms. However, if the growth conditions are not correct, some
undesired type of bonds such as graphite with sp? w-type bonding, or amorphous
carbon may be formed. Raman spectroscopy is used to observe these non-diamond

compositions and to examine crystal quality.

4.4.1 RAMAN EFFECT IN MATERIAL

When monochromic light with a frequency v is incident on a material, in addition
to the Rayleigh scattering with the frequency vo, the scattered light by the atoms
or molecules in the material has a frequency of vo + Av. This was predicted by
A. Smekal in 1923 [52] and was demonstrated experimentally by C. V. Raman in
1928 [53, 54, 55].

The frequency difference between the incident light and the scattered light Av
is called the Raman shift. The Raman shift corresponds to ph transitions

between atomic or molecular vibrational energy levels. The vibrational levels are

a characteristic of the material; thus Reman scattering may be used to identify
impurities in the material. If v, is the vibrational frequency of the ground state,
the vibrational energy can be expressed as hv;, where h is the Planck’s constant.
Then the energy level corresponding to the excited vibrational state can be written
as hv;. When an incident photon is scattered by atoms or molecules in a mate-
rial, energy exchange between the photon and phonon occurs due to the phonon
transition between vibrational levels. After scattering, the energy of the photon
becomes:

hv' = hyy F hAv (4.23)

where Av = v; — vy and “F" represents the direction of the energy transfer: “—"

represents the energy is transferred from the photon to the atoms (molecules);
“4" represents the energy is transferred from the atoms (molecules) to the photon
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(Figure 77). hv' = hvo — hAv is called the Stokes line; hv' = hyy + hAv is called
the anti-Stokes line.

The diamond Raman line is Av = 1333.5 & 0.5 cm™! at 149°K; Av = 1332.5 +
0.5 cm™! at 300°K. The temperature broadening of the Stokes line of diamond is
measured 1.48 + 0.02 cm™" at 149°K and 1.65 + 0.02 cm~" at 300°K [56). The
temperature broadening yields 2 minimum width for the diamond Raman line.

Momentum conservation only allows the Raman phonon transition to occur near
the center of Brillouin zone (¥ ~ 0) because of the small wave vector of the pho-
ton compared with the size of Brillouin zone, This is called the k-selection rule.
Single crystal graphite shows a Raman line at Av = 1575 cm™'. However, micro-
crystalline graphite and disordered carbons can cause relaxation of the transition
E-selection rule for the optical branch phonons due to the loss in long range order.
As a consequence, more phonons are allowed in the transition resulting broadened
bands at 1355 cm™! and 1590 cm™' [56, 57, 58].

From the Raman spectra, the following information can be obtained.

1. The impurities in polycrystalline diamond film. The non-diamond carbon

compositions, graphite or amorphous carbons, can be identified.

2. The overall crystal quality. The existence of chemical impurities and struc-
tural defects gives rise to distortion of the lattice from a perfect periodic
structure. This may disturb lattice vibrations (phonon scatterings). The
profile of the diamond Raman line at 1333 cm™' and the line width, I', can
be used as the relative measures of this distortion [57]. From the line width
T, the crystal perfection may be used to rank the quality of the polycrys-
talline diamond films. Also, the comparison with the line width of a natural

diamond can be made.

3. Lattice strain. This can be observed from a shift of the Raman line be-
cause the vibration modes are associated with the force constant or Young’s
modulus [59].

4. Grain size. When crystallites are small enough (a few hundred angstroms),
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Figure 77: Transition diagrams for Raman scattering: above diagram shows the
Stokes transition; bottom diagram shows the anti-Stokes transition.
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the violation of periodic boundary condition for an ideal crystal results in
a relaxation for the transition F-selection rule. Then the Raman line shape
tends to be asymmetric with a long tail towards low frequency end. Also,
the line position will shift [60, 61].

4.4.2 EXPERIMENTAL TECHNIQUE

The primary laser excitation 4880 A (20491.7 cm™!) from an Ar* laser was used to
provide the incident light. The beam size is 1 mm and the beam power is 50 mW.
The Raman signal was observed by a monochromator ®. A sample was placed at a
45° angle with respect to the laser beam. An entrance slit of 200 ym was used in
the entrance of the monochromator. With these settings, the spectrum resolution
is about 2 cm™!. Throughout this work, the experimental slit setting was fixed at
200 g m in order to obtain comparable results for all samples. Better resolution
may be reached by using a smaller slit (50 pm), however, the intensity will decrease
accordingly and some samples become unmeasurable. Caution was taken to avoid

using high power excitation to prevent the diamond phase from graphitization.

An extended scan with the Raman shift Av from 200 cm~! to > 2000 cm™' was
performed to identify the non-diamond compositions. The scanning increment of
5 cm™! and the integrating time of 0.4 seconds were used. A fine increment (0.02
cm™!) was used from 1310 cm™! to 1350 cm™! for the diamond spectrum with an
integrating time of 0.4 seconds. The fluctuations of the position of the diamond
Raman line for the same sample measured in different runs was found to be less
then 0.2 cm™.

Figure 78 shows the extended Raman spectra from two polycrystalline diamond
films. No peak or band at 1355 cm™' or 1590 cm™! is observed. The large back-
ground in the lower plot in Figure 78 is due to photoluminescence.

?Double SPEC monochromator with an amplified phot rent photon ter.
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Figure 78: Raman spectrum for two polycrystalline diamond films. The diamond
Raman line at 1333 cm™! can be seen. The luminescence background can be also
seen.
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4.4.3 EXPERIMENTAL RESULTS AND ANALYSIS

To obtain the position for diamond Raman line (Av) and the line width (T), a
Lorentzian function was used to fit the experimental Raman line shape [24]:

1(v)

1

X — (4.24)
(v—Av)? + (E)

Thus, both Av and T' can be determined. Figure 79 illustrates the fitting re-
sults for two polycrystalline diamond films. Raman spectroscopy of both natural
Ila diamond and polycrystalline diamonds have been studied. For a matural Ila
diamond (4 mmx 4 mmx 250 pm), the diamond spectrum exhibits the Raman
shift Av = 1332.6 cm™' and line width, I' = 2.4 cm™. The line width for poly-
crystalline diamond films range from 2.8 cm~! ~ 10 cm™! indicating the different
quality of the films. Table 13 summarizes some of the Raman measurements.

The Raman shift Av for all samples measured is plotted in a histogram in Figure 80.
This figure shows that the deviation from a mean value is 0.4 cm™! which is less
than the experimental resolution. In other words, no shift of diamond Raman line
was observed for any sample. Also, all the line shape can be fitted by a symmetric

Lorentzian function. Thus, no grain size cffect was observed.

4.4.4 CORRELATION WITH X-RAY DIFFRACTION STUDIES

A correlation between Raman line width (I') and x-ray diffraction peak width
(FWHM) is found as shown in Figure 81. Both the Raman line width and the
x-ray diffraction peak width indicate the film quality. The sharper peaks from
either measurements exhibits higher film quality.

Raman line width is plotted against lattice constant of polycrystalline diamond in
Figure 82. Samples with broader Raman line width exhibit smaller lattice constant.
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Figure 79: The diamond Raman line shape: dots are the experimental data and
the solid lines are from a Lorentzian fit. Different line width due to the different
film quality can be noticed.
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Table 13: Results of Raman measurements. 7 is the ratio of the photoluminescence

background near 3000 cm~! to diamond Raman peak height at 1333 cm™'. 25 (T T T
Sample Av (cm ") [T (cm™T) | Non-diamond 7 r 3
. Band : ]
Natural 4x4 1332.6 2.4 — — L |
4K 440 1333.0 49 No 0.34 £ 0.01 20 B
BS-508 1333.1 11.5 1560 cm~' | 0.82 = 0.05 - .
T789D-1 1331.2 49 No 0.19 & 0.02 - 1
T789D-2 1331.8 3.3 No 0.18 + 0.02 i 1
T789D-3° 1331.8 10.2 No 0.41 & 0.04 15 i
T801D 1332.8 7.0 No 0.28 + 0.01 i L ]
T826D-1 13325 8.4 No 0.49 + 0.02 3 : .
T826D-U 1332.3 2.8 No 0.12 £ 0.01 5 - 1
T826D-P 1332.4 2.9 No 0.09 + 0.01 = ol ]
T826D-PA1 133186 | 2.9 No 0.09 & 0.01 I 1
T834D-U1 1331.9 3.4 No 0.08 =+ 0.01 L i
T834D-U2 13325 34 No 0.08 + 0.01 L .
T939D-P 1332.8 2.9 No 0.09 % 0.01 - .
T942D-U 13325 2.8 No 0.12 & 0.01 5 N
T942D-P 1332.5 2.8 No 0.11 & 0.01 [ 1
T949D 1333.1 35 No 0.21 & 0.03 i i
T950D 1333.1 3.3 No 0.22 = 0.03 . i
T1038D-P 1332.8 2.9 No 0.12 £ 0.01 ol ) S ST I L1
T1093D 1333.0 4.0 No 0.40 + 0.08 1330 1331 1332 1333 1334 1335
T1097D 1333.0 34 No 0.22 £0.04 Raman Shift v (cm™)
T1119D 1333.1 34 No 0.12 & 0.03

Figure 80: The change of diamond Raman shift for all samples used is less than
the experimental resolution. No spectrum shift was observed.
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Figure 81: The correlation between Raman line width (I') and the (220) x-ray
diffraction peak width (FWHM).
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Figure 82: Raman line width as function of lattice constant.
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4.5 PHOTOLUMINESCENCE

4.5.1 PHOTO-INDUCED LUMINESCENCE

Photo-induced luminescence or photoluminescence is produced by the absorption of
infra-red, visible or ultra-violet light. Unlike the Raman effect, photoluminescence
involves two processes: absorption and iransmission [62]. When absorbing the
energy of a photon hv, the atoms or molecules are excited to higher energy states
from ground state; when the excited atoms or molecules are back to ground state,
the energy may be released in the form of luminescence. In addition, the Raman
shift is independent of the frequency of the incident light while photoluminescence
can only be observed for the photons with particular frequencies which can be

absorbed by atoms or molecules.

Photoluminescence can provide information about structural defects and impuri-
ties because the luminescence energy is related to the energy level difference be-
tween band-band, defect-band, defect-defect, or impurity-band impurity-impurity
states [63, 64]. From the background photoluminescence due to lattice defects, the
lattice disorder can be examined [57]. A high luminescence background is reported
for low quality CVD diamonds [57)].

4.5.2 EXPERIMENTAL TECHNIQUE AND RESULTS

A laser excitation of 4880 A (20491.7 cm™') from an Ar* laser was used. Using the
same setup for the Raman measurement, the difference between the wave number
of the scattered light and the incident light, Av, was recorded. The photolumines-
cence energy, h/, can be obtained using the Raman shift (the Stokes line) deduced
from the wave number of the incident photon (vo = 20491.7 cm™!):

hv' = (he) x 20491.7 cm™" — Av (4.25)

1

Av was measured from 200 cm™' to 4000 cm™'. Therefore, the energy levels

from 2.0 eV to 2.5 eV were probed. A difference in luminescence background
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can been noticed in Figure 78 near 3000 cm™'. The ratio of the height of the
photoluminescence background near 3000 cm™" to the diamond Raman peak height
at 1333 cm™!, 7, is calculated and shown in Table 13. Figure 83 illustrates a
correlation between 7 and diamond Raman line width I'. It can be noticed that
the samples with larger 7 exhibit wider line width. ‘

An important photoluminescence line in diamond is the H3 center at 2.464 V.
This photoluminescence line may occur after the diamond is irradiated by high
energy particles [62, 65, 66]. A ®Sr radioactive source was used to irradiate a
sample over 50 hours. This provided a low level of radiation (< 1 Krad). After
the exposure, the photoluminescence H3 line was searched for. No H3 centers were
found. Higher level radiation exposures are presently in progress.
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Figure 83: The ratio of the photoluminescence background to the diamond Raman
peak height is plotted. The larger the ratio is, the wider line width the sample
exhibits.

CHAPTER V

SUMMARY AND CONCLUSIONS

5.1 CORRELATION BETWEEN THE ELECTRICAL PROPERTIES AND
THE MATERIAL CHARACTERIZATIONS

To improve the electronic quality of polycrystalline diemond films and the perfor-
mance of diamond radiation detectors, correlations between the electrical proper-
ties and the material characterizations have been studied.

5.1.1 CORRELATION WITH VISUAL OBSERVATIONS

For a given range of collection distance, the relationship between transparency
and film thickness was observed. For the samples with large collection distance
(25 pm < d < 35 ppm at an electric field of 10 kV cm™'), transparency is high and
slightly dependent with film thickness (Figure 84). For the samples with small
collection distance (d < 5 pm at an electric field of 10 kV cm™'), transparency
decreases with film thickness (Figure 84).

From Figure 85, the correlation between collection distance and transparency is
shown. The polycrystalline diamond films with high transparency has excellent
electrical properties (dcpic > 15 pm). However, this rule is not sufficient for
high quality in electrical properties, not all polycrystalline diamonds with high

168
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Transparency vs Film Thickness
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Figure 84: Transparency as function of film thickness. The solid marks are for the
samples with large collection distance (256 pm < d < 35 pm at an electric field
of 10 kV cm™!). The open marks for the samples with small collection distance
(d < 5 pm at an electric field of 10 kV cm™")
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transparency exhibit high quality of electrical properties.

5.1.2 CORRELATION WITH SEM STUDIES

From the SEM observations and measurements of the grain size in both lateral
and transverse directions, the polycrystalline grain boundaries were studied. The
boundary effect on the excess charge carrier transport were investigated by com-
bining the information from the SEM results and the electrical property studies.

In charged particle-induced conductivity (CPIC) measurements, with a MIM elec-
tric contact configuration, excess carriers drift along the columnar direction. In
photo-induced conductivity (PIC) measurements, with a planar contact configura-
tion, excess carriers drift along the surface direction. To distinguish this difference,
the collection distance measured by the CPIC technique is denoted as dll while the
collection distance measured by the PIC technique is denoted as d*.

In a single crystal diamond, the limitation of carrier mobility and excess carrier
lifetime is mainly determined by impurities and defects. Because of the uniform
nature of a single crystal, the collection distance is approximately independent of
drift direction: dl(z) ~ d'(=).

In a polycrystalline diamond, the crystal lattice terminates at grain boundaries
causing additional crystal imperfections. A relationship between the bulk collection
distance (dgpic) and the surface collection distance (dpic) was established in our
experiments and analysis:

depic = i%l—c' (d,=0) (5.1)

This relationship was found to be independent of sample thickness. However, it
was demonstrated from the lateral grain size depth profile studies that the poly-
crystalline grain size and grain boundaries are thickness dependent. This implies
that grain boundaries have no influence on the excess carrier drift processes for

the samples which show the relationship in Eq. 5.1.
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Figure 85: Correlation between collection distance and transparency.
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As the quality of polycrystalline diamond films improves, the collection distance
may be comparable to the lateral grain size: d* ~ g'. From Figure 86, dcpic =~
1 dpic implies that boundaries have no significant influence on carrier transport
in both directions even though the collection distance is close to the lateral grain
size (20 ~ 30 pm).

When the effect of the grain boundaries is not important, the collection distance
is determined by the local densities of impurities and defects. Thus, for a given
depth z into a polycrystalline diamond film, the collection distance is independent
of drift direction: dll(z) ~ d*(z). This result allows us to compare the measured
surface collection distance using the PIC technique with the derived surface collec-
tion distance from the CPIC measurement. In Figure 87, both measured surface
collection distance and derived collection distance are plotted and the agreement
is shown: dll ~ d} and cﬂ,' ~ d}. Finally, the increase in collection distance with
film thickness implies that the defect density decreases as the film grows because
the impurity level should not change significantly during the film growth process.

5.1.3 CORRELATION WITH X-RAY DIFFRACTION STUDIES

A correlation between collection distance and lattice constant is demonstrated in
Figure 88. An increase of collection distance with lattice constant can be observed.
The samples with large collection distance (dgpic > 15 pm) exhibit large lattice
constant (~ 3.570 A); the samples with small lattice constant (< 3.568 K) show
smaller collection distance (dcpic < 5 pm). In Figure 88, the results for a (110)
single crystal type Ila diamond (aj, = 3.5695 A, dcpic ~ 26 pm) are on the

correlation curve for polycrystalline diamond.

Figure 89 shows a correlation between collection distance and diffraction width
(FWHM). The resolution of the diffraction peak width measurement is limited
by the instrumental width Bin. ~ 0.1°. The samples with an excellent electrical
properties (dcpic > 15 pm) exhibit narrower diffraction peaks (~ 0.1°). The
samples whose diffraction peaks are broad (> 0.15°) show small collection distance
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Figure 87: The solid marks are the surface values obtained directly from the PIC
measurements. The open marks are the surface values derived from the bulk values
dcpic based on the experimental results and analysis.
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(dcmc <5 pm).

5.1.4 CORRELATION WITH RAMAN STUDIES

As a characteristic, the Raman line width indicates the overall film quality. The
existence of point defects, single or aggregate impurities, isotope atoms and crystal
boundaries may cause scattering of phonons. This process is called phonon relax-
ation process [68]. As a result, Raman lines are broadened. A correlation study
between collection distance (dcpic) and Raman line width (I') was performed.
In Figure 90, the samples with an excellent electrical properties (dgpic > 15 pm)
demonstrate narrower Raman line width (I' ~ 2.5 cm™); the samples with broader
Raman line width (I' > 5 cm™') exhibit poor electrical properties (depic < 5 pm).
The Raman line width was found not to be sufficient for excellent electrical proper-
ties. The reason may be a result of a limited spectrum resolution for this technique
and the setting used (200 pm slit). Further research is needed at low temperature,
and/or with smaller entrance slit (20 ~ 50 pm), or using Brillouin scattering to

increase the inherent resolution.

5.1.5 CORRELATION WITH FILM GROWTH RATE

It was found that the film grown with slower rate exhibits larger collection distance
as shown in Figure 91. The impurity density can not be likely changed with
film growth rate. However, the defect density and overall crystal quality may
significantly depend on growth rate. The crystal defects which may limit collection
distance includes the charged scattering centers and recombination centers formed
by lattice imperfections. Figure 91 suggests that crystal defects in diamond have
strong influence on the electrical properties. The scatter of the experimental results
in Figure 91 for fixed growth rate are due to other growth parameters.

deprc (m)

Collection Distance vs Lattice Constant

NS s e e s
i CVD Diamond E ]
- (E=10kV cm’}) 1

30} -
i Natural ITa Diamond i
p E=10kV cm™)) % 1

20 .
i i ]

10} .
:_ w —e— Ho— i

(O B T 88 L I ST S N N

3%62 3.564 3.566 3568  3.570

Figure 88: Correlation between collection distance and lattice constant.

a (A)

‘3.572

176



177

Collection Distance vs XRD FWHM
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Figure 89: Correlation between collection distance and XRD peak width.
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Collection Distance vs Raman Line Width
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Figure 90: Correlation between collection distance at 10 kV cm™" and Raman line
width. Samples which exhibit broader line width have smaller collection distances.
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Collection Distance vs. Growth Rate
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Figure 91: The correlation between collection distance and the relative film growth
rate. The slower the film growth rate, the larger the collection distance. The scaled
collection distance represents the collection distance at an electric field of 10 kV
cm™! for 400 pm thick films.
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5.2 SUMMARY OF WORK PERFORMED

5.2.1 ELECTRICAL PROPERTIES

The electrical properties of polycrystalline diamond films were studied using charged
particle-induced conductivity (CPIC). Accelerator test beam and radioactive source
were used as the excitation sources producing charged particles with different
species and energies. The signal generated by a charged particle traversing di-
amond provides integrated bulk information. Therefore, the collection distance
measured by the CPIC technique is the average value over the bulk of the ma-
terial. The results from the bulk measurements (CPIC) were compared with
photo-induced conductivity (PIC) measurements which yields surface information
because the electron-hole pair generation occurs near the diamond surface.

From the CPIC measurements, the excess carrier density generated by a minimum
ionizing parti:ie in both diamond and silicon was detfermined. These results were
verified by calculations using Bethe-Bloch theory and restricted energy loss in
material. Signals from polycrystalline diamond detectors were observed and the
experimental results were analyzed using a detector model. The collection distance
has been used to characterize the electrical property of diamond samples and the
electronic performance of diamond detectors. The collection distance is associated
with fundamental physical properties including carrier mobility and excess carrier

lifetime.

For a comparison, the collection distance of single crystal natural type Ila diamond
was studied using both the TRIUMF beam test and radioactive sources. For single
crystal material, the bulk collection distance from the CPIC measurement was
found to be equal to the surface collection distance from the PIC measurement.
However, for polycrystalline diamond, the bulk collection distance and the surface
collection distance were found to be different for all samples studied. The collection
distance at the growth side of a polycrystalline diamond film is approximately twice
as high as the averaged collection distance in the bulk; the collection distance at
the substrate side of a film is less than 0.1 pm. This suggests that a gradient of the
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electrical properties exists between the two surfaces of a diamond film. A collection
distance depth profile study demonstrated the existence of a constant gradient in
polycrystalline diamond film along the film growth direction. A theoretical analysis
based on the rate equations for excess charge carriers in diamond also reveals the
relationship between the collection distance at the surface and the integrated value

in the bulk. :

The collection distance of recent polycrystalline diamond films is comparable with
or even larger than natural Ila diamond. Large area diamond wafers (3 cmx3 cm)
were tested and good spacial uniformity was observed.

5.2.2 MATERIAL PROPERTIES

To improve the material quality of polycrystalline diamond films and to investigate
the factors limiting the electronic performance of the diamond based detectors,
material characterizations were performed. The experimental approaches include
visual observations, electron microscopy, x-ray diffraction, Raman spectroscopy

and photoluminescence.

A visual observation provides a quantatitive information of film quality using a
transparency measurement. High transparency was found to be necessary for an
excellent performance of a diamond detector but not a sufficient condition. Also,
visual observation on the flatness of a film provides the information of the film

stress which may cause the lattice deformation.

Scanning electron microscope (SEM) image provides the possibility to observe
the surface of diamond samples in microscopic scale. The grain size and grain
uniformity at both sides and cross section of polycrystalline films were measured
and examined. A linear increase of lateral grain size with film thickness was found.
This result is consistent with the cone shaped columnar grain structure along the
film growth direction observed from the cross-sectional SEM experiment.

X-ray diffraction (XRD) delivers the information on lattice constant, crystal qual-
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ity and crystal texturing. This measurement was classified as a surface measure-
ment by an estimation of absorption in diamond for the x-ray used the XRD
studies. At the growth side of films, (110) texturing occurs than at the substrate
side indicating the growth rate of crystallites with (110) orientation is faster than
others. The lattice constant was measured for both single crystal natural I1a di-
amond and CVD polycrystalline diamond samples. The width (FWHM) of x-ray
diffraction peaks was developed to characterize material quality. High quality sam-
ples exhibit narrower diffraction peak so that a doublet x-ray wavelength can be
resolved; low quality samples show unresolvable doublet since the diffraction peaks

are very broad.

Laser Raman spectroscopy studies were performed to identify different carbon and
impurity phases. No spectrum or band due to graphite or amorphous carbon was
found in the high quality samples. The diamond line width was used to characterize
the overall crystal quality. A correction was found between the Raman line width
and the x-ray diffraction peak width. This result demonstrates that the peak width
from both experiments characterizes the overall crystal quality. A correlation of
Raman line width and lattice constant determined from XRD measurements was
found. The samples with large deviation from ideal diamond lattice exhibit broader
Raman line width. In addition, Raman line shape and position was analyzed. No
grain size effect causing line shift and change of line shape were found.

Photoluminescence was used to identify characteristic impurity or defect levels.
No radiation induced pliotoluminescence centers were found when polycrystalline
diamond was irradiated by ®Sr radioactive source. The luminescence background
of polycrystalline diamond was used to characterize film quality. A correlation
between Raman line width and the luminescence background level was found. A
sample which shows higher luminescence background exhibits a broader Raman

line.
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5.3 CONCLUSIONS

During the course of this thesis work, a signal was observed for the first time from
particle detectors made of polycrystalline diamond films. Signal noise ratio (S/N)
has improved by a factor of three over the past two years. The collection distance
for CVD polycrystalline diamond films is now exceeds natural single crystal (type
ITa) diamond.

The collection distance d, a product of carrier mobility s and carrier lifetime 7, has
been used to describe the electrical properties. Charged particle-induced conduc-
tivity (CPIC) and photo-induced conductivity (PIC) have been used compared.
The correlation between the bulk information measured by the CPIC technique
and the information measured by the PIC technique indicates a gradient of elec-
trical properties in all polycrystalline diamond.

Using different material characterizations, impurities and defects in natural single
crystalline diamond and CVD polycrystalline diamond films have been studied.
All material characterizations has been focused to correlate with the electrical
property studies. Correlations have been found between crystal qualities and the
characteristics of the electrical properties. From the correlation studies between
collection distance and the material characterizations, we conclude that defects
in the polycrystalline diamond films have significant influence on the electrical

properties.

5.4 OUTLOOK

The development of diamond based detectors for calorimetry and position sensitive
detectors is underway. The prospect of the application of polycrystalline diamond

films on electronic devices looks bright.

Appendix A

CLASSIFICATION OF DIAMOND

o TyYPE IA DIAMOND
Contains nitrogen as an impurity in fairly substantial amounts (of the order
0.1%), and which appears to have segregated into small aggregates. Also
contains platelets associated with the nitrogen impurity. Most of natural
diamonds are of this type.

o TypE IB DIAMOND
Also contains nitrogen as an impurity but in disperscd substitutional form.
Almost all synthetic (high temperature, high pressure) diamonds are of this
type.

© TYPE IIA DIAMOND
Contains less nitrogen impurity. Very rare in nature. These diamonds have
enhanced optical and thermal properties.

o TypE IIB DIAMOND
A very pure type of diamond which has semiconducting properties. Generally

blue in color. Extremely rare in nature. Semiconducting properties can be

introduced to man-made diamond by the incorporation of boron atoms.

The classification of diamond according to both optical absorption and resistiv-
ity [16] is shown in Table 14:
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Appendix B

CHARGE INDUCTION PROCESS

B.1 ENERGY CONSERVATION
Table 14: Classification of diamond.

Notati Characteristic Optical Transparency | Resistivity T In order to prove the relation of:
Is _Aggregated Nitrogen 340 nm ~ 2.6 pm >10% 0 em
1b Substituti I Nitrogen | 340 nm ~ 2.6 pm > 10" 02 cm
fonized
fin Tess Nitrogen 226 nm ~ 2.6 pm__| > 100 fl em dQcolicted = g nL o 1B:1)
IIb p-type semiconductor 226 nm 10 ~ 10 @ cm

energy conservation was used. In a parallel plate capacitor (Figure 13), when
Qionized moves & distance of dz in en electric field E, the energy which the charge
has gained is equal t0: Qionizea X Edz. This energy provided by the power supply
in the external circuit to lift dQcoltected from the negative end of the power supply
to the positive end is equal to the product of the charge induced on the electrode,
dQcollected, and the voltage V. Since V = E x L, we have:

f Only apply in the dark since there is iderable photo-induced ductivity when

ultra-violet light is present.

dQcotiected X I = Qionizea X dz (B.2)

This derivation bases on an assumption that V is a constant. Because the induced
charge on the electric contacts may cause a change of the potential on the contacts
when Qjonizea moves. However, for a capacitance of 10 pF with 1V onit, the original
charge on the electric contacts is about 10° electrons which is much larger than
dQcontectea- Therefore, the potential on the electric contacts can be approximated

as a constant.
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B.2 IMAGE METHOD, A DIVERSION OF GREEN’S THEOREM

When a charge g is placed at = (Figure 13), using the “image method” from the
Green’s theorem [21], the charge density o on electrode at z = 0 is equal to:

oe)=L 35 (B3)

n=-00

{ 2nl — =z 2nL + =
[(2nL — =) + p?P/2 ~ [(2nL + z)? + Pz]:s/a}

where p is the radius of the electric contact. The charge density on the other
electrode from the equation can be derived by replacing = with (L — z).

The total charge on the electrode is equal to:

o z
/o a(z) 2rpdp = 79 (B.4)
By using a numerical calculation, the charge induced on the electric contacts is
given by:
Q =2
collected = L q
or (B.5)
dQcoHect:d = % dz

Appendix C

CARRIER GRADIENT AND CURRENT DENSITY
DIVERGENCE

C.1 CARRIER DIFFUSION PROCESS

In addition to the carrier drift process, another charge carrier transport process
may exist. When a gradient of charge density presents, diffusion process drives
charge carriers to move from the high density region to the low density region. A
characteristic distance for the diffusion process is called diffusion length I:

1=+vDr (C.1)

where D is the diffusion coefficient and 7 is the excess carrier lifetime. Using
Einstein relation [5], the diffusion coefficient can be expressed as a function of
carrier mobility ¢ and the absolute temperature T': ;

. T @2
When a voltage, V, is applied on the electric contacts of a detector producing an
electric field E, the diffusion length, I, can be written as a function of collection

distance d, the contact spacing L and bias V:

| = VD7
T

eEd
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ksT
(—27> Ld (C.3)
For a bias of a few hundred volts, (’—?Vl) can be as small as 10~4. Thus, if collection

distance is equal to &, I ~ 0.03 d. This indicates that the carrier drift process is

the dominant process and the diffusion process is negligible.

C.2 CURRENT DENSITY DIVERGENCE

Under an electric field E, the current density J consists of two parts: the drift
current (.i;,m = epnnﬁ) and the diffusion current (J-;m = eD,Vn). Since the
drift process is the dominant process in the charge transport process, the current
density is given by:

jdrm + fdm
epnnﬂ (C.4)

J

Q

Recalling Eq. 2.18 in Chapter II, the continuity equation is equal to:

o 1 - n -
bl feat=t £ L) (C.5)

Because of a uniform excitation, the charge generation term, g(7,t), is independent
of 7 and the charge carrier density is uniform, Vo = 0. When an isotropic material
is considered, no gradient of material property occurs, Vu = 0. As a result, the
divergence of current density does not exist, V - J'=0. The continuity equation is
reduced to: 8

31 ==+ (C6)
In polycrystalline diamond films, a gradient of material quality exists along the
columnar direction of the films, Vi may not be equal to zero. The non-vanishing
current divergence, V - J, may result in an accumulation of charge in space, called
the space charge.
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C.3 ESTIMATION OF THE CURRENT DIVERGENCE

Substituting Eq. C.4 into the continuity equation Eq. C.5, the first term of the

continuity equation becomes:
%v-fznﬁ-v,; (c.m

Taking a polycrystalline diamond film (T826D-1) as an example, (its film thickness
is 400 pm, d* is equal to 6 pm, p is 600 cm®V~'sec™! and 7 is 100 ps on the growth
side of the film at an electric field of 10 kV cm™! from the PIC measurements).

The current divergence is equal to:

1 o op Ap s
erJanazanAz—ljxlOn (C.8)
Since 1/7 is approximately equal to 10'° sec™!, the current divergence becomes
negligible:
1 = n
tv.ig? (C.9)
e )T

Then, the continuity equation still yields the rate equation Eq. C.6.



Appendix D

ELECTRIC CONTACT FABRICATION AND TESTING

D.1 ELEcCTRIC CONTACT FABRICATION TECHNIQUE

Metallic thermal evaporation technique [69] was used to fabricate electric contacts
on diamond. It was performed on an evaporation stage by increasing the tem-
perature of an evaporation tungsten filament ! until the metal evaporated. Thus,
the diamond film mounted near the source filament was covered by a thin film
of the evaporating metal. A metallic shadow mask was used in contact with the
diamond film to define the shape and dimension of the contact. The thickness of
the depositing layer was measured by a thickness monitor 2. A chromium layer
was deposited first, and followed by a layer of gold to protect chromium from being
oxidized. Also, care was taken to align the contacts on either side of the film.

Annealing process in nitrogen gas atmosphere at 600°K was performed after the
deposition. The evaporation and annealing conditions are listed in Table 15. The
predeposition cleaning procedures are listed in Table 16.

! Alumina coated evaporation source boat was used for gold evaporation to prevent from the
formation of alloy with tungsten.

IMaxtex TM-100 thickness monitor.

191

Table 15: Electric contact fabrication procedures.

Cr Au
Vacuum (torr) 6x10°[ 8x107°
Current (A) 120 30
Deposition Rate (Asec’) [ 1~ 6 5~ 10
Thickness (A) ~ 500 ~ 3000
Annealing 600°C, 20 minutes in N,
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Table 16: Pre-deposition cleaning procedures. Each step uses fresh solution.

Procedure Solution Action

Step 1 H,0,:NHOH=1:1 70°C, 2 minutes

Step 2 Deionized water Ultrasonic bath, 5 minutes
Step 3 Deionized water Ultrasqnic bath, 5 minutes
Step 4 Acetone Ultrasonic bath, 5 minutes
Step & Acetone Ultrasonic bath, 5 minutes
Step 6 Methanol Ultrasonic bath, 5 minutes
Step 7 Methanol Ultrasonic bath, 5 minutes
Step 8 Deionized water Ultrasgnic bath, 5 minutes
Step 9 — Bake, 175°C, 15 minutes
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D.2 ELEcTRIC CONTACT TESTING

Current-voltage (I-V) measurements (Figure 92) were performed to verify the lin-
earity of I-V dependence. A symmetric I-V characteristic for different bias polarity
indicates the similarity of the two contacts. A linear I-V behavior manifests that
both contacts are of chmic since one rectifying type contact may give the diamond

detector a non-linear I-V characteristic.

—-| Sample Holder

Keithley 617 |-

Kepco - PC

Programmer
, A\ 4 S emmer—in)
GPIB
Kepco BOP 1000M ==
Power Supply

Figure 92: Current-voltage measurement setup.
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