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Abstract

First, the radiation detection charge collection properties have been determined for four
diamonds with each diamond having received a fluence of 1 MeV neutron irradiation.
Photoluminescence measurements were conducted at 150 K on the most irradiated diamond,
revealing information about the energies of optically-active defect centers created by the neutron
radiation. Then, two diamond plates, one single-crystal and the other polycrystalline, were
processed using the bulk microstructural modification technique of femtosecond-pulsed laser
machining. Deep reactive ion etching of the samples revealed that the laser-treated channels etch
considerably faster than the surrounding diamond. Next, to create through-diamond vias (TDVs)
in diamond plates, deep reactive ion etching techniques similar to those employed in the silicon
industry for creating through-silicon vias were utilized. Two different diamonds, one optical-
grade and one detector-grade, were used to establish a repeatable process for etching holes
completely through diamond. A stainless steel foil was found to be an effective and robust
etching mask for creating TDVs with an aspect ratio of 5.0. Electroplating was used to fill the
TDVs with a highly conductive chromium metal. The TDVs were connected with interdigitated
strips on the surface of the diamond, establishing for the first time a 3D diamond radiation
detector with fully metal electrodes. Lastly, the spatial uniformity of the light emission produced
by a relatively new scintillation crystal composed of potassium strontium iodide activated with

europium has been explored.
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Chapter 1: Charge Collection Properties of Neutron Irradiated Diamond Radiation

Detectors

Summary

The radiation detection charge collection properties have been determined for four single
crystal, chemical vapor deposition-grown diamonds irradiated with 1 MeV neutrons. Electric
field-dependent charge collection efficiency and mobility-lifetime product values were evaluated
for each diamond. Using the transient current technique, the charge carrier low-field mobilities
and saturation velocities were also determined. Effective carrier lifetimes were computed for
both holes and electrons. Lastly, photoluminescence measurements were conducted at 150 K on
the most irradiated diamond, revealing information about the energies of optically-active defect

centers created by the neutron radiation.

1.1 Introduction

In high radiation environments, diamond radiation sensors have gained interest, owing to
its perceived radiation hardness [1]. As the luminosity of new and existing accelerator facilities
increases, silicon tracking sensors near the interaction point may no longer be sufficient for long-
term operation [1]. Diamond has many unique properties that make it an attractive replacement
for silicon detectors, including high electric field breakdown strength, chemical inertness, a wide
band gap of 5.5 eV, high charge carrier mobility, and the highest thermal conductivity of any

material [2].

The dose-dependent effects of different kinds of ionizing radiation on diamond sensors
with regards to charge collection efficiency (CCE) have been reported in the literature. When
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single crystal chemical vapor deposition (scCVD) diamond detectors are subjected to 25 MeV
proton irradiation, they produce a larger signal from a minimum ionizing particle (MIP) than
silicon detectors. However, when exposed to a high fluence of 24 GeV protons, silicon detectors
produce a larger MIP signal than scCVD diamond detectors [3-5]. When exposed to a 87 MGy
dose of 1.25 GeV energetic gold ions (about 4x10'3 jons/cm?), Pietraszko et al demonstrated an
80% loss of CCE in scCVD diamond detectors [6]. Bentele et al demonstrated a dose-dependent
loss of CCE of up to 55% in scCVD diamond sensors post-neutron irradiation with fluences up

to 1.1x10%* n/cm? “broad-spectrum” (between 0.5 eV and 10 MeV) neutrons [7].

When operating as a radiation detector, charge trapping in the diamond bulk or at the
electrodes after irradiation leads to an effect called polarization [8-10], where a reduction in the
signal amplitude over time is observed. The polarization effect is a strong function of the
preparation of the diamond detector, the applied electric field, and the rate of radiation incident
on the detector inducing the polarization. Different methods have been employed attempting to
minimize or eliminate the polarization effects, including exposing the diamond to light [11, 12]
and periodic alternating of the bias polarity [13]. Polarization observed in diamond detectors
irradiated with heavy charged particles or neutrons must be better understood to mitigate its

effect and increase their operational longevity for particle tracking.
1.2 Methodology

In order to study the effects of neutron irradiation on the charge collection properties of
diamond, four scCVD diamonds from Element Six were irradiated at the High Flux Isotope
Reactor (HFIR). The pneumatic tube used at the neutron activation analysis facility of HFIR

exhibits a broad distribution of neutron energy that peaks at an energy of ~1 MeV. The physical



dimensions, respective neutron dose, and post-irradiation capacitance of each diamond are

shown in Table 1.

Table 1: Element 6 scCVD diamond parameters

Sample Plate Dimensions Neutron Dose  Capacitance
Identifier (mm) (n/cm?) (pF)
PLT S130 4.3x4.3x0.50 5.0x10% 2.70
CMS S6 5.0x5.0x0.37 5.0x10% 1.92
PLT S132 4.3x4.3x0.50 5.0x101 2.85
DDL M4 4.3x4.3x0.50 4.4x10% 3.00

1.2.1 Charge Collection Efficiency

The charge carrier mobilities and lifetimes of each scCVD diamond detector were
evaluated post irradiation using charge CCE and transient current technique (TCT)
measurements. The CCE method measures the collected charge from a diamond detector from
that expected using the 13.2 eV/e-h pair (mean electron-hole pair creation energy) W-value of
diamond [14, 15]. If the range of the interrogating radiation range is much smaller than the
thickness of the sensor and its interaction position well-controlled, then the product of the
mobility and trapping time constant (ut) for each charge carrier can be determined using a
simplified form of Hecht’s relation, as given in equation 1, where d is the detector thickness and

E is the electric field across the scCVD diamond detector.

CCE(E) =7 (1 - exp|[- ﬁ]) (1)

Post neutron irradiation data was collected using a 0.1 uCi 2'°Po alpha source, an Amptek
CoolFET charge sensitive preamplifier, and an ORTEC 572A amplifier and 927 ASPEC MCA.

To calculate the amount of charge collected during alpha particle irradiation, the sensitivity of



the CoolFET CSA was calibrated using an Ortec 419 Precision Pulse Generator and a 1.1
picoFarad capacitor. The mean peak position was found for various applied potentials and
equation 1 was used to determine pte and ptn. Before neutron irradiation, all four scCVD
diamond detectors were analyzed to have 100% CCE [7]. A schematic of the signal chain is

shown in Figure 1.

High Voltage

v

CoolFET .| Ortec N Ortec
CSA 7| 5724 1 mca

v

scCVD
Diamond
Detector

Figure 1: Diamond detector CCE signal chain

1.2.2 TCT Analysis

Direct analysis of the current pulse shape (TCT) was used to determine the transit time of
electrons and holes across the scCVD diamond detectors. Individual alpha pulses were recorded
and averaged using the CAEN 1423B broad band amplifier and an Agilent Infiniium, 1.5GHz, 8

GS/s oscilloscope. Figure 2 shows the schematic of the TCT data acquisition setup.



High
Voltage

v
CAEN 1423B Agilent

Amplifier Oscilloscope

¥

scCVD
Diamond
Detector

Figure 2: TCT experimental setup

The acquired averaged voltage transient, U(t), for holes and electrons is converted into a

transient current pulse using the relationship [16],

du(t)

Imgy® = 7 |RinCa 52 + U (D), @

where Rin is the system impedance of 50 Q, Cq is the sum of detector and stray capacitances at
the input to the current-to-voltage amplifier, and A is the gain of the amplifier. The charge transit
time, tc, of the current pulses is then calculated as the full-width-at-half-maximum of the current

pulse.

Since monodirectional #!°Po alpha particles have a range of 13 pm in diamond, as
simulated via SRIM [17], all of the energy from alpha radiation exposure is deposited in the
diamond near the exposed electrode. The average drift velocity of electrons and holes across the

detector thickness d can then be calculated using

Var (E ) 3)

tc(E )

for electrons when the detector is positively biased and for holes when the detector is negatively
biased. Charge carriers liberated by the ionizing alpha particles must traverse essentially the
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entire detector thickness d to be collected. Consequently, a linear relationship between the drift

velocity and electric field is assumed in the direct calculation of the mobility of charge carriers as

dZ
Mo = vy 4)

where y,,, denotes the low-field mobility for electrons or holes. In the electric field regime

typically used by particle detectors (0.2-1.0 V/um), the drift velocity of charge carriers is non-
linear as a function of applied bias. The result is an over-approximation of the carrier mobility at
these field strengths when using equation 4. An empirical relationship describing the non-linear
behavior of the charge carrier drift velocity and applied electric field is suggested in [18] as

_ MoE
Var = 1+M’ (5)
Vs

where p, is the charge carrier low-field mobility and v; is the saturation velocity of charge
carriers in the diamond bulk. Using the aforementioned relationships, the intrinsic electrical

properties of four diamonds with varying neutron irradiation doses were determined.
1.2.3 Photoluminescence

In this paper, photoluminescence (PL) measurements are used to identify optically-active
defect centers that act as charge trapping sites when the diamond is operated as a radiation
detector, reducing its performance. PL measurements provide a quantitative analysis technique
for measuring the energy of impurity trapping states in semiconductor materials. During PL,
electrons from the valence band are liberated through laser excitation. The amount of energy
imparted to the electrons is dependent on the energy of the excitation photons with the maximum

electron energy being equal to the energy of the excitation source. Once electrons are liberated



from the valence band, atomic level defects and impurities can act as charge traps, capturing the
electrons within the bandgap. When the electrons de-excite back to the valence band, a photon of
energy characteristic to the charge trap can be released. These photons are detected by the PL

system, which bins the intensity of photon counts as a function of photon energy.

PL measurements are often conducted at reduced temperatures to minimize secondary
phonon production, which causes broadening of the PL zero-phonon line (ZPL) spectrum. In
room temperature diamond PL measurements, the background luminescence signal created by
non-ZPL emission often overwhelms the signal of the true ZPL. Thus, it is advantageous to
conduct diamond PL measurements at reduced temperatures by cooling the sample. A graphical

representation of this phenomena is shown in Figure 3.

Resulting emission
spectrum

Most emissionin
™ ~

20°C
(room temperature) f\

J

Zero-phonon line

~ Emissionin ZPLand sideband

-196°C
(liquid nitrogen)

Hypothetical case: ZPL
emissionmuch larger,
sideband still present but

-273°C
(absolute zero)

Wavelength —>

Figure 3: Theoretical effect of temperature on ZPL and sideband emission [19]

The PL technique is well suited to diamond as the material is often optically transparent,

allowing for light to probe the bulk of the material. The first order Raman line at 1332 cm™ also
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provides a good calibration peak. Furthermore, many of the defects within synthetic and

irradiated diamonds are optically active and can be revealed through proper PL measurements.

1.3 Results and Discussions

1.3.1 CCE Results

To determine the applied bias that optimizes CCE, the field strength was increased from
0.2 to 1.0 V/um for each sample. The polarity of the applied bias was alternated after the
collection of each data point in order to minimize polarization effects so that pten could be found
as accurately as possible. The electron and hole CCE curves of each sample are shown in Figure
4. It is evident that the CCE drops as a function of neutron fluence, where neutron elastic
scattering events create high density cluster defects from nuclear scattering events with other
nearby carbon atoms within the diamond matrix. Using a least squares fit to Equation 1, the
product of the carrier mobility and lifetime was determined for each sample and is provided in

Table 2.

| PLTS130 T cmsse O pLTS132 T DDLM4 \ PLTS130 T cmsss 3 PLTS132 T DDLM4
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Figure 4: CCE as a function of internal electric field for (a) electrons and (b) holes



Table 2: Experimentally determined CCE and mobility-lifetime products

Sample Post-Irradiation CCE Mobility—Lifeztime Product
Identifier (%) (cm™V)
Electrons Holes Electrons Holes
PLT S130 91.3+17 91.2+15 (9.1+2.1)x10°  (1.5.£0.3) x10™
CMS S6 945+1.7 95.2+25 (6.2 +2.0) x10° (1.5+0.3) x10*
PLT S132 71.1+1.8 76.5+1.7 (2.0 +0.5) x10° (1.4 +0.1) x10°
DDL M4 36.9+1.0 23.9+0.4 (9.9 +1.9) x10°® (7.5 +1.4) x10°®

A qualitative measure of the neutron-induced traps in the irradiated diamond samples was
found using LED exposure to sample PLT S132. The applied electric field in this study was 0.5
V/um and sample PLT S132 was allowed to fully polarize before turning on the LED light
source. The measured differential pulse height spectra from 2*°Po alpha particles during LED
illumination is provided in Figure 5. It can be seen that different effects are observed for holes
and electrons across the wavelengths investigated (940nm, 640 nm, 520 nm, 465 nm, and 400

nm).

For electron collection, it was found that IR and red light were most effective at restoring
ute. The response to red light restores the signal amplitude to 78% CCE. Green light yields a
lower restoration of the signal amplitude than IR and red light, and this result suggests that the
trap energy is near 1.94 eV. Three body excitation via phonons is likely the reason for the
measured response in the IR, so the electron trap energy is likely closer to 1.94 eV than 1.32 eV
because of the incomplete restoration of the CCE under IR illumination. Further, under blue light
exposure, the count rate of sample PLT S132 was restored to its expected value, but at a reduced
CCE. This suggests that there are at least two electron trap energies created by neutrons. The
shallower trap near 1.94 eV should have a larger electron lifetime than the deeper trap around

2.67 eV, consistent with the analysis provided by Shockley and Read [20]. During blue light



illumination, it may be that the mobility is reduced or charge carrier transport takes place via

hopping conduction, thereby slowing signal formation significantly, which yields the correct

count rate, but not the expected signal amplitude.

For holes, the opposite trend was observed, where blue light resulted in the highest signal
restoration and red and IR resulted in minimal change to the measured signal amplitude. The

response of sample PLT S132 to green and blue light suggests that the trap energy for holes is

between 2.39 eV and 2.67 eV.

Counts/(fC-min)
Counts/(fC-min)

) 5 10 15 20 25 30 35 40 45 50 55
Collected Charge, [fC] 0 5 10

15 20 25 30 35 40
Collected Charge, [fC]

(@) (b)
Figure 5: Measured differential pulse height spectra of scCVD diamond detector PLT S132
under LED illumination for (a) electrons and (b) holes

1.3.2 TCT Results

TCT measurements were conducted to determine the drift velocity and mobility of
electrons and holes in the scCVD diamond detectors at different applied electric fields. Using
this data along with the CCE analysis, the lifetime of the electrons and holes in the scCVD

diamond detectors can be determined. Sample TCT spectra are shown for PLT S130 in Figure 6,

10



where it can be seen that the drift velocity of holes exceeds that of electrons. Using equation 6,
the electron and hole drift velocity as a function of applied electric field for PLT S130 is shown

in Figure 7.

(@) (b)
Figure 6: Alpha-induced transient current profile of scCVD diamond detector PLT S130 at
different applied biases for (a) electrons and (b) holes.

The electrical properties for the scCVD diamond detectors are provided in Table 3. From
this data, it can be observed for the mobility of both electrons and holes increases as a function
of radiation dose. Interestingly, the drift velocity remains relatively constant from an increase in
the neutron dose by a factor of 2. Further, the lifetime of holes decreases at a faster rate than
electrons when comparing samples PLT S130 and PLT S132. The lifetimes of both electrons and
holes are severely degraded at a fluence of 10* n/cm?. For the most irradiated scCVD diamond
detector, sample DDL M4, the rapid polarization did not readily allow determination of electron

and hole transit times, and therefore the mobility, saturation velocity, and carrier lifetimes.
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Figure 7: Charge Carrier Drift Velocities for PLT S130

Table 3: Charge carrier properties of the scCVD diamond detectors determined via TCT

analysis
Sample Low-field mobility Saturation velocity Charge carrier lifetime
S (cm?/V s) (10° cm/s) (ns)
Identifier Electrons Holes Electrons Holes Electrons Holes
PLT S130 1649+134 1960+86 6.5+0.3 9.2+0.3 55.18 76.53
CMSS6 1862+219 2114+252 35%0.1 41+0.2 33.30 70.96
PLT S132 1971 +277 2269+167 6.7+05 95+£05 10.15 6.17
DDL M4 - - — - - -

1.3.3 PL Results

PL measurements were conducted using a Horiba LabRAM HR Evolution confocal,

Raman microscope. The system is equipped with green (532 nm) and blue (472 nm) lasers with

maximum powers of 50 mW and 25 mW, respectively. Raman and PL signals are collected

through a 50x microscope objective, which directs the signal to the liquid nitrogen cooled Horiba

Symphony Il CCD spectrometer through a 100 um slit aperture and a grating groove density of

600 lines/mm.

Samples are mounted under vacuum in a Janis VPF-800 optical cryostat with a 0.4 L

liquid nitrogen reservoir and a copper cold finger for cooling the samples. The temperature of the
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samples is measured by a Type E thermocouple mounted in the copper cold finger and is readout
by a Lakeshore 335 Cryogenic Temperature Controller. Fused quartz viewport windows on the
cryostat allow the sample to be focused on using the confocal Raman microscope objective
lenses. A flow of compressed, dry nitrogen was directed through polyethylene tubing onto the

outside of the viewport windows to mitigate condensation.

PL measurements were conducted on the most irradiated sample, DDL M4, and a
pristine, non-irradiated detector grade scCVD diamond, also from Element Six. This was done to
provide a baseline of the expected PL peaks from an equivalent diamond that has not been

irradiated by 1 MeV neutrons. The PL spectrum of both diamonds at 150 K excited by the blue

laser is shown in Figure 8.
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Figure 8: PL measurements with blue laser excitation at 150 K
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Many features are observed in the PL spectra, including the first and second order diamond
Raman peaks, as well as the blue laser excitation source. PL from optically-active defect centers
is observed with a ZPL at 489.0 nm (2.54 eV) as well as at 503.7 nm (2.46 eV) when excited
with the blue laser. The origin of the 489.0 nm luminescent defect center is unknown. The 503.7
nm ZPL is attributed to the S1 defect center [21]. The PL spectrum of both diamonds at 150 K

excited by the green laser is shown in Figure 9.
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Figure 9: PL measurements with green laser excitation at 150 K

The PL spectra from green laser reveals two large defect clusters. One at the well-known GR1
damage center with convoluted ZPL peaks at 740.9 nm (1.673 eV) and 744.4 nm (1.666) eV).
Other studies have demonstrated that these two peaks separate into two distinct peaks when the
sample is cooled to 77 K [19]. The origin of the GR1 luminescence center is believed to be a
neutral vacancy [22]. The second, deeper trapping center has an unknown origin and exhibits a

ZPL peak at 546.1 nm (2.27 eV) with a sideband extending to 541 nm (2.29 eV).
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1.4. Conclusions

An overall reduction in CCE was observed in all neutron-irradiated scCVD diamond
detectors. Diamonds receiving a greater neutron dose displayed greater loss in CCE. The low-
field mobility electrons and holes were found to potentially increase as a function of neutron
dose, but the reader should be aware that this assumes that the intrinsic mobility of electrons and
holes are similar across all samples, which may not be the case. The reduction in CCE is
seemingly caused by decreased charge carrier lifetimes as a function of neutron dose, consistent
with the understanding that the trap density increases accordingly. PL measurements were used
to reveal optically active defect centers in the irradiated diamond. The predominant defect
centers observed were the well-known GR1 center at 1.67 eV, the S1 center at 2.46 eV, and

defect centers of unknown origins at 2.27 eV and 2.54 eV.
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Chapter 2: Laser Induced Graphitization and Subsequent Dry Etching of Microchannels in

Diamond

Summary

Two chemical vapor deposition-grown diamond plates, one single-crystal and the other
polycrystalline, were processed using the bulk microstructural modification technique of
femtosecond-pulsed laser machining. Multiple laser parameters were varied in processing the
polycrystalline sample, including laser pulse frequency, pulse energy, and number of pulses per
micron step size between the back and the front of the diamond, whereas a constrained set of
parameters was used with the single-crystal sample. Over the range of parameters evaluated for
the polycrystalline diamond, Raman analysis exhibited photoluminescence from defects created
through the laser machining process but little if any graphite-like features. However, a Raman
signal from graphite-like material was observed for the single-crystal diamond, from which it
was determined that greater diamond to graphite-like phase conversion is obtained with a smaller
number of pulses per translation step and with a higher laser pulse energy. Further, a larger
number of pulses per step resulted in strong luminescence, observed during Raman investigation.
Deep reactive ion etching of the samples revealed that the laser-treated channels etch
considerably faster than the surrounding diamond, and that a high relative etch rate is obtained
even when graphite-like features are absent from the Raman spectra. The highest relative etch

rate of the laser-treated columns was 1.61 um/min in the single-crystal sample.
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2.1 Introduction

Diamond is a well-studied material, with many favorable attributes for numerous
applications [2, 23-26]. In reference to the use of lasers on diamond substrates, the applications
have included surface treatments [27-29], growth and ablation/etching of diamond [30-32],
diffraction gratings and other elements for high power optical systems [33-35], and
graphitic/conductive channel formation [29, 36-41]. The potential for directly writing conductive
channels onto or into diamond for electronic applications is appealing, given the potential speed
and high-dielectric constant of diamond, which are utilized in applications such as high-power
switches [25]. Recent investigations, however, have demonstrated that the channel conductivity is
dependent on the laser parameters [26, 40, 42, 43]. When femtosecond (fs) lasers are used, the
scan speed of the laser focus through the substrate during the creation of graphitic channels is
found to be a key parameter in determining the resistivity of the channels. In one recent report, a
maximum conductivity of 64 S/m was obtained with a scan rate of 20 um/s [42]. The result was
correlated to the maximum ratio of the G (1500 ~ 1630 cm™) peak to the D peak (1350 cm™) in
the Raman spectrum, where this ratio increases with increasing disorder. These authors also find
that merely increasing the laser intensity results in non-uniform creation of graphitic centers, which
they attribute to the Kerr effect (nonlinear optical self-focusing of the laser). However, when
nanosecond (ns) lasers are used, the conductivity of the channels increases by an order of
magnitude [43], but when used for the fabrication of 3D diamond detector devices, the diamond
exhibits reduced charge collection efficiency and/or polarization (a competing internal electric
field due to charge trapping) [40]. In any case, the conductivity obtained with a ns-laser is still an
order of magnitude below that of crystalline graphite, and 1000 times lower than that of

compressed graphite powder.
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It has been indicated that for ns lasers the thermalization time of excited electrons plays a
role in determining the created structure, whereas fs lasers do not allow the electrons to thermalize
with the lattice during the delivery of the pulses [29]. For processing that allows thermalization
with the lattice to take place, the heating of the surrounding material and the density change
between diamond and graphitic-like carbon can result in mechanical stresses and cracking, and the
residual pressure can be observed through Raman investigation of the stress-induced shift in the G
peak [26]. Further, internal pressure can slow the progression of graphitization, even reversing it

and creating nanodiamond crystallites [26, 39].

The results to date on the conductivity of graphitic channels created by either ns or fs laser
machining through bulk diamond indicate that it will be very challenging to produce low-resistance
channels, such as those required for fast, high-power switches or other devices. However, as
demonstrated in this paper, there is the possibility to laser machine through-diamond channels that
are partially graphitized, which can be etched away at a significantly faster rate than the untreated
diamond to create TDVs. The TDVs may be subsequently filled with a conductive material, as is
commonly done in the silicon industry [44, 45]. This paper reports the effects of various fs pulsed
laser processing conditions on the level of graphitization of two chemical vapor deposition (CVD)-
grown diamonds, one single-crystal (scCVD) and the other polycrystalline (pcCVD), and the deep
reactive ion etching (DRIE) of the associated laser-created non-diamond carbon phase regions.
DRIE, which is a form of dry chemical etching, can selectively remove sp? bonded over sp? bonded
carbon to create TDVs through the diamond substrate with dimensions defined by the laser

treatment process.
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2.2 Methodology

The laser system used in this investigation consisted of a Ti:S oscillator (Spectra-Physics,
Tsunami) with a regenerative amplifier (Coherent, RegA 9000), which provides a pulse duration
of ~130 fs at 797 = 8 nm with a maximum energy of 4 pJ. Very tight aberration-corrected focusing
of the beam into the diamond was accomplished using a beam expander made of three lenses
together with an aspheric lens with numerical aperture (in air) of 0.68. The beam expander was
designed to deliberately introduce spherical and chromatic aberration, and two of its lenses were
repositioned by motorized translators to adjust the aberration so that it pre-compensates for that
produced by refraction of the beam at the surface of the diamond. The aberration pre-compensation
enabled a focal spot diameter of ~1 um to be retained as the depth of focus is translated through
the diamond, although the resulting channel diameters are typically larger and depend on the
number and energy of laser pulses used. During laser processing of each test channel, the initiation
of a structural change within the diamond was monitored by observing diffraction of the beam
from a green laser pointer, which is collinear with the fs laser beam, and following laser processing,

the samples were inspected using an optical microscope.

In our studies, two diamond substrates were treated in ambient air using the fs-pulsed,
aberration-corrected laser focus: Sample 1, a 500 um thick, pcCVD diamond, and sample 2, a 300
pm thick, scCVD diamond. Sample 1 was investigated with a wide variation of the laser
parameters, including pulse energy, E (0.2—4 WJ), pulse frequency (0.033-250 kHz), number of
pulses per position, N (2-5000), discrete differential step height between laser treatment positions,

Az (2-12 pm), as well as continuous translation (10-100 pm/s).
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Sample 2 was treated using a more constrained range of experimental parameters, guided
by the results from sample 1. Two different sets of parameters were investigated, each identified
by a “1” or “2” ablated into the diamond surface above the array of test points. For both arrays (4
rows x 4 columns), the laser pulsing frequency was kept constant at 2 kHz, and the step size was
Az =2 pum. Array 1 used 10 laser pulses per z-step, while array 2 used 1000 pulses per step. In
each of the arrays, the laser energies were E = 0.4, 0.8, 1.2, and 1.6 pJ from the top row to the
bottom row, while the parameters were the same in each column of each array. Figure 10 shows
an optical microscope image of the front surfaces of sample 1 (a) and sample 2 (b). In each case,

the lateral shift between test points, obtained with a manual micrometer stage, was ~100 pum.
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Figure 10: Optical micrographs of front surface of laser-machined graphitized channels in (a)
sample 1, pcCVD and (b) sample 2, scCVD

Raman spectral measurements on the created graphitic channels was acquired using a
Renishaw inVia confocal Raman microscope utilizing a 633 nm excitation source with a 1 pum
diameter spot size and grating with 1200 lines/mm. Correlations between the laser processing
parameters and the peak intensities of diamond and graphite-like Raman signatures were

determined.
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DRIE of the laser-treated sample 2 was carried out in an Oxford Instruments Plasmalab100
machine capable of independently controlling the inductively-coupled plasma (ICP) coil power
and radio frequency (RF) table power. During the etching process, the diamond was mounted to a
four-inch silicon carrier wafer using thermally conductive Krytox™ vacuum oil. The dry chemical
etching of sample 2 was conducted with oxygen, an ICP coil power of 2.5 kW, and RF table power
of 150 W. The surface topology of the laser processed and etched regions was characterized via
sputtering chromium on the surface of the diamond followed by optical profilometry using a Veeco

8800NT white light interferometer in vertical scanning interferometry mode.
2.3 Results and Discussion

In laser machining each test channel, a structural change within the diamond was apparent
from the diffraction of the collinear green laser pointer beam. However, for sample 1, it was found
that, for low pulse energies (E) and number of pulses (N), features at the front surface are barely
visible in the microscope image, as may be seen in Figure 11. On the other hand, for the highest
pulse energy (4 WJ), a crack extending from the channel sometimes appeared at the front surface.
For some conditions, the channels appeared markedly different on the front and back of the sample.
Also, the direction of translation was found to have little effect on the resultant appearance of the
graphitized channels, perhaps because much of the energy of each pulse converges at high angles
rather than propagating along the axis and being obstructed by previously formed graphitization.
Furthermore, as shown in Figure 12, for the highest pulse energy, ablation, or cratering, sometimes
appeared on the front face of the sample. The extent of cratering and asymmetry of the observed
features on the front and back of the sample increased as the number of laser pulses was increased.
Also, the appearance of the laser-treated region of sample 1 on the back surface seemed less

affected by changes in the number of pulses than that at the front. Overall, in both samples,
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correlations were observed between the apparent sizes of the graphitized channels at the front and

back and the laser pulse energy and number of pulses.

(b)
Figure 11: Microscope image of some of the resultant graphitized channels of sample 1 (pcCVD)
on a) the front and b) the back surface. From left to right, the laser pulse energy is 0.4 pJ, then in
pairs, 4, 2, and 4 pJ, respectively. From left, the second and fourth feature is treated from back to
front and to back again, while the other channels are treated only from back to front. All
treatments are conducted at 33 Hz, Az of 3 pm, and 10 pulses per step, except for the sixth from
the left, which uses 5 pulses per step. The red circle indicates one of the channels that is
investigated via Raman spectroscopy, as provided in the first (blue) curve in Figure 13

For sample 1, the wider range of laser processing parameters used lead to a
correspondingly more different set of Raman spectra. Sample 2 (scCVD), which was machined
with a more constrained range of parameters based on results from sample 1, was found to yield
a more consistent set of graphitized channels, both visually in the microscope and through
Raman investigation. For sample 1, Figure 13 displays the Raman spectra of the two laser-treated
channels that are identified by red circles in Figures 11 and 12. In the Raman spectrum of the
identified channel in Figure 11, the characteristic 1332 cm~ Raman peak for sp® bonded carbon

is clearly apparent, and there is also an increase in Raman counts around 2250 cm

22



(b)
Figure 12: These sets of laser-treated channels on the a) front and b) back surface of sample 1 are
all formed with a pulse energy of 4 pJ at a frequency of 250 kHz. From left to right, the number
of pulses per step N is 5000, 1000, 1000, 200, 200, 100, 100, and 100. Likewise, starting from
the left, the step size Az is 6, 10, 10, 10, 10, 12, 8, and 5 um. The red circle indicates the
graphitized channel for which the Raman spectrum is provided in the second (red) curve in
Figure 13

For the Raman spectrum of the channel in Figure 12, there is a distinct, strong peak around 2350
cm 1, followed by an even more intense and broader feature at 3080 cm™. The difference between
the two Raman spectra is due to the larger number of pulses and higher pulsation frequency used
for the column in Figure 12, and the intense Raman features are attributed to photoluminescence
from defects created through the laser machining process [46]. Visually, laser-treated channel from
Figure 12 was roughly circular on the front face with noticeable cratering and peripheral rings,
while the back was dark black and similar in shape to an amoeba or 7-point star. However, neither
the 1355 cm™? disordered graphite nor the 1580 cm single-phonon, crystalline graphite Raman

peaks were seen in any of the Raman spectra from sample 1.
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Figure 13: Raman spectra of two treated regions of sample 1. The laser pulse energy, frequency,
Az, and number of pulses per step N for each spectrum is (0.4 uJ, 33 Hz, 3 um, and 10, solid
blue curve), and (4 pJ, 250 kHz, 10 um, and 1000, dashed red curve).

In both arrays of sample 2 (scCVD), the Raman spectra of the graphitized channels
exhibited a direct correlation between the number of pulses N and the ratio 1(1580)/1(1332) of
intensities of graphite-like to diamond Raman peaks. Raman spectra of the laser-treated channel
in column 1 of both arrays 1 and 2 and for rows 1 through 4 are provided in Figure 14. The Raman
spectra were quite consistent across the four laser-treated channels of each row in the array,
exhibiting both the diamond zero-phonon line around 1332 cm™ and a broad distribution extending
from the zero-phonon line to ~1600 cm™. The crystalline 1580 cm™ peak was apparent in the
spectra, which suggests that the channels partially consist of crystalline graphite, but also contain
sp? bonded defects. The intensities of the graphite-like feature in the Raman spectra generally
increased as a function of laser pulse energy, and the ratio of graphite-like to diamond peak was
nearly double that of array 1. Furthermore, in array 2, a large luminescence continuum was
observed, starting from ~1700 cm. The average ratio of graphite-like to diamond Raman peak
intensity for sample 2 is provided in Figure 15, where a noticeable correlation of the graphite-like

to diamond peak ratio with laser energy was observed. Each data point is the average of the ratios
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for the four laser-treated channels in each row of the array and the error bars show the standard

deviation.
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Figure 14: Raman spectra of sample 2 for channels in column 1, rows 1-4, for (a) array 1 and (b)
array 2
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Figure 15: Average ratio of graphite-like to diamond peak intensities for each row of each array
of sample 2 as a function of laser energy

The DRIE etching of sample 1 has demonstrated that the etch rate compared to the bulk
diamond substrate is faster via contact profilometry, but white light interferometry was
unsuccessful due to the non-reflecting nature of the laser-treated columns and the sample was
inadvertently destroyed before additional investigations could take place. Results from DRIE of

sample 2 consistently showed that the laser-treated channels etch considerably faster than the
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surrounding diamond. The averaged etch rates from the collected data for each row in each array
of sample two is provided in Figure 16. As shown, the average relative etch rate increases as a
function of laser energy. The highest relative etch rates were 1.61 + 0.02 um/min for array 1, and
1.16 £ 0.16 um/min for array 2. However, unexpectedly, the channels of array 1 etch faster than
those of array 2, even though array 1 uses 10 laser pulses per z-step, while array 2 uses 1000 pulses
per step. The apparent differences in Raman spectra collected clearly showed that the two arrays
exhibit different material properties, and the lower number of pulses may have resulted to a
reduced amount of reformation of sp® bonds, thereby increasing the relative etch rate of array 1

over array 2.
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Figure 16: Average etch rate for DRIE for both arrays of sample 2 (scCVD) as a function of laser
pulse energy. The error bars are the standard deviations and do not account for systematic errors
from the profilometry hole-depth estimates.

2.4 Conclusions

Two chemical vapor deposition-grown diamond plates, one single-crystal and the other
polycrystalline, were processed using the bulk microstructural modification technique of

femtosecond-pulsed laser machining. Microscope images and confocal Raman spectra of the
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processed regions revealed varying degrees of phase transformation from sp® bonded carbon to sp?
bonded and disordered sp? bonded carbon, as ascertained by the appearance of dark graphite-
looking carbon in the images and the presence in the spectra of the characteristic 1332 cm™
diamond peak and a broad distribution of features from the zero-phonon line to ~1600 cm™. Many
laser parameters investigated with the pcCVD diamond did not result in graphite-like peaks in the
spectra but did yield an increased luminescence continuum starting from ~1700 cm™2, although

graphite-like discoloration was observed in the microscope images.

For sample 2, a general trend between the laser treatment energy, as well as a larger number
of laser pulses per Az, and the graphite-like to diamond peak intensity ratio was observed.
However, the polycrystalline nature of sample 1 suggests that a higher rate of conversion from sp®
to sp? bonded carbon should occur for the same processing parameters as sample 2, but this result

was not observed.

During deep reactive ion etching (DRIE), the opposite trend from the Raman analysis
was observed for sample 2, where a higher number of pulses per Az results in a lower etch rate in
scCVD diamond. The Raman spectra of array 1 showed the expected material conversion, while
array 2 demonstrated a strong level of luminescence. The source of the luminescence was
seemingly also the source of the reduced etch rate. Regardless of the Raman spectra, it was
observed that the relative etch rate of the laser-treated columns in both polycrystalline and
single-crystal diamond was significantly faster than the etch rate of the bulk diamond material,
where diamond etches at a rate of no more than a few hundred nanometers per minute [47-50].
Therefore, with a suitable hard mask to protect the diamond substrate, etch rates of laser-treated
columns may be as high as 2 um/min, sufficient to create TDVs in a reasonable timeframe for a
variety of applications.
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Chapter 3: Realization of Through-Diamond Via Metal Electrodes for 3D Diamond

Radiation Detectors

Summary

In order to create TDVs in CVD diamond plates, deep reactive ion etching (DRIE)
techniques similar to those employed in the silicon industry for creating through-silicon vias
(TSVs) were utilized. Two different diamonds, one optical-grade and one detector-grade, were
used to establish a repeatable process for etching holes completely through the diamonds. A
stainless steel (SS) foil was found to be an effective and robust etching mask for the creation of
TDVs of a maximum aspect ratio of 5.0. Electroplating was used to fill the vias with a highly
conductive chromium metal. The TDVs were connected with interdigitated strips on the surface
of the diamond, establishing for the first time a 3D diamond radiation detector with fully metal

electrodes.

3.1.1 DRIE of Silicon

DRIE of silicon for TSV fabrication utilizes a plasma etching process in which fluorine
radicals chemically interact with the surface of the silicon forming a volatile reactant gas of

silicon tetrafluoride. This reaction is shown below.

Si + 4F* > SiF, (6)

F* indicates the fluorine radical. In the silicon dry etching process, fluorine ions are created by
introducing a fluorinated reactant gas (e.g. sulfur hexafluoride, carbon tetrafluoride, xenon

difluoride, etc.) into an evacuated reaction chamber where a high frequency AC current is
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directed through water-cooled induction coils wrapped around the gas inlet portion of the
vacuum chamber. The resulting oscillating magnetic field dissociates SFe molecules into a
multitude of SFex Species, sulfur compounds, and fluorine atoms and radicals [51]. A separate
AC bias potential is applied to the electrode on which the silicon wafer rests, providing an
electric field that directs positive ions into the surface of the silicon. A schematic of the

inductively-coupled plasma reactive ion etching tool is shown in Figure 17.
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Figure 17: Schematic of the Oxford Plasmalab 100 ICP/RIE etch chamber [52]
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Once the fluorine ions are created, several sequential steps must occur in order for the

chemical reaction with silicon to take place:

=

The SFe reactant gas adsorb onto the silicon surface.

2. The gas is dissociated into fluorine atoms, which are radicalized by the energy of
incoming ions and secondary electron creation.

Fluorine radicals react with silicon to form SiFa.

4. SiF4 desorbs off the silicon surface and is pumped out of the system.

w
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Furthermore, during a DRIE process, several different etching mechanisms can take place. These

are shown in Figure 18.
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Figure 18: Different etch mechanisms of dry etching [53]

Sputter etching is the result of elastic collisions between incident ions and the substrate surface.
If the energy of an incoming ion is greater than the binding energy of the substrate surface atoms,
then the surface atoms are ejected away from the surface, resulting in an anisotropic etch profile.
In a chemical etch process, such as that described in Equation 1, radicals react with the substrate
surface at an equal rate in all directions, producing an isotropic etch profile. In ion accelerated
ion-assisted etching, the accelerated ions sputter etch the substrate surface while also increasing
the effectiveness of the chemical etch process. This is because the high energy ions enhance the
radical adsorption and dissociation steps, increase the formation rate of reaction products by

supplying energy to the surface, and/or increase the desorption rate of reactant molecules [54-
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56]. The overall effect is an increased etch rate of the substrate surface and a more anisotropic

etch profile.

DRIE in silicon is made possible through sidewall-protected ion-assisted etching. As
previously mentioned, the chemical reaction in Equation 1 produces an isotropic etch profile. In
order to etch truly deep (etch depths greater than tens of micrometers) features into silicon, a
sophisticated process was created by the German company Robert Bosch GmbH [57]. In the
famous Bosch Process, subsequent steps of isotropic etching of silicon and passivation of the
etched sidewalls are repeated to create a “scalloped” etch profile that is highly anisotropic. The

Bosch process typically produces sidewalls similar to those shown in Figure 19.

(b)
Figure 19: Typical scalloped sidewall profile of the Bosch etch process [58]

3.1.2 Silicon DRIE Masks

In an ideal dry etching process, exposed regions of the substrate are etched, while regions
covered by a less reactive material, often called a mask, remain unaffected. However, due to the
aggressive nature of the plasma etching environment, etch masks must be very carefully selected
for each etching application in order to maintain fidelity of the pattern transferred to the

substrate. The selectivity of a mask is the most important parameter and is defined as the
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substrate etch rate divided by the mask etch rate. Typical mask selectivities for silicon DRIE
masks are around 75-100:1 for photoresists, 150-200:1 for silicon dioxide, and >5000:1 for

aluminum oxide films [59].

3.2 Literature Review of Diamond Dry Etching

Reactive ion etching (RIE) of diamond has been researched for a number of different
applications, including creation of AFM tips [60], fabrication of microelectromechanical
structures (MEMS) [61], and diamond radiation detector fabrication [62]. Typical RIE of
diamond utilizes oxygen as the chemical etch gas, and heavier gases are added to induce
accelerated ion-assisted etching to increase the etch rate. The diamond dry etching reaction
involves the adsorption of oxygen radicals onto the diamond surface where carbon monoxide or

dioxide is formed [63]. This reaction is shown below.

C+0"-Co ©)

During diamond RIE, numerous types of masking materials have been utilized, including
sputtered or evaporated metal films [64-66], sputtered or CVD-grown ceramic films such as
silicon dioxide and aluminum oxide [67, 68], photoresist [69], and spin-on glass [49].
Micromasking, in which the mask is resputtered onto the surface while etching, has been
demonstrated to be an issue during diamond etching due to the low pressure and high ion energy
etch environment. While a significant amount of research has been undertaken on the dry etching

of diamond, the creation of TDVs in diamonds thicker than 50 pum has yet to be achieved.

The first RIE of diamond was reported by Sandhu et al. in 1989 when they used argon,
hydrogen, and oxygen to etch thin carbon films and natural type Ila diamonds. Etch rates of 56

nm/min and 35 nm/min were achieved for the carbon films and diamonds, respectively [70].
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Later, Ando et al. fabricated arrays of high aspect ratio (height to diameter of 8) cylindrical
microstructures with an average height of 22.5 um into HPHT, type Ib diamonds covered with a
patterned aluminum mask. The diamond surface features were etched with an average material
removal rate of 158 nm/min using a mixture of CF4 and O gases while also achieving a
selectivity of 20 to the Al mask [66]. This work demonstrated that highly anisotropic
microstructures can be etched into the surface of diamond with high fidelity. Hwang et al. also
utilized an aluminum mask to protect HPHT diamonds during the etching of various
microstructures. Argon and oxygen gases at a 1:3 ratio were used to obtain an etch rate of 666
nm/min with a selectivity of 50 to the aluminum mask [65]. While a very high Al mask etch
selectivity was demonstrated, total etch time was only five minutes. The aluminum mask would

have likely eroded during longer etch times due to the sputtering of oxidized aluminum.

More recently in 2013, optical gratings 4.7 um deep were etched into both polycrystalline
and single crystal diamond at a surface etch rate of 170 nm/min by Forsberg et al. However, the
etch rate decreased to 75 nm/min at the bottom of the trench, demonstrating that the effect of
ARDE is present in diamond etching. An aluminum mask was used, although it eroded before
the target depth of 13.7 um [48]. This work provides insight into exactly how difficult RIE of
diamond can be due to the lack of a highly durable etch mask that is easily micropatterned. In
2016, the first mask with high selectivity in deep RIE of diamond was reported by Yunata and
Aizawa during the microgrooving of CVD diamond coatings on WC(Co) substrates. The average
etching rate obtained was 167 nm/min, and a depth of 19 um was achieved using a 50 pum thick
SS foil mask [71]. While the authors did not mention the selectivity of the foil mask, it is

encouraging that the SS survived for 113 minutes of high density plasma etching.

33



3.3 Literature Review of 3D Diamond Detectors

The first three-dimensional diamond detector to be fabricated was reported on by Oh et al
in 2013 [43]. Graphitic wire electrodes were created through the bulk of a 500 pm thick diamond
using a nitrogen laser with 3 nanosecond pulse durations. The electrodes were connected by
evaporated aluminum strips on the diamond surface. A picture of the detector is shown in Figure

20.

Figure 20: 3D diamond detector with graphitic wire electrodes [43]

Electric current generated by 15 keV X-Rays was measured between the interdigitated Al strips
in the region ascribed by the white box in Figure 20. More rigorous testing of 3D diamond
detectors fabricated through laser machining was conducted by Bachmair et al. who tested a

device in a 120 GeV proton beam [72]. A direct comparison of the 3D diamond’s performance to
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a planar diamond detector was accomplished by creating both planar and 3D graphitic electrodes
on the same sample. The 3D device architecture collected a similar amount of charge to the

planar electrode geometry, as shown in Figure 21.
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Figure 21: Response of 3D and planar geometry to 120 GeV proton irradiation [72]

Finally, the radiation hardness of the 3D electrode geometry in polycrystalline diamond detectors
has recently been studied by Lagomarsino et al. It was demonstrated that after neutron irradiation
3D diamond detectors collected an average of three times more charge relative to the planar
diamond detectors [73]. The degradation of CCE in both diamond electrode geometries as a

function of 1 MeV neutron equivalent fluence is shown in Figure 22.
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Figure 22: CCE as a function of 1 MeV equivalent neutron fluence [73]

Clearly the 3D electrode geometry increased the amount of charge that was collected even at

high neutron fluences.
3.4 Creation of a 3D Diamond Radiation Detector with Metal Electrodes

While the graphitic wires created by femtosecond-pulsed laser machining for current 3D
diamond are a proven working technology, there exists room for improvement concerning device
throughput and the conductivity of the readout electrodes. The throughput of the graphitic wire
manufacturing process is inherently low, since each graphite channel must be laser treated
individually to convert the carbon sp® bonds to sp? bonds. Raman spectroscopy of the processed
regions has shown that the phase transformation is not 100% efficient [41]. The resulting
graphite has a resistivity that is still roughly three orders of magnitude higher than crystalline
graphite [41, 43]. In 3D diamond detectors, increased resistance between the detector and the
preamplification stage results in Johnson noise, decreasing the signal-to-noise (S/N) ratio of the
detector. Furthermore, the greater resistance of the graphite wires reduces the speed at which

charge can be readout from the detectors. A 3D diamond detector with TDVs composed of metal
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electrodes could exhibit drastically reduced charge readout time and enhanced S/N performance

compared to 3D diamond detectors containing graphitic electrodes.

In order to create high aspect ratio TDVs in diamond plates that are sufficiently thick for
high energy particle detection, DRIE similar to that performed in the TSV industry was
performed on two single crystal diamond plates. The properties of the diamonds used to test the

feasibility of creating TDVs in thick diamond plates are shown in Table 4.

Table 4: Properties of Diamonds used for TDV creation

Sample Name Dimensions  Classification Manufacturer
(mm°)

Beta 3.0x3.0x0.3  Type Ib; Optical Grade Scio Diamond

Alpha 2.0x2.0x0.3 Type lla; Electronic Grade Element Six

First, to determine the etching parameters that yield the highest etch rate during diamond
DRIE, a parametric study was conducted of the diamond material removal rate as a function of
chamber pressure, RF power, and argon to oxygen inlet gas ratio. All etching is performed in an
Oxford Plasmalab 100 ICP-RIE tool (discussed in Section 3.1.1) on type Ib, single crystal
3.0x3.0x1.2 mm? diamond substrates with half of the diamond surface masked with Kapton tape.
The step height between the masked and unmasked region was determined using a KLA-Tencor
P-6 stylus profilometer. The samples were profiled in three locations across the step in order to
calculate the variance of the step height and associated etch rate. Chamber pressure largely
dictates the regime of etching (i.e. chemical or ion-assisted etching) because lower etching
pressures (<10 mTorr) result in increased average ion energies and mean free paths and a highly
anisotropic etch profile. At higher pressures, the higher concentration of atoms in the system

induces scattering among species in the system, resulting in reduced ion energies and mean free
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paths and producing a more isotropic etch profile. For these reasons, the effect of chamber
pressure on the diamond etch rate was first to be analyzed. The ICP-RIE parameters other than

chamber pressure were kept constant and are listed in Table 5.

Table 5: Base DRIE Parameters for Diamond Etch Rate Parametric

Study
ICP Power RF Power O Flow Rate Table He
(Watts) (Watts) (sccm) Temperature Backing
(°C) Pressure
(Torr)
2000 150 50 20 5.0

The ICP-RIE etches were performed for 5 minutes each at chamber pressures of 1, 3, 5, 10, 20,
40, 60, and 80 mTorr. The resulting diamond etch rate as a function of chamber pressure is

shown in Figure 23.
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Figure 23: Diamond etch rate as a function of chamber pressure
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The diamond etch rate is clearly higher at lower pressures, reaching a maximum of 160 + 6
nm/min at 3 mTorr. Since the material removal rate of diamond is greater at lower pressures, the
diamond etching process is induced by the ion-assisted chemical etching of carbon by oxygen
radicals. In ion-assisted-etching, the increased surface temperature caused by kinetic energy
transfer from heavy argon ions enhances reaction product desorption. Furthermore, the surface
area of the region being etched is increased because heavy ion bombardment roughens the

surface.

Next, the effect of RF power on the diamond etch rate was studied. Higher RF powers
increase the electric potential that drives ions into the diamond surface. This potential of negative
polarity is the called the DC table bias and is a result of electrons in the plasma being much more
mobile than positive ions. Since diamond etching is an accelerated ion-assisted process, logic
would follow that the etch rate should be higher with increasing impinging ion energies. This

logic is valid and is proved by the results of Figure 24.
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Figure 24: Diamond etch rate as a function of RF power
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At 5 mTorr and an RF power of 300 Watts, a maximum etch rate of 217 £ 2.7 nm/min is
achieved. Higher RF powers increase the diamond etch rate due to the higher energy of oxygen
ions bombarding the diamond surface. Average ion energies were increased at large RF table
power levels due to the increased DC bias. The last parametric study performed was on the effect
of adding a small amount of argon gas to potentially increase the etch rate through heavier ion
bombardment. The results showed an increase in diamond etch rate at argon concentrations up

15%; further increasing the argon decreased the etch rate as shown in Figure 25.
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Figure 25: Diamond etch rate as a function of argon gas percentage

A maximum diamond etch rate of 179 +2 nm/min was achieved with 15% argon, 85% oxygen,
an RF power of 100 Watts, and a chamber pressure of 3 mTorr. Introducing argon, which is 2.5
times heavier than oxygen, to the gas mix further increases the average ion energy impinging
upon the diamond surface. While adding a small amount of argon increases the diamond etch

rate, too much argon will negatively affect the etch rate. This is because the dry etching of
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diamond is driven by the reaction in Equation 1. Once the concentration of oxygen gas drops,
due to replacing Oz with Ar, the rate of the diamond chemical etch mechanism begins to

diminish as the average oxygen radical concentration drops.

3.4.1 Diamond DRIE Etch Mask

Since the dry etching of diamond has been demonstrated to be an accelerated ion-
assisted etching process, a robust mask that can survive tens of hours of energetic ion
bombardment had to be engineered. As discussed in Section 1.3.2, an etch mask composed of a
SS foil has shown the highest etch selectivity for DRIE of diamond. However, standard dry
etching processes cannot etch SS foil, due to the highly-alloyed composition of the steel matrix.
Wet etching of SS foils with high fidelity patterns is possible using standard photolithography
and etching in ferric chloride. The resulting etch profile is isotropic, which limits the height to

diameter ratio that can etched into the foil.

A unique solution to this problem was found in a technique called electrical discharge
machining (EDM). During EDM of a foil or other geometry, a dielectric fluid is placed between
the EDM tool wire and the foil surface. The high electric field and rapid discharge of current
between the EDM wire and the surface to be machined causes the dielectric to break down,
which allows the current to “spark erode” the surface. Once the pulse of current has ended, the
dielectric fluid flows into the machined area carrying away ablated material. Because the size of
EDM tool wire tips can vary from tens to hundreds of microns, the process is highly versatile. To
test the feasibility of utilizing the EDM process to manufacture diamond DRIE etch masks, a 4x4
array of 100 um diameter circles spaced 500 pum apart was machined into a 50 um thick SS foil.

A micrograph of the foil mask is shown in Figure 26.
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Figure 26: Optical micrograph of SS mask used for DRIE of sample Beta

The dimensions of the foil were designed to fully cover diamond sample Beta and were
approximately 5 mm wide by 8 mm long. Alignment of the foil and sample Beta was
accomplished using a microscope with backside illumination, and photoresist was used secured
Beta to the foil, and the photoresist was hardened for 1 minute at 100°C while applying pressure
to the foil-diamond stack to minimize the gap between the two. Photoresist was chosen as the

preferred adhesive because it is easy to apply and is readily removed in oxygen plasma.

3.4.2 Etching High Aspect Ratio Diamond Microchannels

In the Oxford Plasmalab 100 system at the Center for Nanophase Materials Sciences
(CNMS) at the Oak Ridge National Laboratory, only 4-inch diameter substrates (generally
silicon wafers) can be loaded into the chamber. Thus, sample Beta was attached to a 4-inch
silicon wafer using thermally conductive Krytox vacuum grease. Multiple etch sessions were
utilized to etch sample Beta followed by depth profiling to establish a representative etch rate.

The ICP-RIE parameters used to etch Beta during the first etch session are shown in Table 6.
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Table 6: DRIE parameters used to etch sample Beta after attaching the mask for the

first time
ICP Power RF Power  Chamber O2 Flow Table He Backing
(Watts) (Watts) Pressure Rate Temperature Pressure
(mTorr) (sccm) (°C) (Torr)
3000 100 10 80 20 5.0

After etching sample Beta for 135 minutes, the SS foil mask fell off while examining the depth
of the holes and the condition of the mask. Due to the extreme depth of the etch pit and the
increased surface roughness of the surface at the bottom of the pit, very little light was reflected
out the holes during optical microscopy, making it impossible to estimate the hole depth using
this method. The SS foil mask was measured using a micrometer to be around 49 pum. Since the
foil thickness had not decreased more than 1 pm, it was determined to be a suitable mask for

DRIE of diamond.

To resume etching of the diamond the SS foil was reattached to sample Beta using
photoresist. However, alignment of the 4x4 array of holes in the foil to the holes already etched
into the diamond surface proved to be quite difficult. Thus, a new set of holes was etched using

slightly different DRIE parameters, as shown in Table 7.

Table 7: DRIE parameters used to etch sample Beta after attaching the mask for the second
time

ICP Power RF Power  Chamber O2 Flow Ar Flow Table He
(Watts) (Watts) Pressure Rate Rate Temperature  Backing
(mTorr) (sccm) (sccm) (°C) Pressure
(Torr)
2800 150 10 100 10 20 5.0
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Argon was added to gas mix, as well as increasing the RF power, in an attempt to increase the
etch rate. The total ICP power level was decreased at request of the Staff scientists at CNMS,

since the ICP generator should not be continuously operated at its maximum output at 3 kW.

Sample Beta was etched for 1,265 minutes, or about 21 hours, before the SS foil was
removed to determine the depth of the holes. Before examining the diamond under the optical
microscope, a 100 nm layer of chromium metal was sputtered onto the surface and into the holes
of sample Beta. This was done to provide a more reflective surface at the bottom of the holes for
optical microscope viewing. As is shown in the optical micrograph in Figure 27, the deposited

chromium metal proved very useful for imaging the bottom of the etched holes.

Utilizing the height scale on the optical microscope’s stage, it was estimated that the first
and second etch hole depths were about 20 um and 100 um, respectively. The average etch rate
for each etch session was calculated to be 133 nm/min and 79.1 nm/min, respectively.
Comparing to the etch rates determined in Section 3.4.1.1, the average etch rate to obtain
significantly deep etch holes in diamond is much lower than the etch rate at the surface. This
effect, called aspect ratio dependent etching, is commonly observed in DRIE of silicon and is
primarily due to the reduced ion flux at the bottom of the etch hole. At this point, a Zeiss Merlin
scanning electron microscope (SEM) was used to image the surface of sample Beta. The holes in
Beta were imaged at incident electron angles of 0° and 30° to estimate the depth. SEM
micrographs of the 20 um holes in sample Beta are shown in Figure 28. Using the formula
d=h/sin(90°-0), where d is the hole depth, h is the height measured at an incident electron angle
of 0, the depths of the holes are estimated to be around 20 um, verifying the depth estimated

using the microscope stage height scale.
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(b) (©)
Figure 27: (a) Surface of sample Beta after Cr deposition, (b) bottom of 20 um deep hole created
during the first etch, and (c) bottom of 100 pum hole created during the second etch

Unfortunately, this depth estimation technique could not be utilized on the deeper holes because
the bottoms of the holes were not visible when the sample stage was tilted. SEM micrographs of
the entire surface of sample Beta and of the 100 um deep holes are shown in Figure 29. The
bottoms of the holes were imaged to determine if the etch profile was truly anisotropic as the
depth increases. Since the diameter does not decrease from the top to the bottom of the hole, the

etch was determined to be truly anisotropic.

(b)
Figure 28: SEM micrograph measuring the (a) width and (b) height of one etch hole in sample
Beta

45



h

100 pm EHT = 3.00 kV Signal A = InLens Date :6 May 2016 OAK RIDGE

‘National Laboratary
WD = 74 mm Mag= 107 X StageatT= 300" CENTER FOF NANOPRASE
MATERIALS SCIENCES

- L h - 00 Tkl
WDs 7zmm  Mags 224KX Stge 7= 00 F Mag= 207KX Stage 7= 300 ms

(b) | (©
Figure 29: SEM micrograph of (a) the entire surface of sample Beta, (b) bottom of the indicated
hole, and (c) a tilted image of the indicated hole

=3 G -t
EWTS 300KV SgnalAsilem  Due s May 2015 Sionml 4= SEZ Oue stey 2016 HOAK RIDGE

46



Sample Beta was flipped over at this point in order to etch the sample bulk with no mask. After
10 hours of thinning in the ICP-RIE plasma, the deeper holes had become exposed from the back
side of the diamond, creating TDVs with an aspect ratio of 1.0 in a 100 um thick diamond. The
TDVs in sample Beta with topside (a) and backside (b) microscope illumination are shown in

Figure 30.

(@) (b)
Figure 30: (a) Topside microscope illumination and (b) backside microscope illumination of
TDVs in sample Beta

Although thinning diamonds using strictly dry etching can be effective, one negative effect of
this method is a drastic increase in surface roughness. The as-received average surface
roughness, Ra, of sample Beta was around 30 nm. After thinning the diamond in high energy
oxygen and argon plasma, the Ra value increased to around 1.5 um. This extreme increase in

surface roughness on the backside of sample Beta is shown in the micrographs in Figure 31.
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Figure 31: SEM micrograph of the entire surface of sample Beta at various magnifications

The needle-like structures were the result of the extreme etching environment experienced at the
surface of the diamond. Using energy dispersive x-ray spectroscopy (EDS), the elemental
composition of the needles was analyzed to confirm that the microstructures were indeed
carbonaceous, rather than resputtered silicon dioxide or aluminum oxide. The EDS spectrum of
the carbon needles is shown in Figure 32. Oxides of silicon and aluminum were present (likely
from alumina-masked silicon etching routinely performed in the chamber), but it was clear that
the needles were composed of carbon. It was likely that the micromasking of sputtered oxides
contributed to the creation of these microstructures and the overall increase in the surface

roughness of diamonds thinned using ICP-RIE.
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Figure 32: SEM EDS spectrum with the carbon K-edge X-ray emission sites highlighted in
purple

With the success of TDV creation in a type 1b diamond, it was time to test the process on
an electronic grade, type lla diamond: sample Alpha. In order to fabricate a new SS mask, EDM
was again used to make another 4x4 array of holes in a 50 um thick foil. The holes were 30 um
in diameter and were equally spaced at a distance of 100 um. An optical micrograph of the SS
foil mask is shown in Figure 33. Sample Alpha and the new foil mask were attached to each
other and to a silicon carrier wafer in the same method as described in Section 4.1.2. For the first

325 minutes (5.4 hours) of etching, the DRIE parameters listed in Table 8 were used.
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Figure 33: Optical micrograph of SS mask used for DRIE of sample Alpha

Sample Alpha and the new foil mask were attached to each other and to a silicon carrier wafer in
the same method as described in Section 4.1.2. For the first 325 minutes (5.4 hours) of etching,

the DRIE parameters listed in Table 8 were used.

Table 8: DRIE parameters used to etch sample Beta after attaching the mask for
the second time

ICP Power RFPower Chamber O Flow Table He Backing

(Watts) (Watts) Pressure Rate  Temperature  Pressure
(mTorr) (sccm) (°C) (Torr)
2800 100 1 20 20 5.0

After 5.4 hours of etching, the ICP power level was reduced to 2 kW at the request of CNMS
staff scientists. Due to the unusually long processing times required, the diamond etching was
beginning to take a toll on the Oxford Plasmalab 100 ICP-RIE tool. After 12.5 total hours of
etching sample Alpha, the pressure was increased to 5 mTorr due to a plasma instability at 1
mTorr. After 19.8 total hours of etching, argon at 5 sccm was added to the gas mix, and the
pressure was decreased to 3 mTorr. This was done to increase the anisotropic nature of the etch
profile, which was determined under an optical microscope to be somewhat tapered. Finally,

after 24.7 total hours of sample etching, the sample was removed from the silicon wafer and the
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foil mask was taken off the diamond. Alpha was then imaged in the same Zeiss Merlin SEM as

Beta. The micrographs of sample Alpha are shown in Figure 34.

Figure 34: SEM micrographs of (a) the etched holes and (b) the measurement of one hole width
in sample Alpha

It can be seen in Figure 34 that only 13 of the 16 holes have etched into the surface of Alpha,
likely due to a very thin layer of the SS mask remaining that was not seen before the mask was
attached. The holes have an average diameter of 31 micrometers. At this point, sample Alpha
was flipped over and thinned using ICP-RIE, which took an additional 20 hours. As with sample
Beta, significant roughening of the back side of the diamond was observed after plasma thinning.
At this point the holes penetrated the entire 150 um thick electronic-grade diamond. An average
etch rate of 101 nm/min was achieved during TDV etching with a final aspect ratio of 5.0. An
optical micrograph of the 31 um diameter TDVs through the 150 um remaining thickness of
sample Alpha is shown in Figure 35. A micrograph of sample Alpha with backside illumination
is shown in Figure 36. The increase in surface roughness on the back side of the diamond is

apparent as the diamond is no longer transparent.
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Figure 35: Optical micrograph of (a) the entire sample surface and (b) the region with etched
TDVs
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Figure 36: Optical micrograph of TDVs in sample Alpha with backside illumination

3.4.3 Electroplating of TDVs

In order to create metal electrodes in the TDVs, electroplating was chosen as a suitable
deposition process, since high aspect ratio TSVs are regularly filled using copper electroplating
[44, 45]. Chromium metal has been shown to form reliable Ohmic contacts to diamond [74, 75].
Furthermore, chromium has been deposited using electroplating since 1924 [76]. Thus, it was
decided that a hexavalent chromium electrodeposition process was the most likely to succeed in
filling high aspect ratio TDVs with metal. Chromium electroplating relies on the reduction of
Cr%* ions in a chromic acid and sulfuric acid solution through a DC current applied to the anode,

which is also in the solution. Chromium metal is then deposited on the cathode in the solution.
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Before chromium electroplating the diamond samples, circular TSVs, 50 um in diameter,
were etched into 5.0x5.0x0.3 mm?® silicon chips in order to test the electrodeposition process. The
silicon chips were patterned with an 80 nanometer thick chromium metal etch mask prior to
DRIE. Prior to electroplating, organic contaminants were removed by boiling the silicon chip for
15 minutes in a 5:1:1 solution of deionized water, 30% NH4OH, and 30% H»O, at 70°. Bottom-
up electroplating was utilized to fill the TSVs with chromium metal. In bottom-up
electrodeposition, the silicon wafer with through-vias is attached to a metallized silicon wafer
and placed in the electroplating solution. lons in the solution are driven deep into the TSVs by
the applied electric field, where they reduce to metal at the surface of the conductive carrier
wafer. This process repeats itself until the metal deposit is thick enough to fill the empty via. In
order to provide the small silicon chips with a conductive carrier wafer, the chips were attached
to copper printed circuit boards (PCBs) using Kapton tape. The copper PCB is then soldered to a
solid core insulated wire which is attached to a Keithley 2400 SourceMeter DC power supply. A
5.0x5.0x0.3 mm?® silicon chip with 25 pm diameter through-holes is shown on a backside

illuminated microscope in Figure 37.
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Figure 37: Backside illuminated 25 pum diameter TSVs in a 5.0x5.0x0.3 mm Si chip
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A silicon chip before and after electroplating is shown in Figure 38.

Figure 38: Silicon chip with TSVs before and after Cr electroplating

As can be seen, the Kapton tape acts as an effective electrodeposition mask. An optical

micrograph of the electroplated TSV and the copper PCB carrier wafer is shown in Figure 39.

(b)

Figure 39: Optical micrographs of the (a) electroplated TSVs and (b) electroplated PCB carrier
wafer
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Chromium electroplating was conducted at 0.2 A/cm? and 55°C. The chromium metal clearly
penetrates the full thickness of the Si chip. On the PCB carrier wafer, chromium metal nucleation

points are visible where TSVs were present.

Prior to electroplating sample Beta, organic contaminants were removed by boiling
sample Beta at 70°C for 15 minutes in a 5:1:1 solution of deionized water, 30% NH4OH, and
30% H20.. The diamond was then secured to the copper PCB using Kapton tape. Chromium
electroplating was conducted at 0.2 A/cm? and 55°C. An optical micrograph showing

electroplated TDVs in Beta is shown in Figure 40.

Figure 40: Sample Beta with Cr electroplated TDVs

The TDVs penetrated the full thickness of sample Beta and excess chromium metal deposited
around the vias. Using 0.1 um Ra diamond lapping pads, protruding chromium metal was
polished back and planarized with the diamond surface. An optical micrograph of the polished,

electroplated surface of sample Beta is shown in Figure 41.
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Figure 41: Sample Beta after polishing and planarizing the electroplated TDVs

After the success of filling the 25 um diameter TSVs and 100 um diameter TDVs,
electroplating of sample Alpha was attempted. Prior to electroplating, the diamond was cleaned
in the same aforementioned acid bath and was mounted onto a PCB board. The same bottom-up
electroplating methods and conditions as used for filling TDVs in sample Beta were used.
However, after multiple plating attempts, chromium metal was simply not depositing in the
bottom of the holes in sample Alpha. To alleviate this issue, a different electroplating technique
used in high aspect ratio TSV filling was employed. In this method, called conformal
electroplating, a thin metal layer is deposited onto the surface of the diamond and into the open
vias using physical or thermal thin film deposition. This metal layer conducts the applied DC
current and promotes nucleation of the electroplated metal deep within the vias. As is shown in
Figure 42, conformal electroplating also has the advantage of reduced deposition time as the

width of vias is almost always smaller than their height.
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(a) Deposition time = %2 W/ Rate (b) Deposition time = H / Rate
Figure 42: Depiction of (a) bottom-up and (b) conformal electroplating [75]

In order to provide a conductive metal film for conformal electroplating of sample Alpha,
50 nm of chromium followed by 100 nm gold was deposited onto the diamond using DC and RF
sputtering, respectively. The diamond was then attached to the copper-plated PCB using a
conductive aluminum tape in order to establish an electrical connection between the copper
board and the sputtered Cr/Au film within the TDVs. This aluminum tape was then covered with
Kapton tape. An optical micrograph of the sample Alpha after electroplating is shown in Figure

43.
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Figure 43: Optical micrograph of sample Alpha after conformal chromium electroplating

During electroplating, excess chromium metal grew from the TDVs, which was then polished

back using a 0.1 um Ra diamond lapping pad. The metallized and planarized TDVs of chromium

metal are shown in Figure 44.
3.4.4 Detector Fabrication

Before using sample Alpha as an electrical device, the individual TDVs were connected

using an interdigitated metal readout pattern.
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Figure 44: Sample Alpha with Cr metal TDVs
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The readout pattern was designed to accommaodate the successfully electroplated TDVs and was
applied using conventional photolithography techniques. First, a photosensitive chemical
compound, called photoresist, is dispensed onto the surface of the diamond. The photoresist is
distributed in an even layer across the diamond surface by spinning the diamond at 5000 rpm.
After baking the diamond on a hot plate to removal residual solvents in the photoresist, the
photoresist is exposed to ultraviolet (UV) light. A photomask containing the pattern to be
transferred to the diamond prevents the UV light from reaching certain regions of the photoresist.
After developing the photoresist, the area to be metallized is cleared of photoresist, allowing for
metal to be deposited directly onto the diamond surface. Only the metal pattern remains after the
exposed photoresist is removed in a process called liftoff, where the metallized diamond is
placed in a solvent that effectively lifts off the metal while dissolving photoresist under the
metal. In Figure 45, a micrograph of sample Alpha is shown after patterning with a 50

nanometers chromium and 750 nanometers of gold.

Figure 45: Sample Alpha after metallizing with interdigitated readout strips
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In order to reduce the leakage current between the interdigitated surface electrodes and the bulk
chromium TDVs, sample Alpha was annealed at a furnace pressure of 5 Torr in an argon

atmosphere at 850°C for ten minutes.

In order to efficiently utilize the diamond as an electrical device, sample Alpha was
attached to a custom-made PCB which was then housed in an aluminum enclosure with a single
50 Q impedance Bayonet Neill-Concelman (BNC) bulkhead connections. High voltage is
applied through the center pin of the BNC, which is soldered to the PCB pads, to the center
electrodes of the interdigitated readout. The outer electrode is held at ground potential through
electrical connection to the PCB pad and then the outer sheath of BNC bulkhead connector. 25
pm gold wire is wedge bonded from the pads on the PCB and is Kapton taped onto the diamond
surface on either side of the metal readout pattern. Furthermore, the Kapton tape acts to isolate
the alpha particle radiation exposure to the active region of the diamond detector as much as
possible. A picture of sample Alpha electrically and mechanically secured to the PCB board and

aluminum box is shown in Figure 46.

In order to measure the resistance of the 3D diamond device, a Keithley 6487
Picoammeter was connected to the BNC plug, and a DC bias was applied from 0 to 100 Volts in
10 Volts increments, followed by the same measurements at a negative polarity. The current was
allowed to stabilize at each voltage point for two seconds before recording the data. A least
squares fit to the resulting current data was used to calculate the resistance of the diamond in
between the TDV metal electrodes. The current-voltage (I-V) characteristics of sample Alpha are

shown in Figure 47.
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(b)
Figure 46: (a) Aluminum enclosure used to house PCB, (b) solder connection points to the
bulkhead BNC, and (c) gold wire secured to readout electrodes by Kapton tape

In order to measure the resistance of the 3D diamond device, a Keithley 6487
Picoammeter was connected to the BNC plug, and a DC bias was applied from 0 to 100 Volts in
10 Volts increments, followed by the same measurements at a negative polarity. The current was
allowed to stabilize at each voltage point for two seconds before recording the data. A least
squares fit to the resulting current data was used to calculate the resistance of the diamond in
between the TDV metal electrodes. The current-voltage (I-V) characteristics of sample Alpha are

shown in Figure 47.
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Figure 47: 1-V Characteristics of sample Alpha after metallization with the readout pattern

The 1-V measurements demonstrated Ohmic behavior characteristic of a properly metallized

diamond detector. A resistance of 820 £ 40 MQ was calculated from the I-V data.

3.5 3D Diamond Detector Response

In order to study the response of sample Alpha to ionizing radiation, multiple radioactive
sources were utilized. Standard NIM equipment was used to acquire differential pulse height
spectra (DPHS) allowing the CCE of the 3D diamond detector to be estimated. During DPHS
measurements, a charge sensitive preamplifier (CSA) is connected to the diamond detector. A

simplified diagram of a typical CSA is shown in Figure 48.

Cs
Il
i

SENSOR

Figure 48: Schematic of a typical CSA used in radiation detection setup [77]
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The voltage output of a CSA, Vo, is proportional to the amount of charge induced in the diamond

detector Qi and is expressed as the following:

Vout ) % Q(6) = [ iy dt (8)

Electric charge is created when electron-hole pairs are liberated through ionizing radiation
energy interactions. The charges drift in the electric field created by the bias applied to the
diamond detector, inducing a pulse of current ig onto the feedback capacitor Cs of the CSA over
the time t. A feedback resistor Rt is placed in parallel with the feedback capacitor to reset the

output of the CSA. The open-loop gain of the operational amplifier, A, is always very large.

After being amplified by the CSA, the diamond detector signal was directed into an Ortec
572A Shaping Amplifier. Shaping amplifiers provide further gain to the signal, while decreasing
high frequency noise through a low-pass filter. In addition, the detector signal can be further
tailored by the shaping time of the amplifier. The shaping time is related to the band pass
frequency of the amplifier. Thus, selecting a shaping time that minimize electronic noise while
collecting that maximum signal is essential to operating a radiation detector properly. Finally, the
signal was routed to an Ortec ASPEC-927 Multi-Channel Analyzer (MCA) and analog-to-digital
converted (ADC) which was connected to a Windows PC. A diagram of the complete DPHS

experiment chain is shown in Figure 49.
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Figure 49: Diagram of DPHS experimental setup chain

3.5.1 Polyenergetic Neutron Source

In order to test the functionality of sample Alpha as a 3D radiation detector, it was
exposed to an unmoderated, 2 Curie plutonium-beryllium neutron source emitting a broad
spectrum of neutron energies from less than 0.15 eV up to 11 MeV [78, 79]. The primary
interaction mechanism of neutrons in the diamond detector is elastic scattering, where a carbon
nucleus is displaced from its initial lattice site through momentum transferred from the energetic
neutron. Inelastic scattering reactions also take place in the diamond detectors when the incident
neutron energy is greater than 4.8 MeV [80]. These reactions produce charged alpha particles,
which are efficiently detected in the diamond material. An example 2*°Pu/Be neutron spectrum

measured by a planar diamond detector is shown in Figure 50.
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Figure 50: 2%°Pu/Be neutron source measured by planar diamond detector [81]

Due to the small active detection volume of the detector, the higher energy neutron inelastic
scattering interactions were not observed in the spectrum produced by sample Alpha. However,
elastic neutron scattering reactions above the noise floor are clearly observed at less than 1 MeV
and are shown in the DPHS in Figure 51. Using recoiling carbon nuclei produced through

neutron elastic scattering reactions, it was shown that sample Alpha operated successfully as a

3D diamond radiation detector with TDV metal electrodes.

Figure 51: 2°Pu/Be neutron spectrum measured by sample Alpha
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3.5.2 Polyenergetic Alpha Particle Source

The next radiation exposure conducted on sample Alpha was using an Americium-241
smoke detector alpha particle source. This source emits beta particles, x-rays, and alpha particles
with a myriad of alpha energies ranging from 4.758 to 5.546 MeV, according to the National
Nuclear Data Center. However, the probability of emission per decay is less than 0.001% for
most of the energies. The most probable alpha particle energies per decay are 5.443 and 5.486
MeV, which occur 13.1% and 84.8% of the time, respectively. The initial activity of the 2!Am
source used was 1.0 uCi, and the source was placed as close to sample Alpha as possible to
maximize the count rate and minimize charged particle energy loss in the air. In order to provide
an estimation of sample Alpha’s CCE, a silicon charge particle detector was utilized to calibrate
the system. This was accomplished by biasing the Si detector to full CCE while irradiating the
detector with a monoenergetic 21°Po alpha particle source, which produces one 5.304 MeV alpha
particle for every radioactive decay. DPHS obtained using sample Alpha biased at various
electric potentials and a comparison of the 30 V spectrum with the Si calibration spectrum are

shown in Figure 52.

(a) (b)
Figure 52: (a) Electric field-dependent response of sample Alpha to Americium-241
polyenergetic alpha particles and (b) comparison of 3D diamond detector (30 V;45% CCE) to Si
charged particle detector (200 V;100% CCE). All spectra were obtained with a 2-minute live

time.
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The peak centroid reached a maximum of 2.86 MeV at a bias of 200 Volts, achieving a CCE of
52.3% when comparing to the average **Am alpha energy of 5.465 MeV. To estimate the charge
carrier mobility-lifetime product, also called the mu-tau product, the applied bias was increased
until the amount of charge collected saturated. Then using Equation 1 from Section 1.1.2.1 and a
least squares fit, the electron mobility-lifetime product was determined to be (4.93+0.70)x10®
cm?/V. The low CCE and mu-tau products are hypothesized to be effects of the backside
thinning causing microcracking in the diamond bulk. These microcracks decreased the
performance of the single crystal diamond to that of a polycrystalline diamond. However, the 3D
TDVs clearly increased the amount of charge collected relative to a coplanar diamond detector.
Compared to the performance of coplanar diamond detectors with the same electrode spacing of
100 um reported in the literature, sample Alpha achieved a CCE a factor of three higher. In order
to study polarization effects within sample Alpha, a long exposure of alpha irradiation was
conducted over 24 hours with the 3D diamond detector biased the entire time. This DPHS is

shown in Figure 53.

100
80
80
60
50 b iy

P ; xh
40 L Llﬁ .
30 LTT
20 t

10

Counts/(MeV-minute)

0 . . .
0 1 2 3 4 5
Energy [MeV]

Figure 53: Demonstration of lack of polarization after 24 hours of operating at 45 V
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Neither the peak centroid nor the count rate noticeably decreased over the day long

measurement.

3.5.3 Cadmium-109 Source

To verify that the 3D diamond detector could operate as an X-ray detector, a sealed 1*°Cd
source with an initial activity of 351 microCuries was utilized as an X-ray and gamma ray

source. Figure 54 displays the pulse height spectrum produced by sample Alpha when exposed to

a 19°Cd radioactive source.
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Figure 54: Response of the 3D diamond detector to a 1°Cd source

The Compton edge from the 88 keV %°Cd gamma-rays was present at 22 keV. At lesser
energies, the sharp increase in counts is due to the much more intense ~22 keV X-rays, where the
ratio of Compton scattering to photoelectric effect interactions are roughly equal. The 3D

diamond detector performed as expected since the 88 keVV gamma rays were only slightly

attenuated by the 150 pum thick diamond.
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3.5.4 Comparison to Coplanar Diamond Detector

In order to demonstrate that the promising radiation detection response from sample
Alpha is due to the novel TDV Cr metal electrodes, a detector-grade diamond from Element Six
was metallized with the same readout scheme in the same manner as the 3D diamond detector.
The sample was boiled in the same basic acid bath as samples Alpha and Beta to provide a clean
surface for patterning, was rinsed in deionized water, and was blown dry with nitrogen gas. A
brief (3 minute) oxygen plasma exposure at 100W and 60 mTorr in a PlasmaTherm capacitvely-
coupled plasma RIE machine was then used on the diamond sample to further oxidize the
surface. A similar Cr/Au stack of metal was applied via photolithography and magnetron
sputtering, which was followed by annealing in Argon atmosphere at 5 Torr for 850°C for ten
minutes. The sample with the coplanar readout was mounted and wire bonded on a ceramic PCB
board, similar to sample Alpha. Through vias in the PCB were soldered to a bulkhead BNC
connection to provide a connection for the detector bias and output. An aluminum enclosure box
was used to house the diamond detector and PCB. A micrograph of the coplanar diamond

compared to the 3D diamond with TDVs is shown in Figure 55.
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Figure 55: Optical micrograph comparing the (a) planar diamond detector and (b) the 3D
diamond detector
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The contrasting colors of the metal electrodes were due to sample Alpha having a much thicker

layer of gold.

The diamond with the coplanar readout was then connected to the exact same electronic
equipment as that shown in Figure 49 to provide a direct comparison to the performance of
sample Alpha. It should be noted that previous research reported in the literature demonstrated
that coplanar diamond detectors can detect alpha particles with a CCE dependent on the
separation distance of the coplanar electrodes [82, 83]. Furthermore, the studies discussed TCAD
simulations that calculated the depth of the electric field profile to be less than the range of the
alpha particle, demonstrating a need for improving the electric field profile through penetrating
electrodes to obtain higher levels of CCE. The electric field dependent DPHS measurements

obtained from the coplanar diamond is shown in Figure 56.
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Figure 56: Response of coplanar diamond detector with identical readout to 2*Am alpha
particles at biases of 25 V and 250 V
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The low CCE obtained from the coplanar diamond even at higher bias values agreed with CCE
data in the literature. At an applied bias of 250 V, the coplanar diamond detector achieved a CCE
of only 22.3%. The electric field does not penetrate as deep as the alpha particles traverse. It was
evident that the electric field of sample Alpha penetrated much deeper into the diamond surface,
due to the propagation of the applied bias and associated electric field through the diamond bulk.

A comparison of the DPHS obtained from sample Alpha and the coplanar diamond is shown in

Figure 57.
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Figure 57: Comparison of 3D diamond detector (60 V;47.6% CCE) and coplanar diamond
detector (250 V; 22.3% CCE)

The last property of the 3D diamond detector, sample Alpha, that was investigated was
the resistivity of the chromium TDV metal electrodes. A thin layer (~100 nm) of chromium

metal was sputtered onto the surface of the backside of sample Alpha. The detector was then
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placed onto silver epoxy on a microscope slide to establish electrical contact with the vias on the
backside of the diamond. Examination of the front side of the diamond was made possible by
utilizing an electrical characterization probe station with a microscope. Electrical contact to the
TDVs and the silver epoxy was made using tungsten probe tips attached to micromanipulators. A
DC electrical potential from zero to 300 mV was applied in increments of 25 mV to the tungsten
probe tips using a Keithely 6487 Picoammeter. A micrograph of sample Alpha, the tungsten

probe tips, and the silver epoxy is shown in Figure 58, in addition to the acquired I-V curve.
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Figure 58: (a) Micrograph of 3D diamond detector during TDV I-V measurements and (b)
resulting 1-V curve

A least squares fit to the 1-V curve determined that the resistance of the TDVs were 61.4 £ 0.6
mQ. Using the known diameter and thickness of the chromium-filled TDVs, the average

resistivity of the TDVs was calculated to be (2.89+0.03)x10° Q-cm.
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3.9 Conclusions

A novel fabrication process for creating TDVs was demonstrated in one optical-grade
diamond and one electronic-grade diamond. The TDVs had aspect ratios of 1.0 and 5.0,
respectively, and were created by oxygen and argon plasma DRIE of the diamond substrate,
which was masked with a SS foil. EDM had been used to machine a 4x4 grid of 70 um and 30
pm diameter holes in the foil spaced 500 um and 100 um apart for the optical and electronic-
grade diamonds, respectively. Once the TDVs extended the full thickness of the diamond,
chromium electroplating was utilized to fill the holes with a conductive material to create
electrodes. An interdigitated strip pattern was metallized on the electronic-grade diamond’s
surface to connect the plated TDVs. The device was mounted on a PCB in an aluminum
enclosure box and was connected to standard NIM equipment. Alpha and neutron irradiation of
the diamond demonstrated successful device performance of the first-of-a-kind device. A
maximum CCE of 52.3% was achieved during alpha particle detection. Furthermore, the
device’s performance was directly compared to coplanar diamond detector with an identical
metallization scheme. The 3D diamond with electroplated chromium TDVs demonstrated a
factor of three higher CCE than the coplanar diamond detector, exhibiting for the first time a 3D
diamond detector with fully penetrating metal electrodes. The resistivity of the TDVs was

calculated to be (2.89+0.03)x10° Q-cm.

73



Chapter 4: Spatial Response of KSr2ls:Eu 2% Scintillating Crystals to Collimated lonizing

Radiation

Summary

A relatively new scintillation crystal composed of potassium strontium iodide activated
with europium has been explored as a photon radiation detector. KSr2ls:Eu 4% crystals have an
excellent energy resolution of 2.4% at 662 keV, a high light yield of around 94,000
photons/MeV, and demonstrate great proportionality over the energy range of 14 to 1275 keV
[84]. The crystals were grown using the Bridgman technique with a pulling rate of 1 millimeter
per hour and were cooled at a rate of 5°C per hour. A picture of the KSrzls:Eu crystal boule is

shown in Figure 59.

Figure 59: As-grown boule of KSr215:Eu 4% and 1x1 cm cross-sectional piece



The crystals were optically transparent after polishing and were sectioned using a diamond wire
saw. Packaging of a 2.4 cm diameter by 2.1 cm tall KSr2ls:Eu 2% cylinder was conducted by

Agile. A picture of the packaged crystal is shown in Figure 60.

Figure 60: Packaged KSr2ls:Eu crystal

While the scintillation properties of this crystal are promising for gamma ray
spectroscopy, the KSrzls:Eu crystals emit internal background radiation due to the presence of
0K, which could restrict the sensitivity during low-level activity isotope identification. The
internal background spectrum in KSrzls:Eu is that of potassium-40, which has a continuous beta
particle energy spectrum from 560 to 1311 keV emitted 89% of the time and 1461 keVV gamma
ray emitted 11% of the time. Effects of internal background radiation on KSr2l2:Eu crystal have
been investigated by Rust et al. [85]. The measured and simulated internal background spectrum
and a *’Cs differential pulse height spectrum exhibiting excellent energy resolution [86] are

shown in Figure 61.
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Figure 61: Differential pulse height spectra of (a) internal background radiation [85] and (b)

137Cs [86]

In order to determine the percentage of high energy photons stopped and the average
depth of penetration of X-rays in the crystal, the total mass attenuation coefficient of KSrzls:Eu
was calculated. This was accomplished by utilizing the NIST Mass Attenuation Coefficient
database to find the mass attenuation coefficient for the constituent compounds at various photon
energies. The total mass attenuation coefficient was then calculated using the following

relationship:

% = DiW; (E) 8

P/

where w; is the weight fraction of the i'" element and (%) is the mass attenuation coefficient of

1

the i element. The mass attenuation coefficient of KSrzls:Eu as a function of photon energy is

shown in Figure 62.
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Figure 62: Mass attenuation coefficient of KSr215 4% Eu as a function of photon energy

In order examine the uniformity of the scintillator detector response, 88 keV X-rays were
collimated to a spot size of 3.0 mm and were rastered across the entire packaged crystal by
moving the Hamamatsu R6231-100 photomultiplier tube (PMT) and KSrzls:Eu crystal inside a
dark box. The 2-inch-long collimator was constructed by stacking four blocks of SS that were
each 0.5 inches thick, 1.5 inches in width and length, and contained a 2.0 mm hole in the center.
A sealed Cadmium-109 source with an initial activity of 482 microCuries was used as the
interrogating photon source. The %°Cd source was a 1-inch diameter button source with the
radioactive material located in the center 3 mm of the disc. The source was aligned with the
collimation aperture and was attached to the collimator using Kapton tape. In order to reduce the
count rate from scattered X-rays, 9 mm of lead was placed behind, on top, and in front of the

collimator, which was resting on a 2-inch thick lead brick. The sheet in front of the collimator

77



contained a 3.0 mm hole for collimated X-rays to pass through. A picture of the KSrzls:Eu

crystal, SS collimator, and lead shielding inside of the dark box is shown in Figure 63.
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Figure 63: Photograph of the SS collimator, lead shielding, and KSr2I5:Eu crystal in the detector
dark box

Using the linear attenuation coefficient y, it was calculated that 99% of the 88 keV X-Rays were
stopped in the first 2.8 mm of KSrzls:Eu, allowing for near surface probing of the crystal’s

scintillation properties.

At the time of measurements, the total activity of the 482 uCi cadmium-109 source had
been reduced to 351 uCi through radioactive decay. 88 keV photons are only emitted 3.644% of
the time, reducing the effective 88 keV emission rate to 12.8 uCi or 473,000 photons per second.
The count rate of 88 keV photons detected by the crystal was further reduced to about 3 counts
per second by the size of the collimator aperture and the small solid angle induced by the
relatively large source-to-detector distance. In order to measure at least 1000 counts in the 88
keV photopeak, a count time of ten minutes was used for each data point in the spatial response

program. With the crystal diameter of 24 mm, height of 21 mm, and effective spot size of 3 mm,
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a grid of 8x8 scans was conducted to maximize the spatial resolution. A Matlab post-processing
script was written to read and analyze the data and to plot the spatial response data as a function

of crystal height and width. An example DPHS produced by KSrzls:Eu when exposed to the

collimated 1%°Cd source is shown in Figure 64.
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Figure 64: DPHS of KSrls:Eu exposed to a collimated 1%°Cd source; Shaping time of 10 ps

The spatial response of a KSrzls:Eu crystal with regards to peak centroid bin number and
energy resolution at 88 keV is shown in Figure 65. The centroid bin number had an average of
247.2 = 2.6, while the energy resolution had an average of 8.82 + 0.74%. A packaged 2.54 cm
diameter and 2.54 inch tall Srlz:Eu scintillation crystal from CapeSym Technologies was

scanned with the system to compare to the KSrzls:Eu. Figure 66 shows the spatial response of a

packaged Srlz:Eu crystal.
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Figure 65: Spatial response of KSr.ls:Eu with regards to (a) centroid bin number and (b) energy
resolution
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Figure 66: Spatial response of Srlz:Eu with regards to (a) centroid bin number and (b) energy
resolution

The centroid bin number had an average of 105.8 + 3.2, while the energy resolution had an
average of 11.2 + 1.6%. It should be noted that the gain on the shaping amplifier was decreased
by a factor a 2.5 to account for the increased brightness and associated dead time of the Srl2:Eu
crystal. The results of the spatial response mapping indicate that KSrzls:Eu had more uniform

scintillation response and a better energy resolution than Srl>:Eu at 88 keV.
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