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Abstract

Silicon carbide is a material of interest in many ventures as an intriguing semiconducting
material for use as high voltage, high temperature, high power, or high frequency devices.
Silicon carbide is physically extremely tough and durable and is algackemically resistant.

The work presented here details using silicon carf@i@) as the semiconducting
substrate for a higkfficiency neutron detectoiThe work begins with the fabrication of planar
SiC neutron detectors utilizingB as the neutronomversion materialThe SiC substrate was
patterned via photolithography techniques prior to the deposition of an etchant mask. The
following materials were used as etcharask materials; nickel, indiutm oxide, and
aluminum. The SiC devices were @t@a etched using $based gas chemistrieIhe desired
trench profile was 4 microns wide with desired depth between 10 and 20 microns. The
formation of microfeaturewithin the trenchewas observed during several etching trials as well
as the trench pfile narrowing to a point. After etching, titanium/gold contacts were fabricated
using ebeam evaporation and various masking techniques. Next the devices were electrically
tested for leakage current and capacitance. Typical leakage currert@s at 100 V applied
bias with a capacitance of <10 pF. Then the devices were backfillednwithed°B powdet

The backfilled devices were tested with alpha particles, gamma rays, and neutrons. The
neutron sources used wePéCf and the Kansas Stdtmiversity TRIGAReactor diffracted
beamport. The devices proved to have low gamma sensitivity with respect to neutrons. When
the devices were irradiated by hightivity alphaparticlesources, significant charge trapping
and device polarization was olbged.

The initial devices were 1®m x 10mm, but due to complications during the etchant

mask formation, the device size was changedrtorbx 5mm. The 5mm x 5mm devices were



tested for neutron sensitivity using téCf source and the diffractdmbamport. Thermal
neutron efficiency of 2.28+0.031% was measured.

The final SiC wafer was patterned with the top contact and etchant mask. However,
during dicing, the layers delaminated and peeled of the SiC substrate. Substantial efforts were

made tgoattern the remaining partial wafer to little success.
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Chapterl-l nt roducti on

Silicon carbidgSiC) exhibits characteristics that make it an intriguing semiconducting
material for use as high voltage, high temperature, high power, or high frequency d8uites.
physically extremely tough and durable and is also very chemically resistant93rEti8vard
Goodrich Achesomasthefirst to manufacture SiC ipowder form. From there, SiC was mass
produced for use as the abrasive material on grinding wheels and other abrasitheses.
commercial uses ategh-strength items such as higind brake pads, clutches, or ehbed in
bulletproof vest ceramic platgs, 2].

SiC has been intriguing as an electronic material since, ¥88h Henry Round
demonstrated a functioning LED on SiC 3, 4] Jan Anthony Lely first reported the growth of
SIC plateletsn 1955[5]. Thisearly growth progressoon led to the growth of SiC crystal
boules and widespread use of SiC as an electronic material. SaGblasen used to make heat
dissipating substrates for other electronic materials.

In recent years, Si@as been used to fashion power electronics such as Schottky diodes,
field effect transistors (FETS), capacitors, and radiation detectors. Asaatez] SiC
electronic properties give it numerous advantages over more conventional materials such as
silicon or gallium arsenide. With its high voltage breakdown, SiC devices can be operated with
substantially higher operating bias. Due to its excettgrimal characteristics, devices can
function at several hundred degrees Cel@lis

However, due to Si C0s ephyscatcharacterisiics, gisdnness a
extremely challenging material to grow highality single crystal boules. Temperatures during

SiC crystal growth may be over 278D and the SiC source material will actually sublime into



the vapor phase instead ofrffing a melt solution. Extensive work has been conducted in

analyzing the crystal growth processes and holettreduce unintentional dopantghile

i mproving on desirable dopants. With proper
the mint where the materia considered semnsulating versus semiconducting.

The purpose of this project was to creaeitrondetectors from semnsulating SiC
wafers. Theletectors us¥B as the newon conversion material and the SiC substastéhe
charged particle detectors. Toprovedevice performance, the SiC substrate is dryestaksing
plasma etching technique8y etching trenches into the substrate, it is possible to increase a
d e vi c e odetectovefficiendy.|Standard thin filmntechniques such as photolithography,
metal contact formation, device mountiagd wire bonding were used to manufacture the
detectors Detector performance was tested using alpha particle and geagrsaurces.

Neutron sensitivityvas testedisinga 2°Cf sourceand theTRIGA Reactor at Kansas State

University.



Chapter2-Background

Within this chaptey common neutron reactive materialgl be presented. Also
discussed arthe discoveries of silicon carbide, the evolution of the growth processes of silicon
cabi de, si |l i con andanethod fdreplasmaetohing of siligop easbides,
Photolithography techniques and types of photoresist will be discussed. Also the neutron sources

used to test the SiC detectors will be detailed.

2.1 Neutron ReactiveMaterials

Becauseeutrons possess a net charge of zero, they do not interact with their surrounding
medium though coulombic interactiof. Therefore, neutrons will interact with a nucleus of
the surrounding medium and eitherscatteedor be absorbedThe probability that a neutron
will interact per unit path length is representedimtmat er i al 6 s cross secti 0]
material with a high cross section is more likelyrti@ract with a passing neutroWhen a
material has a low cross sectiomeutron is less likely to undergo any interactions within a unit
distance.

To act as a good neutron detecibis important for a material to not only have a
relatively high neutron cross section, butist also produce observable event after interacting
with a neutron Typically,the observable evers the release of charged pelds or
characteristic gamma raySome of thenore commonly used neutron reactive radioisotopes are
3He,5Li, and'®B [7]. The radioisotopéHe has an isotopic naturiabtropic abundance of

0.00014% [8], however, most of th#He gas used in the detector industrprisduced as a



byproductof radioactive tritium decal@]. *He has a cross section of 5333 bdBjs When a

neutron is absorbed by*de nucleus, a triton and a proton are relegBed2.1).
Oem O Eq 21

Natural lithium contains 92.5%.i and 7.5%°Li, the latter of which haa cross section
of 940 larns When a neutron interacts witl{la nucleus, an alpha particle and a triton are

emitted.
L @& 0Q Eq.2.2

The primary neutron converter material used for this work was boron. Natural boron
contains80%'B and 20%4°B. 1%B has a neutron cross section of 3835 bf8hsWhen'’B
absorbs a neutron, it may undergo two different reattianchess seen below in Eq. 2 Bor
both branches, the borondsnverted into a lithium ion and an alpha partjélel0] and have a
combined energy of 2.792 Me\However, he most common reaction (94%gaves the Li atom
in an excited state, which in turn will emiDad80 MeVgamma ray as de-excites which
lowers the kinetic energy of the lithium ion and alpha partidleerefore, the reaction products
from the 6%branch will have greatdinetic energy than the 94% branaaction products
Having greater kinetic energy gives the reatiproducts corresponding greater penetration

ranges.
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2.2 The discovery of Silicon Carbide

In 1893, Edward Goodrich Acheson was the first person to create siicbide in a
laboratory setting. Blname the new materiatarborundumatfter @rbon and aluminavhich he
believed were the constituent componemtisheson determined that loading silica and carbon
into a hightemperature crucible and heating the mixture to ~2@0@ould produce small
silicon carbide crystalsWithin the process chambéhe rough chemical reaction belgtq.

2.4) would occurwith the addition of heat. These resultant crystals could then be processed into
various cutting and abrasion producibe process that he developegferred to aghe Acheson

Process, is still the primary method of creating silicon carfdid2)].

Y Qa5 © "YQECH G Eq.2.4

In 1904,Henri Moissan collected meteorite samples from the Diablo Canyon in Arizona.
Moissanidentified the presenas silicon carbide crystaJsvhich he termed moissanit@hese
meteorite samples were the first naturally occurring SiC s to be observed. Since then,
naturally occurring moissanite hasobeen found in kimberlite and lamprorite samples 12}

In 1907, Henry Round demonstrate8i& lightemitting diode (LED). The LED was
madeby applying 10V across contacts on a SiC crygtdl. Round observedrangeyellow,
and green luminescendijs was the first proof that SiC had potential as a viable electronic

material.



2.3 Growth Processes for Silicon Carbide

Silicon carbide platelets were first growy Lely, via sublimationin 1955[5]. Lely used
a graphite crucible ith an internal SiC crucible. The outer graphite crucible was heated to
~2550°C, which allowed the SiC to sublimate from the hot exterior cylirtddorm crystals on
the cooler internal cylinder.

In 1978, Tairov and Tsvetkdi 3], announced that they had successfully used seeded
sublimation growth to grow bulk crystalBigure2-1) and were the first to gw single crystal
ingots For seeded sublimation growth, it is first necessary to idemsged crystalith the
desiredcrystal polytype (discussed belpwrhen the seed crystal was placed at the tap of
silicon carbide cylinder whictvasthe same dimeter as the desired final ingot. Neke SiC
cylinder was loaded into an oversized graphite crucible and surrounded kyulnityh
polycrystallineSiC. The crucible was hest so that the seed crystal was the cold zone and the
temperature gradienteéneased across the crucible. Tairov and Tsvetkov reported that they could
successful grow SiC ingots with process temperatures ranginglBOE&C to 2600°C and of
6H, 4H, and 15Rpolytype[13]. Thisgrowth processs known as the modifielely growth
method. Currently, the modifieldely method is almost always used to grow bulk SiC single

crystals[1].



Figure 2-1: Depiction of crucible used to conduct seeded sublimagiomwthfor bulk,
singlecrystal silicon carbidengot 1) Outer graphite crucible 2) Polycrystalli®C bulk
material 3) Inner SiC crucible, also determines demeter of thdinal SiC ingot. 4) Seed
crystal of desired polytype. Reproduced fidin

2.3.1 Silicon Carbide Polytypism

Silicon carbide is very interesting the fact that it has over @known polytype$14].
Polytypism for SiC is defined as Athbe crystal
di mensional ordering sequence$l]. Whatthiomeansiany v a
that SiCconsists of stackeli-layers of silicon and carbonEach silicon atonfiorms covalent
bondswith 4 carbon atoms and likewise, each carbon atom forms covalent bonds with 4 silicon
atoms[14]. In Table2-1, the numeral represents the number daers within one unit cell,
and the crystal lattice order is represented by the C, H, or R. Where C is cubic, H is hexagonal,
and R is rhombohedrallThe most commopolytypes are 3C, 4Hnd6H. 3C has &ubic
crystal orientation and requires threeCSbi-layers per unit cellwhile 4H and 6H are both
hexagonal crystal structuredH has four SC bi-layers and 6H has shi-layersper unit cell

Each bilayer is given a designator such AsB, or C. These designators are used to provide



sequence notation explaining the ordering of thayers. 2H is represented by the repeating

sequence oAB. The sequences for 3CABC, 4H isSABAC, and &1 is ABCACB[1].

Table2-1: Sampleof known SiC polytypd$, 3].

3C 2H 4H 6H 8H 15R 21R 24H
27R 33R 40H 42H 51R 57R 66H 75R
80H 84R 87R 93R 105R 106H 111R 120R
130H 141R 146H 152H 189R 201H 342H 393R

The most common polytypes 3C, 4H, and 6H all have slightly different bandiysgs va

The bandgap of 3C is 2.3¥, 4H is 3.023V, and 6H is 3.2éV [2].

2.3.2 Silicon Carbide Single Crystal Defects

During the growth process, bulk silicon carbide ingots may farous intrinsic defects
such as micropipes, screw dislocatidns|usions or hexagonal pitg3]. Micropipesare
hexagonaltubelike cavities that form parallel to the crystal growth direcfibp They may
have diameters ranging frotime submicron up to 5um. The micropipesreformedas
impurity particles accumulate upon the crystafaee during bulk growth. As each successive
silicon carbide | ayer i s formed, the i mpurity
void region behind, forminthe micropipe. Micropipes may even propagates length of a
crystal bouldg3]. SiC manufacturers are now reportingy micropipe defect per ¢m Screw

dislocationd1, 15, 16]are imperfections that have emged above a crystal plaardmay act as

a nucleation siteThese imperfections will propagate in a direction that is normal to the



origination face. The resultant step will wind around itsdlbwing crystalgrowtii up a spi r al

staircase [15] (seeFigure2-2).
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Figure 2-2: Screw dislocation and resultagpiral staircase opyramidatlike growth
that is normal to the crystal surfag&s].

Also, Si and C inclusions have been observed using Augbssaid]. These inclusions
may form when a large aggregate of source material deposits onto the crystal face during the
sublimation pocess.These large pieces may be carbon wed notfully vaporized or from

impurities in the source material. Also, an inclusion mag $ection otthe SiC boulethat is of



a different polytyper of the same polytype but misented with the main gstal. Grain

boundaries are the interfaceween different polytypes or nagented crystal sections.

2.3.3 Semtinsulating Silicon Carbide

The term seminsulating is used to refer to semiconductor materials with higher
resistivity characteristicgypically greater than 1506cm. In literature the termssemt
insulating and high resistivitgreused interchangeablylhe SiC wafers used for this work had a
resistivity >10 g cm. Semiinsulating silicon carbide (SI SiC) was first realized for 50 mm
diameter, 6H crystals by Hobgood, et. al. in 1fB519]. The crystals wre grown via
physical vapor transport (PVT) with an additional vanadium ddj2&qgt The commercial
graphite used for the crucible is a known source of boron contamimttiory crystal growth
[17]. Nitrogen isalsoa widely recognied process impurity. At the extreme high temperatures
needed to grow SiC crystatsappednitrogen will escape from the actual process equipment and
dope the SiC boulR1]. To counteract these impuritiegnadium acts deep level acceptor to
balancetheimpurities thatverepresent within the source materalthe process equipment
However thevanadiumitself has the downside that it is a source of charge trapping during
signal generatiofil8, 19, 22] This property of vanadium is discussed in greater detail later.
High-purity, semiinsulating silicon carbide (HRSIC) is now being grown. HPSI SiC
does not use vanadium as a deep level acceptor to achieve Hasdating behaviof21, 23]
To achieve semnsulating material without vanadium doping, SiC crystahufacturesely on
afew process changes. The first change is to use a gas such as argon as the chamber gas instead

of nitrogen. The change in ahéier gaseduces the amount of unintentional nitrogeping

10



that occurs. The other change is to rely upon intrinsic point defed¢®p electronic states that
occurnaturallyduring the growth proce$21, 23] Annealing a crystadfter growthcan actually
reduce the number of point defects within that crystal. Howévielhas the undesired effect of

degrading the senmnsulating propertieby reducing the concentration of point defects

2.4 Silicon Carbide Etching

Extensive work has been reported on the etching processes of silicon carbide. Methods
have includd chemic#wet etching, photoelectrochemical etching, as well as plasma etching.

The following sections wilexpoundfurther on each methodology.

2.4.1 Wet Etching

To date, the attempts at finding a feasible method of conductingrwiémical etching
of silicon carbidefeatureshave proven futile Wet etching has been successfully utilized for
identifying crystal defects such as micropipes, screw dislocatgyag) boundaries, or planar
defects. The primary method is molten salt, particularly potassium hydeo(KOH) at elevated
temperatures (above 480) [1, 24].

Some othecommonchemical etchingolutions are listed beloy24];

NaOH KOH KNOs NaNGs PbR KCIOs3

KoSOy NaO2 PbO NaSOy Na:B4O7

11



2.4.2 Photoelectrochemical Etching

An alternative methotbr etching SiC is photoelectrochemical etching (PEC). During
this processa silicon carbide wafer is placed inside of an electrochemical cell filled with an
electrolyte solution consisting of dilute HF mixed wiHb0 and ethanol. The silicon carbide
wafer functions as the anode, while a Pt wire/plate is used asithede The applied voltage is
typically kept below 10/. During the etching process, the working surface of the silicon carbide

wafer maybeexposed to UV light via a filtered Hg arc larf3a].

24.3 Plasma Etching

Dry etching of SiC has been performed in variety of methods. Quality results have been
observed using inductivelgoupledplasma (ICP), reactive ion etching (RIE), magnetron ion
etching (MIE), and electron cyclotron resonance (ECR). In addition to the various system types
employed, numerous gas chemistries have also been studied. Gases including, but not limited to,
fluorine-based chemistries with §FC;Fs, CR, CHFs, NFs, or chlorinebased chemistries such
asBClz andCl,. During plasma etching, theF field within the chamber disassociates the
process gas into radicals such ag &Hree k radicals. These radicals @mact with the Si or C
atomsto form Sik or Ck. Also Ar, Hz, and Q have all been utilized as additive gases during
etching. Theseadditive gases appear to help minimize the roughness of the final features and
minimize the effect of micromaskirdue totheredeposition of etching product®ue to its

extreme chemical resistance, SiC has a slower etching ratsiliban, so it is necessary to

12



employ alternate etchant mask materialem& materials used as the etchaask for plasma

etching SC have ben nickel, aluminum, and indiutm oxide[3, 25-31].

2.5Photolithography

Optical photolithography is thegctice of applying a photosensitifghotoresist)
material acrosthe surface of the working substrafehen the photoresist is patterned by shining
UV light through a photomasinto the photoresistNext, the photoresist is developed, during
which, thephotoresist is removed from select areas of the working substraté. tidegubstrate
is ready for eithechemical etching or metal depositiofihen, the remaining photoresist can be

removed and the wafer clezthfor any following processing.

2.5.1 Photoresist Types

Thetwo basic types of photoresist are positive amehjative When positive photoresist
such aanAZ 1500 seriephotoresists exposed to sufficient UV ligl{Eigure2-3), the exposed
areadbecomes more soluble when submerged within the correct photoresist developer solution.
The developer opens windows within the photoresist, exposing the underlyingteubstia
positive photoresist, there is a direct transfer of the photomask pattern to the phqtimpsist
2-4).

For negative photoresist, such as the AZ nLOF 2@d@s exposure to sufficient UV

light makes the exposed regions of negative photoresist less soluble when dipped into developer.

13



The removal of the unexposed photorelgatisto the opening of windowsTherefore, an
inverse of the photomask image isrfed(Figure2-4).

In addition, there is also the image reversal process that converts positive photoresist to
behave as a negative photoresigo achieve positive inge transfer, its handled the same as a
positive photoresist. However, to achieve an inverse image transfer, it is necessiaigno
additioral baking step after the exposure with the photomask andpréorman additional
flood exposure with no photask After the double exposures, the device is ready for

developing.

UV Light

Photomask

Photoresist

Substrate

Figure 2-3: Depiction of photoresist under exposure, with photomask providing
shadowing of select area$ photoresist

EEPEREPERTIEbEN il Photoresist ESEREEEEES

Substrate

Positive Negative

Figure 2-4: Depicting the differences of how positive and negative photoresist provide
coverage over different regions when exposed using the same photomask.
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2.5.2 Optical Photolithography Exposure

Optical photolithography may be conducted in proximity mode, contact mode, or
projection mode. For proximity mode, there is a small air gap (typicdly4m) present
between the photomask and the photoresist |ayayximity modehas the benefit of no direct
contact between &photoresisand the photomasikyhich prevents photoresist residual from
sticking to the photomaskParticulates or residue on the photomask may actually allow for
contact between the phoésist and the photomask, which may cause the photomask to slightly
flex. If the photomask flexes, there may be slight deviations on the transferred pattern if the
pattern has very small feature resolution (a few microns). Also, the wafer may actallty st
the photomask, whicWill likely damage the photoresist layer and the resultant pattern.
imageof the photoaligner used for this reseaiscehown below irFigure2-5.

For contact mode, the substrate holder is raised until the photoresist is physically pressed
against the photomask and sealed either by pressure or by vaGamact modallows for
improved resolution of the photomask image transkéowever,contact modéeads to greater
particulate and residual transfer between the photomask and the processedlsaferdge
bead may have a sufficiently greater relative height than the photorgsisfdartain samples
were measured with a DAQEK profilometer to have a photoresist layer height ofis¥, while
the height of the edge bead was -28lum) which may prevent proper contact between the
photomask and the top of the photoresist layer athaesentirety of the wafewhichmay cause

a distortion of the transferred pattern

15



During projection mode, the photomask is stepped several times across the working
surface and on each step, a small region or individual device area is exposed. Thssiproce

repeated until the entire working area is exposed.

Figure 2-5: Quintel NXQ 8000 photoaligner, used for all photolithography wiinkias
used in both contact and proximity mdaa] .

2.5.3 Patterning via Photolithography

A primary use for photoresist is &pply and pattern @n substrate for a process step
Usingproper chemicaldhe image can beansferedto the underlying layés) with wet
chemical etchingFigure2-6). Also, photoresist is often used during the dry etching of silicon
(Figure2-7). Alternately, photoresist (typically negative photoresist) may be pattemexp of
alayerand theradditionalmaterialis depositedacross the entire surface. The deposieterial
will adhere to thex@osed windows of the underlyitgyerand coat the top of the photoresist.

When the work piece is submerged into a photoresist remover such asSKipikhematerial

16



on the photoresistomesoff of the underlyindayerwhile thematerialdeposited witn the open
windows remainsDuring plasma etching, the photoressthesat a significantly slower rate

than the exposed silicon areas.

Photoresist |oi-ioi-zec-ze:e Tileliieleietels
Etch Layer N o

Substrate

Wet Etching

>

Figure 2-6: Depicts the usage of photoresist to pattern an underlying layer via chemical
wet etching.

Dry Etching

\

Figure 2-7 Depicts the usage of photolithography and plasma etching to etch features
into a wafer. The photoresist acts as a sacrificial protective layer during the etching process.

Metal

SRR NN ST ;1) Photoresist e = ==

Liftoff

\/

Figure 2-8 Depicts metaliftoff processing where the photoresist is first sputo@n
wafer and then patterned. Next, material may be deposited via methods such as evaporation.
Then, the photoresist ismovedwith solvents and the metal ontop of the photoresist is removed
Leaving behind the metal that deposited directly onto tiiedaying layer.
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Photolithography was used for this project as means to properly pattern both the metal
contact layers and the etchant mask. The two types of photoresist used were AZ 1512 and AZ
2070. The AZ 1512 photoresistagositive type photoresist ahds a typical thickness of 1.2
pm. The thin layer thickness of the AZ 1512 allows for accurate transfer of the photomask
pattern to the photoresist, as well as accurate transfer of the pattern during chemical A&hing.
2070 is a negative photoreswith a typical thickness of @m. The thicker photoresist layer
allows easier access for the Kwitrip chemicals when conducting a liftoff procegsie to
being thicker, there can be significant undercutting of side\latisag the order of a few
microns) which if using to pattern for wet etching may affect the final dimensions of etched

features.

2.6 Neutron Sources

Multiple neutron sources were used for this work, includiftf@f source and the
diffracted beam port dhe Kansas StafERIGA Mark Il NuclearReactor. The K-StateTRIGA
Reactor has an operating license for up to 1.25 @8y, The reactor has various research
capabilities, including, neutron activation analysis, tracer isotope productiod,eainports.
The beamportare as follows2 radial, 1 tangerdl, and 1 fast. As implied by theme, the
radial beamports are situated radially with respect to the reactor core. The radial bearaports
designed to penetrate all of the reactor shielding except fgraiphite reflector. Therefore the
emittedbeam iscompriseddf a wide spectrum of thermal to fast neutrons as well as gamma rays.
A concrete annulus collimator has been inserted wiaharadiabeamport. The upstream

section of the collimator has a sapplhurgstal thajprovides some attenuation of the gammangsr
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and higher energy neutronéfter the collimatorns the diffractometer, made from pyrolytic
graphite crystals. The diffractomet{&igure2-9) is positioned witin the beam so that thermal
neutrons (0.0253eV) are diffracted out of the b¢a4h. A detector instrumentation station is
locatednear the diffracted beam so that detectors can be inserted itbetinal neutrofbeam
for thermal neutron testing. The detectation includeastandard MW bin with various

electronics and a computequipped wittMAESTRO software

ixed Beam
Reactor Core l Diffractometer

Bear{p'ort /:y\

Thermal Detector

Figure 2-9: Depiction of the KStateTRIGAReactorand one radial beamparA mixed
beam of neutrons and gamma rays is passed from thioreawe through a collimatomserted
into the beamport. Then the mixed beam passes through the diffractometer. The thermal
neutrons are diffracted out of the mixed beam. The detector test location is located within the
diffracted thermal neutron beam.

An additional neutron source that was esigely used wa®’Cf. Californiumdecays by
two modes, the primary mode is alpha decay with a branching ratio of ~97%. The secondary
mode isspontaneous fissiomith a branching ratio of ~3%6, 35]. When an atom undergoes
spontaneous fission, the nucleus splits into two fission fragnmentgell as gammiays

Duringtheprocess, usually some number of neutrons are also emitted. Each radidisatope
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undergoes spontaneous fisslas a characteristaverage number of neutrons per fisstment

252Cf has aspontaneous fissidmalf-life of 85.5years ad emits~3.7neutrons per fission event
[36]. A gram of?®2Cf will emit ~2.3 x 162 neutrons per gram per secds8]. The neutrons

that enitted during the fission process are not released with discrete energies like the reaction
products from thé®B or °Li reactiors. hsteadhe neutron®iavean energy value from a
continuum of possible energieAs shown inFigure2-10, theenergydistributionreaches a

maximabelow 1MeV for 2°2Cf.

NI{E)

01 2 3 4 5 B 7 8B 3 10
MEUTRON ENERGY (MaV)

Figure 2-10: Calculated distribution of°’Cf spontaneous fissioreatron energief36] .

252Cf was a very useful neutron source because due to the small amount of actual mass
needed to conduct measuremeritss feasible to use smaéincapsulategortable sources to
conduct benchtop measurements within tiM.8.R.T. Lab facilities. At times, highdensity
polyethylene was placed between €T source and the detector to help soften the emitted

neutrons closer to the thermal region.
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2.7 Laboratories

The majority of this project was conducted within themkas Stat&niversity
S.M.A.R.T. Laboratory Class 100 cleeoom. The cleanroom is a 1,0f®laboratorywhich
contains various processing systesush ashemical benches, photoaligneeamevaporator,
sputtering system, and plasma etchewas designed and ostructed by CleanAir
TechnologiesThe ¢l eanroom6s heating, ventilation, a
to maintainroom temperatures around-80 °F while the relative humidity was kept around 35
45%. All of the lights and windows are coveredth filters that prevent any UV and high
wavelength visible light (blue) fromntering the working aregsrevening any premature
exposure during photoresist workonsequently his filtering gives cleanroonphotos the
yellow/orange appearance.

Work was also conducted within the NanoMaterials and Characterization Lab and the
Cooling and Heating Innovation Lab, both located within the Mechanical and Nuclear
Engineering Department at Kansas State Univer$igutron testing was conducted at the

Kansas &teUniversity TRIGA Mark Il Nuclear Reactor facility.
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Chapter3-Theory

Thin film semiconductor neutron detecttimdve been examined in detdiD]. These
devices are formely applying a neutreneactivematerialthin film (such ag®8 or °Li) to the
surface of a semiconductor detector. When a thermal neutron intgrtictse film, charged
particles areeleased If one of these charged particles enters the detector, it will deposit a
portion of its energy, inducingaurrent upon the detector.
Intrinsic efficiency is defined ake number of neutrons recorded by the detatitaded
by the number of ndtons that entered the detecf8r]. Ther ef or e, a detector o
efficiency is relative to the interaction probability of a neutron within the thin film and

probability that a subsequent charged particle is captured withdetbetor volume.

3.1 Neutron Interaction Probability

As a neutron travels through any given material, it has some likelihood whktiiiteract
in some fashion with the surrounding medjwsuch ascattering or absorption.oTunderstand
neutroninteraction probability, first imagine a mofwrectional, moneenergetic beam of
neutronswith initial intensity of ?(0) (Figure3-1). The beanis normally incidehuponthe
neutron absorbing thin filml°(x) represents thencollidedneutrons or the neutrons thetve
travelledthrough some thicknesswithout any type of interactionNext is(r, whichis the
mat erial 6s mi croscopi c ssettienr Nmnasl tnheeu tartoonmiach sdoer nps

is the materi al Geutromabsorptos caspciioo(Eqt 1lg r ma |
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1(0) Converter
Material

B It)

t
Figure 3-1: Depiction of the attenuation @icident flux through a converter material.

1(0) is the incident beam. I(t) is the portion of the incident beam that has not interacted with the
converter material at some thickness t.

Ow OmnQ ‘0Q Eq. 3.1

Therefore, the pitmability that an interaction does occur is shown in Eq. 3Vheret is

the thin film thickness. The macroscopic cresstion for'%B is approximately 508m.

p — p Q Eq. 3.2

The percentage of incident neutrons that is absorbed represents the absolute, best possible
detection efficiency value for a detector. Howewasrdiscussed belgyust because a neutron is
absorbedit is notguaranted that a signal will be produced \ih the detector. It is also
necessary to determine the probabilitst a reactioparticlefrom the neutron interaction

reaclesthe detector active region.
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3.2 Charged Particle Detection

Once a neutron interacts within the neutron absorbing maiertak case o$low
neutrons antboron or lithium, the reaction particles are emitted with equal and opposite
momentums.As discussed previousliB will releasea helium atom and a lithium atonBy
using apublicly available program called SRIMhe Sbpping and Range of lons in Mattgie
rangeof eachcharged particlean be foundn any material or layers of materias a function of

energy{38]. Theranges of each reaction particle in SiC is showhahble3-1.

Table3-1: Reaction products from boron, with energy, branching ratio, and range of
particle within SiC[39, 40]. Ranges were calculated by TRIMuactionalitywithin SRIM.

Charged Patrticle Energy (MeV) Branching Ratio Range (um)
0.8400 94% 1.58
L
1.015 6% 1.78
1.4 94% 3.36
“He
1.777 6% 4.1

As to be expected the heavier and lower energy Li atoms have lower penetrating ranges
within SiC crystal than the He atoms. It is necessary to account for partickewheg

determining a detectorodos feature size.

3.3 Signal Generation

As a charged padie travels through a material it is slowing down and transferring its

kinetic energy to the surrounding medium. During this transfer of energy, elaci®pairs are
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generated within the substratélectronhole pais areformed when a passing chargeartticle
transfers energy to electrons that subsequently jump from the valence band to the conduction
band[6, 41]. The amount of energy needed to ceearie electroole pair is 3.@V in silicon
[6, 41]and 2.9V in germaniunj4l]. However, fodH SiC, the required energy is abou8
eV per electrorhole pair[1]. In other words, if two identical charged particles were to fully
deposit their kinetienergy into a silicon substrate and a SiuBstrate, the particle traveling
through the silicon substrate would be expected to generate approximately 2.5 times as many
electronhole pairsas the particle traveling through SiC

A basic semiconductatetector desigwith a single crystal semicondoctsubstratéhat
functionsas the detector volumse shown inFigure3-2. There are contacts formed on opposing
faces and a voltage bias is appliedhe contact. This applied voltage bias creates an electric
field across the detector volurttetwill sweep any free space charge out of the detector
volume. Therefore, when a charged particle enterdetector volumand deposits its energy
into thedetector, electroihole pairs are formedr{gure3-3). As these new electrdrole pairs
form, they are subjected to the electric field and will begidrift to ther respectivecontact
(Figure3-4). This motion of the electrons and holedl induce a charge on the contacts. The
measuring circuits are capable of reading this induced charge and forming a signarpulse
further analgis[1, 6, 10, 40, 41] Sgnalsare typically first collecteds apulseby a
preamplifier, therthe signal isneasured as a voltage ags@ capacitor or as direct curtent
Next, the amplified signal could be sent to an oscilloscope for viewing and recording or to a
computer with MAESTRO for spectrum analysis. A sample of amplified signals is shown in

Figure3-5.
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Contact

v

Substrate

N

Contact

Figure 3-2: Basic semiconductor design sketch. The substrate would be comprised of
single crystaksemiconductor material such as Si,,8eSiC. The contacts would be formed on
opposing sides of the crystal and a voltage bias would be applied via the contacts.

V+

Figure 3-3: As a charged particle travels through the detector volunstots down.
While slowing down, electrelnole pairs are generated. The applied bias across the volume will
start drifting the electrons and holes to #ygpropriatecontacts.

V+

Figure 3-4: Electrons and holeare drifting through the detector volume to their
appropriate contacts. This drifting motion induces a charge on the centabts induced
charge is detected by electronics as current and will be seen as a pulse.
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Figure 3-5: Amplified signals recorded with an oscilloscopéhe yaxis is pulse height,
each gradient is 500 mV. Thexis is time, at 2.00 psec per gradient.

3.4 Silicon Carbide Pulse Height

When a charged particle depositsatergy within a substrate and electtarle pairs are
formed, the number of electrdmole pairs depends upon thatsubsatea ct i vataffoon ener
Si Gis BeV) and the amount of energy that the charged padi®sitsn the substrat&.

o

The anount of charge is represented@y Thisrelationship is shown belowin Eq. 3.3 Siai nce U

o

for Si C is about ZforSiittseasier ® rebliaerth@dor any ellemtn t he U

would be correspondingly smallénan if the substrate was. Si

v — Eqg. 3.3
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For a pulse to be counted, the value@anust be greater than tlegquivaleniower level
di scrimination (LLD) wvalwue of the electronics

noise is lower than the generated signals. propertyis known as the signab-noise ratio.

3.4.1 Charge Trapping

Some of the impurities thatay be present within the crystal structure create energy
levels near the middle of thermdgap. These are known as démyelimpurities. As discussed
above onemethod of making silicon carbide pmssessemtinsulating characteristics was
intentiond vanadium doping.The vanadium forms dedpvel energy sites in SiC, near the
middle of the bandgaj21, 23] where it would act as a deep donor or deep acceptor to
compensate for unintentional dopants such as nitrogen. One drawback of intentionally adding
these deep impurities, is that while electrons and holes are drifting through the crystahyhey m
become efdtor ayg t hi n 2@, 23) 42] Sinbedhe pulse heitheis dependent
on themotion of the electrons and holes drifting through the electric galdlectrons or holes
aretrapped, the pulse height will be lowered accordingly. Also, if a sufficient number of traps
are filled, then the detector may become partly polarized dile tibapped space charge. This
polarization will affect the electifield across the detectorhwehwill alsolower the resultant
pulse heights. After some time, the traps will slowly release their traghyedes

The patents discussing the growthvahadiumfree semiinsulating SiC state that the
semtinsulating behaviors due to the presence of potefect related, deegnergy level sites
located near the middle of the band{@p, 23] The process parameters during these SiC crystal

growths are tailored specifically to increase the number of-@sebtraps to achieve the desired
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semtinsulating characteristics. These ddepel sites likely have the same trapping behavior for

drifting electrons and holes, as well as the subsequent reducing of pulse height.

3.5 Thin-Film Detector Efficiency

So, in practice, the intrinsic efficiency of a tiilim device is equal to the number of
events that are recorded divided by the number of particles that passed through the detector. A
few methods may be used to determine the nuimbb&tent particles. ®e i s using a so
known activityand a detectr 6 s known geometry to calculate t
pass through the detector. An example would b
inside of the detector. Another method is to simulate or model the number of emitteégparticl
that will pass through the detector volume. Thithodmay be done as a way to calculate the
resultant spectrum when a moderator material isused tmsofte s our ceds ener gy S
The method primarily used for this reseaicko use a refereealetectothat has well
characterized performancéor this worka ReuterStokes 2-inch diametgr’He detectowas
used The3He detector was previously determined to have an intrinsic thermal neutron
efficiency of 80.7%t0.50%([43]. To use a refrence detector, first conduct a measurement
using the reference detectdrhen determine the actual numbeirafidentparticles by taking
the number of events recor dedknavnimringci vi di ng by
efficiency. Next, swap in the detector to be tested and conduct the desired measurements. Then

the irtrinsic efficiency would be calculated by taking the number of events recorded and divide

by the actual number of particles determined using the reference detector.
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Alternatively, one could take the number of events recorded by the tested detector and
divide by the number of events recorded by the retereletector to determine the tested
detectords relative efficiency. In other wor

efficiency relative tdhe known efficiency ofHe detector

3.6 Thin-Film Detector Design Limitations

Thin-film neutron detectors may have slightly different intrinsic efficiencies due to the
manner in which the detector is irradiated, i.e. frontside or backside irraddjoiio acheve
optimal performance for a thifiim detector it is necessary to find the balance betwten
desires fohigh thermalneutron absorption and high chargeatticle collection. Thidalances
due to the nature of the charged particles having liméades wthin the neutron absorbing
thin-films. When thanteractionoccursnear the boundary between the converter material and
the detector, there is a very large solid angle in which it is possible for one reaction product to
reach the detector (Top @ Figure3-6). As the interaction location moves further away from
the boundary line, the solid angle is correspondingly reduced (MiddleRigaee3-6). If the
converter material is thick artds greater than the range of the most penetrating reaction
product, there is no possibility for an event to be recorded (Bottom case). Herficmtkide
irradiation, while simply adding more converter material will raise the intrinsitrore
absorption of the device. fi&r a certain point, it will begin to lower the intrinsic charge particle
capture of theletector A rule of thumb is that thiickness of the converter material should not

exceed theange of thanost penetrating reaction prodyit0].
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However, for backside irradiation, since the incident flux is always the higttest
boundary between the caenter material and the detector volurties addition oimore converter
materialwill provide small increasgintrinsic detector efficiencwith diminishing returns
Maximum achievable intrinsic thermal neutron efficiencies is abaus% for'°B or °LiF thin

films [10].

Converter Material

Detector
Volume

Figure 3-6: Image ofa thin film device with different possible interaction locations. Top
location has a high probability of generating a signal. Middle location haslaced
probability. Bottom location has no chance due to insufficient range of any reactitbclg &
reach detector volume.
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3.7 Microstructured Detectors

As detailed in other works, the intrinsic efficiency of a detector may be inghvaitie
the formation of &imensional microstructurg¢l39, 4448]. A few commortypesof structures
that have been demonstrated are holes, trenches, and pMiarsstructures are typically
formed via wet or drying etchingechanics These devices are known as microstructured
neutron detectors (MSNDsNext, thestructures are backfilled with converter materag(re
3-7). The structuresllow for an overall increase in the amount of converter material present
without a similar increase in sedttenuation concerns as discussed above. Thereforeasim

the probability that a neutron inteta with the converter material.

Substrate

AN

Converter
Material

/

e—

Figure 3-7: 2-D sketch of a microstructured device, with additional converter material
located within thdeatures.
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Also, the probability that a reaction product enters the detector volume is also changed.
The fact that the structures are within the substrate means that there is active detentsramlu
both sides of the featur@sigure3-8), whichallows for the possibility that both reaction
products may enter the detector volume and deposit energy. The contsinaiorboth
products maké possible to generate signalstthave a higher amplitude thaignals from one
reaction product This combined signainay make the redtant spectra more complicateth a
thin-film detector an interaction may occtinat due to the emission angles one reaction product
may not depossufficient energy to generat signafreater thamhe LLD setting. However,
with microstructures, both particles may enter the detector and deposih energy to generate

a signal over the LLD anckcord a count

)

Figure 3-8: Sketch depicts the increased solid asghewhich reaction products may
enter the detector. Also, shows that it is possible to collect energy from both reaction products
instead of just a singleeactionproduct.

Extensive efforts were put forth into modelingsMD device efficienciewith MCNP

[39, 44, 48, 49] These efforts focused primarily on ustiB, °Li, or °LiF as the neutron
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conversion material. The works also explored several microstructure shapes such as, holes,
pillars, straight trenches, sinusoidal trenches, or chevron trenches. For each conversion material
and shape, various unit cell widths as weliraach/fin ratios were evaluated. Finally, the
efficiencies for increasing trench depths were reported.

For SiC, efficiencies were modeled us#iB as the conversion material with straight
trenches as the microstructure shape. The cell width was dtgppe4 um to 12 um while the
ratio of trench width tdin width was stepped fror@.1to 0.90for each cell width The trench
depths modeled were 10 um, 20 um, 40, and 60 um. The results are tabulatedable 3-2.

It is apparent that there are diminishing returns with respect to increasing overall cell width.
This diminishing returnis due to the overall short ranges of the charged particlestfre boron
reaction. Aghe cell width increases, thesea point where the charged particles no longer
deposit enough energy within the substrate to overcome the LLD. As to be dxpestasing
trench depth will result in aimcreaseof detection #iciency. Also, there must be enough
substrate material remaining ir5&C fin to allow for sufficient slowing down of the charged

particle andhetransfer of energy to the substrate.
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Table3-2: SimulatedSiC microstructured device efficiencies various cell width,
trench and fin widths, as well as trench depths. ditmilationswereconducted using MCNP.

Silicon Carbide MSND Efficiency, Straight Trenches, B-10

/W _Cell Cell width W_Cell (um)
4 6 8 10 12
Trench depth H= 10 um

0.10 3.93% 3.84% 3.73% 3.63% 3.52%
0.20 7.44% 7.04% 6.59% 6.21% 5.83%
0.30 10.51% 9.57% 8.68% 7.80% 6.98%
0.40 13.19% 11.56% 10.05% 8.52% 7.17%
0.50 15.44% 13.00% 10.66% 8.73% 7.51%
0.60 17.35% 13.91% 10.78% 2.04% 7.81%
0.70 18.86% 1423% 11.10% 9.34% 8.11%
0.80 20.04% 14.37% 11.42% 9.67% 8.46%
0.90 10.76% 11.26% 11.60% 2.96% 8.77%

Trench depth H = 20 um

0.10 621% 6.07% 591% 3.74% 3.56%
0.20 11.75% 11.11% 1042% 9.75% 9.12%
0.30 16.61% 15.07% 13.61% 12.10% 10.71%
0.40 20.78% 18.06% 15.54% 12.92% 10.69%
0.50 2426% 20.16% 16.18% 12.93% 10.90%
0.60 27.12% 2129% 16.03% 13.07% 11.05%
0.70 29.32% 21.48% 1621% 13.22% 11.19%
0.80 30.94% 21.38% 16.39% 13.42% 11.42%
0.90 14.89% 15.86% 16.34% 13.56% 11.59%

Trench depth H = 40 um

0.10 8.36% 8.14% 7.89% 7.66% 7.46%
0.20 15.77% 14.86% 13.89% 13.01% 12.14%
0.30 2223% 20.13% 18.09% 16.06% 14.12%
0.40 27.79% 24.08% 20.57% 16.99% 1391%
0.50 32.39% 26.74% 2125% 16.79% 13.99%
0.60 36.11% 28.08% 20.88% 16.81% 14.02%
0.70 38.94% 28.12% 20.91% 16.82% 14.05%
0.80 40.96% 2781% 20.97% 16.89% 14.17%
0.90 18.72% 20.11% 20.72% 16.92% 1421%

Trench depth H = 60 um

0.10 9.08% 8.83% 8.57% 8.33% 8.11%
0.20 17.12% 16.12% 15.07% 14.12% 13.19%
0.30 24.13% 21.84% 19.62% 17.42% 1529%
0.40 30.16% 26.11% 2227% 18.36% 15.02%
0.50 35.14% 28.97% 22.96% 18.08% 15.06%
0.60 39.16% 30.38% 22.52% 18.06% 15.03%
0.70 4220% 30.37% 22.52% 18.03% 15.03%
0.80 4435% 29.99% 22.52% 18.08% 15.11%
0.90 20.00% 21.53% 22.20% 18.06% 15.10%
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3.8 Silicon Carbide Plasma Etching

Plasma etching SiC has been primarily accomplished usiagetyof fluorinebased
gas chemistries. These fluorine gases include ¥z, CR, CHR and CBrk. Less work has
been reported using chlori@sed gas chemistry, primarily just Cl2 gas has been utilized
Variousmethods of plasma etching have alset used, including; reactive ion etching (RIE),
inductively-coupled plasma (ICP), electron cyclotron resonance (ECR), or magnetron ion etching
(MIE) [3, 31, 50] The work presented here employed 8§ the SiC etching gas, within a RIE
ICP plasma etching systeifigure4-7).

As discussed above, SiC is extremely resistant to chemical etdinengfore, most
efforts at creating features within SiC substrates employ plasma etching. When the plasma is
formed wihin the process chamber, various gas radicals are formed from the process)gas (SF
The gas radicals are Bnd Sk. These kradicals are then accelerated into the exposed SiC.
This ion bombardment weakens theCSbonds, and improve the overall eétihreaction. The
Fx radicals will bond with Si, forming S¥HEQq. 3.4) In addition, the ¥radicals may also bond
with the C atoms, forming GHEQ. 3.5). These process products are then moved out of the
working areas by interaction with other gassam removed from the process chamber by the
process vacuum. Also, additional process gases such as oxygen have been shown to improve
etching characteristics. The additional oxygen has been shown to bond with C, forming carbon
monoxide or carbon dioxidg&q. 3.6). The overall etching process and etching prodaitg u

SFs/O2 is shown by Eq. 3.[3, 31, 50]

Si +xFA Sik (x=1to 4) Eq. 3.4
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C+xFA Ck Eq. 3.5
C+yOA CO (y=1to2) Eg. 3.6

SiC +XF +YO A SiFx+ COy + CFx Eq. 3.7

Plasma etching is a complex process with many parameters that may have multiple areas
of effects on the final etching characteristi€sr the plasma etching system used for this work,
the following are possible process parameters; process gas(s), gas flowrate(s), chamber pressure,
RF power CP power step duration, and number of cycld3C bias RF reflected power, and
ICP reflectechbower weraunder the indirect control of the user. As already mentioned, a
multitude of process gasegybe usd. The operating system allofes userdetermined
flowrates of each individual gas antass flow controllers regulatike inlet flowrates of each
gas. The chamber pressure had a set range betweBd05MTorr. The operating system did
not allow for any chamber pressure outside of this range. The chamber pieadurrection of
the main turbo pump process speed (htwas constant at 28000 rpm), inlet gas flowrate, and
was regulated by the systehrottling a slit valve located between the main process chamber and
the turbo pump suction sid&he step duration instructed the operating program how long to
maintain tkat particular set of parameters. A step could be as short as a few seconds or could be
hours in duration. Steps allowed for tailoring etching parameters to specific trench depth
regions.

The number of cycles is important when performing BOSCHE type plasohing.
During BOSCHEetching the system is continually switching between and etching step and a
polymer(CaFs) deposition stepThe polymer deposition step is to passivate the trench sidewalls

to minimize trench width variatiodue to overetchingThe number of cycles instructed the
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system how many times to it must repeat a specific set of process parameters. As trench depth
increased, this feature and the step featansbined to givehe operator the ability to tailor the
process parameteisr specific depths Thisability is important in for reducing sidewadffects

such as rippling or bottlingghen etching materials such as sili¢di].

The RFgenerator had an operatipgwer range from 50 500 Watts. The ICBenerator
had an operatingower range from 1003000 Watts. The DC biagas displayd via the
controlprogram and was a related to the RF power and the overall cleanliness of the process
chamber. It was noted during some experimental runs thah#h®C bias value woultbe
dramatically less than the initial values. Physically clegtheprocess buildup from the
chamber surfaces would restore the DC bias to expected rafgeseflected power for both
the RF and ICP generators were indications of how much power was applied within the process
chamber and how much was reflected bati the generators. A reflected power of zero is
desirable.The reflected powawas typicallyautomaticallycontrolled by automatch units (large
capacitance matching systems), but could alsodeuallyadjusedby the operator. At times it
was necessg to manually adjust the automatch units to either reduce the reflected power or to
help the system initiate the plasma.

To strike a plasma, it is necessary to have the following; proper chamber pressure, proper
gags), and a power source, RF or IG# oth RF and ICP All of these parameters are
interconnected and have a fAgeneral rulleo of
the chamber pressure is too high or too low, the systenfaildg strike its initial plasméor the
selected powe Or if the gas flow is too low or too high, the system may be unable to maintain
desired chamber pressure. Also if the selected power range is too high or low, the generators and

automatch units may have difficulty striking a plasma and reducingitia ieflected poweto
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acceptable levelsTherefore,i was a common practice to uti/l
that used moderate values to facilitatékstg the initial plasma and then stepping into the
desired process parameters.

When aplasma is present within the chambacreasing the amount of gas within the
process chamber via flowrate andvaisingchamber pressure increases the amount of gas
radicals created. More gas equals more gas radicals; less gas equals less gasTitaeliR&ls.
and ICP both contribute to the strength of the plasma and the amount of gas radicals formed. RF
and ICP also contribute the energy to the gas radicals for bombardment upon the SiC working
surfaces.As RF and ICP powers are increased, the ovetetiling rate is expected to increase as
well. Inversely, as the chamber pressure increases, there is an increasing likelihood that a radical
will collide with other gas molecules and lose energy before it interacts with théh8&5/
having a negativampact on etching rateAlso, having a lower chamber pressure allows for
quicker evacuation of reaction products from the etching, siteish has a positive impact on

etching rate and should help reduce the amount of redeposition
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Chapter4-Devel opment

The following chapter details the steps takkming the workof making silicon carbide
neutron detectorsncluding device size, etchant mask matepgklsma etching,
photolithography, material depositiazgntact formationand material backfill Device testing

and analysisvill be discussed within Chapter 5.

Typical Device Fabrication Process

Below is a general process outline for the fabrication of a SiC neutron detector. The
description starts with a bare silicon carbide wafer and will go through finadedenounting
prior to sensitivity testing. Process parameters were varied for specific stages and will be
detailed latemn the document.
1) Pattern a bare silicon carbide wafer with photoresist in preparation for etchant mask
deposition
2) Load patterned SiC viar into ebeam evaporator and deposit etchant mask
3) Soak the SiC overnight in KWHSTRIP to dissolve the remaining photoresist and
finish the liftoff process
4) Dice the wafer into individual die
5) Mount the die onto a carrier wafer (either silicon or silidavxide) for plasma
etching. The die were mounted using a spot of-limtuum grease.
6) Plasma etch
7) After plasma etchinghe die was removed and then the backside was scrubbed using

acetone and isoproponal and sterile microswaps.
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8) Remaining etchant mask aheally stripped.

9) Chemically clean the die by soaking it in acetone, then isoproparsd,with
deionized water, Piranha Etch, rinse, Baker Clean, and a final rinse.

10) Immediately load onto shadowmask and into tieam evaporator

11)Deposit contact ontfyont side

12)Remove the didlip, and reload into-&eam evaporator

13)Deposit backside contact

14)Backfill trenches with boron powder

15)Spray with Humiseal to seal boron powder

16)Clean backside contact with acetone and isopropanol. Conductive silver epoxy is

used 6 mount the die onto a testing substrate

17)Clean contacts with isopropanol and wire bond topside contact to the electrode on the

testing substrate
18)Cover the wire bonds with nesonductive epoxy

19)Proceed to testing

4.1 Multi -Form Factor Design

The first design iteration consisted of several different feature sizgstahdsall on one
wafer(Figure4-1). The features ranged from@ @m wide trenches down to2m wide trenches.
And overd device areas varieflom 25mm? to 100 mm?. Also included on the design was a
planar device After mutiple trial runs with silicon wafers, one test grade SiC wafer was

patterned with a nkel etchant mask and then plasma etdrégure4-2). Due to the difficulties
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in resolving the several different feature sizes and concerns of varying plasma etching behavior
in the smallest features compared to the largest features, the decision was made to move to a

different design methodology.

Figure4-1: The initial mask design with several different pitches and feature sizes.
Design efforts moved away from this mask to thendx10 mm design.

Figure 4-2: A SiC wafer pderned with the initial mask design. The wafer is arranged
with devices of several different sizes.
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4.2 10mm x 10mm Design

After themulti-form factordesign the decision was made switch to a uniform pattern
that allowed for the option of dicinge wafer into smaller samples for plasma etchingthnsl
increasing the total number of trials posside wafer Therefore, the neiC devices were
designed with active areas that w&Bamm x 10mm squarésize was chosen because it was the
same sizas the finaldeliverable device) The trenchebada pitch of 40um with an aspect ratio
of 0.5 (trench widtlwas20 um). It was decided to progress with larger features that would yield
more favorablg@lasma etching conditionsThebonding pad was l@ated in the upper right
corner fFigure4-6). The decision to make the bond pad rectangular and located at a corner
turned out to have amforeseen bnefit during processin@@ecause ncean individual device
was plasma etched and the remaining etchant mask was chemically removed, it proved to be very
difficult to visually determine which sidsasetched Thisdifficulty was due to the fact that the
SiIC material is transparent abecausé¢he etched trenchegereonly a few microns in depth
each sidevas verysimilarin appearance It was possible to determitige etchedsideby
physically touching the surface or draggingydLst transverse to thteenches.However, this
method was avoided if possible after chemically cleaning the devices, to prevent contamination
or damage to the SiC fins.

Initially, attempts were made to pattehe etching mask using nickel. Nickewidely
reported asinetching mask in literatuf@6-28, 51] However, the evaporation of nickel was
experienced to be very slow and aoganied by excessives par ki ngo (emi ssi on
Aspar ks o or largechurgkackild emit bueafh thessource materialjheseproblems

were later eliminated by a complete replacement of crucible and source material, suggesting
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behaviorwas symptomatiof sourcecontamination Furthermore, severe adhesion problems
were encountered with the nickel mask peeling off of the Si@wmmediately aftethe
completion of the evaporation.

It was hen decided to switch to Indiuimn Oxide (ITO) as the etchant mask material.
The ITO etchant mask was depositedeszeamevaporatior(Figure4-3). The SiC wafer was
first patterned with negative photoresist AZ 2070 with the etchant photomask. The ITO source
material was in powder form and would actually not melt during the evaporation, but would
undergo sublimation.The source powder was white, howetbeg final deposited layer would be
gray-black in color. The overall depotibn rate was relatively slowl-3 A/s, while the chamber
pressuravould be high, approximatelyx30° Torr. The ITO would tend tsparka lot during an
evaporation run, leading to inconsistent deposited layevgas necessary take care during
the evaporation process to maintain an acceptable balance between degisitmd excessive
sparking Also, if the chamber pressure increased too nfe6t5x10° Torr), the evaporator
wouldtrip off the current flow to the crucibleAfter the evaporation, the wafer was placed into
Kwik -Strip overnight for the liftoff stepAfter the liftoff wascompleteand the resultant etchant
layers wouldbe examinel by scanning electron microscopgEM) imaging, large spots were
noticed where no ITO had been deposit8dmespots would stretch across the entire width of
the SiC fins. These spots allowed for etchimgccur within the fin regions. This problem
would be propagated into the contact formation step, since thestmhexd areas of the SiC fins
would not allow for contiguous contact formatidown the length of thén.

In an attempt tamprove the qualy of the etchant mask, it was also attemptefirst
deposit the ITO layer. len apply and pattern AZ 1512 photoresist on top of the ITO to prepare

for selectivelywetetching the etchant windowlsiterature states that ITO may be etched using

44



an HF salitionthat is 1 HF: H>O»: 10H20 [52]. However testsilicon wafers wih a sputtered
layer ofITO proved resistant to the etching solutidiven after the complete removal of thé
1512 photoresisthe ITOremainedesistant to chemical etching. So it was decided to continue

usingthe liftoff process.

Figure 4-3: E-beamevaporatorused for depositingontact and etchant mask layers
onto silicon carbide waferf82]. The system was capable of depositing several different
materialssequentiallysuch as titanium, gold, ITO, nickel, aluminwopper,platinum,or
chromium.

After the wafer was successfully patterned with the ITO etchant mask, it was
diced into individual die in preparation for etching trialduring the mask design,
accommodations to device spacing were made in ordeave sufficient room between devices

to passthe dicingbladd he di cing was conducted using
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saw Figure4-4). The dicing saw isquipped with a diamond saw blade and would spuétyng

fluid at the worksite for cooling and to flush away cutting debfise dicing saw was

programmed with the desired cutting speed, numbertended cuts;ut depthand the step

distance between each cut line. Once the first set of cuts in one direction were complete, the
wafer would be rotated 90 degrees and realigned and a second set of cuts were conducted. Due
to SiC being substantiallyalnder than Si, the cutting speed used was about 1/10 of the speed for
Si. Even with this precaution, the cutting bladesild need to be replacedter each SiC wafer.

A wafer is mounted onto the blue backing tépigure4-5), while the backing taps mounted
ontoametalsupportframe (only partially visible). The metal frame locks onto the dicing saw
work pedestal. The blue tape keeps the chips from flyingditgag dicing. After dicing, the

wafer is rinsed with deionized water and allowed to dry overnight. After diyiagiie can be

individually peeled from the backing tafme further processing

Figure 4-4: KSUS.M.A.R.TLAB Disco DAD dicing saw. This saw was utilized for
dicing the SiC waferand was equipped witlh diamond saw blad@2] .
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Figure 4-5: SiC with pattened ITO etchant mask. Wafer only contains 23 complete,
usable devices. The partial devices were used for early etching trials and destcootis
sectional analysis wita SEM

An individual dieafter removafrom the SiC wafer after dicings shownn
Figure4-6. This die is ready for further processing sucplasmaetching. The bond pad is the
rectangle located at the top right corner. It is apparent that the substrate is transparent even after

the addition of the etchant mask.
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Figure 4-6: Individual (10mm x 10mm) die from SiC wafer iRigure 4-5. The silicon
carbide substrate is transparent, hence the visible striations of the underlying cloth. The ITO
etchant mask is oriented vertically. Top right corner is the bond pad. The location and
rectangular shape of the bond pad allowed for easy identification of device orientation.

Plasma etching trials were conducted using the KSU S.M.A.R@ Qxford Plasmadb
100 ICRRIE (Figure4-7). The Oxford was equipped with §EsFs, O, Hz, andN2 as process
gases. The system also had 8&1d C} capabilities, but those were not utilized for this project.
The RF generator had a max power of 500 Watts and the ICP generator had a max power of

3,000 Watts.
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Figure 4-7: Oxford PlasmalLab 100 IGRIE used for etching microstructures within the
SiC device$32].

Prior to plasma etching,die would be peeled from the blue dicing tajhen
soaked for 20 minutes in acetotleenisopropangland then rinsed with deionized water. Next
the diewould be mounted onto aifich, SiQ carrier wafer with a small amount of higiacuum
grease. The carrievaferwas usedecausehe Oxford was configured for etchingiich
wafers. Ater loading thecarrier wafeiinto the loadlock, the system turbo pumps wastkakt
pumping down the system chambe@nce both turbo pumps were at speed, the system would
automatically load the wafer into the main process chamiieen the system would continue to
pump down the process chamber to process pres@mee process pressure (<5.8%1rr)
was reached, the Oxford would autosthepreselecte@tching recipe After therecipewas
complete, the system would return ttagrier wafer to the loadlocKThe loadlock turbo could
thenbe shutdownallowing the loadlock to be vented. When the loadlock was finished venting

to atmosphere, the wafer could be removed
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The program detailegrocess parameters including;

1 Process @s
0 1 or more gasesimultaneously
1 Process Gas Flowrate
o Flowrate for process gas, measuredtandard cubic centimeters per
minute gccn). Mustbe within a proper range to support desired chamber
pressure
1 Chamber Pressure
o Chamber operating pressure voeen ~5 mTori 100 mTorr. If the
chamber pressure is too low, there are issues in striking and sustaining a
plasma. Too high, and it may decrease etch rate
1 RF Power
0 Affects plasma strength and etch rate.
1 ICP Power
0 Affects plasma strength and etcherat
91 Step Duration
o How long theprocesssteplasts may be as short as a few seconds or as
long as a few hours
1 Number of Cycles
0 When running alternating processBOSCHB, the program will repeat

alternating process parameters such as an etch steglapdsation step
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Various etching recipes and chemistries were used. Typical RF power was between 250
W to 400W. The ICP power was between 1080to 2000W. Only Sk was used as an etching
gas. However, both oxygen and hydrogen were both used in soogs@runs. Some early
results are shown in the following figures. It is important to restate that the nominal trench width
was 20 um. It can be easily seen that the ITO etchant mask recedes during the etching process
(Figure4-8). There is also an obvious microtrench where the sidewall meets the trench bottom.

However, the trench bottomislativelysmooth.

20.0kV 10.3mm x5.02k SE 11/8/2012

Figure 4-8: SEM image shows the erosion occurring at the edge of the etchant mask
during plasma etching. Also evident is a microtrenching feature located between the sidewall
and the bottom of the trenclit is possible to see thdtdre is decent etching selectivity between
the ITO and the SiC.

Changing the etching parameters could have unexpected etch rHselltehite spots
within the trencheg§Figure4-9) are microstructures that formed during the etching procass

higher magnification viewrFigure4-10) shows the density of the pillars
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X212 $E 11/16/2012

Figure 4-9: Low magnification SEM image of extensive microfeature formation at the
bottom of the trenchesach white spot is the top of a micropillar

¥
i

20.0kV 11:4mm x1.80k SE 11/16/2012

Figure4-10: Increased magnification diesame sample &sgure 4-9, showing
microfeatures in greater detail. Microfeatures were likely formed due to the redeposition of
etching products.

A sanple with longer etch times amgknch depttof about 29 pumis stown inFigure
4-11. The sidewalls are relatively smooth, however the trench bottom is somewhat pitted. Also,
the top of thdins appear chamfered from where the IT&@eded during the plasma etch. When
the etchant mask recedes, it will actually widen the etching winddws sample was processed

with high-gas flowrate, with a combined flowrate of 200 sccm of 8 oxyga. The RF
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power was set at 400/ and the ICRhower was 2000V. The roughness of the trench bottom as
well as vertical ribbing present on the trench sidevaatsshown irFigure4-12 using higher

levels of magiiication.

20.0kV 11.7mm x1.42k SE 11/19/2012

Figure4-11: SEM image of a different etching sample that exhibited the recession of the
etchant mask and all owed the top portion of
pulled backppening the etching windowSiC trench with a depth of 29n and width of
approximately 2um.

20.0kV 11.4mm x1.96k SE 11/19/2012

Figure 4-12: SEM imageof theoverall roughness of the bottom of the trench and the
vertical striations alonghe sidewallsAlso shown ishe widening near the top due to the etchant
maskreceding
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4.3Planar 10mm x 10mm

It was decided to fabrate a planar device from a fim x 10mm die. To obtain a
planar device, the ITO etchant mask was chemically stripped from a SiChielie was
chosen due to the fact that the photoresist pattern had not developed correctly, so the etchant
mask in that region was incomplgtégure4-5). The ITO was stripped using the solution of
HF:H202:H20. Then the SiC die wahemically cleanedsing acetone, isopropanol, piranha
etch, and Baker Clean as discusgealiausly. A topside contact consisting of a layer of
titanium (500A) followed bya layer of gold (2508) was depositedTitanium ads well as an
adhesion material, hile gold forms a reliable contact layek. 2 um thick layer of%B was
depositedn top d the contact layerAfter the ceposition of the boron layeihe device was
remoed from the ébeam evaporator. The devisasthenimmediately coated with Humiseal to
prevent delamination of the boron layer. The backside contact was fabric#telde same
Ti/Au (500A/2500A) layers. An additional planar device was also procesgdate saméme
that didnot have the boron layer

Both detectors were mounted onto disposable detector boards (DDB) for initial leakage
current and capacitance testing (the DDBs wenenantfrom a different project). A DDB is
shown inFigure4-13. The planar detectovgeremounted using twart, conductive silver
epoxy. The topside contacts weckeaned with acetone and isopropan@hen wirebondedb
the contact pad on the DDB.h& wirebondsverecovered witha two-part, norconductive
epoxy for protection. The purpose of these planar devices was to provide baseline data for
neutron and gamma testing as well as device characteribise results are presented in

Chapter 5
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Figure 4-13: DDB prior to mounting of a SiC device, nominallyceh x 2cm. Contact
pad for wirebonds is in the top right corner.

4.4 Etched 10mm x 10mm

After the 10mm x 10mm design with a pitch of 40m, the work moved to a 1@m x 10
mm design with a pitch of @m and an aspect ratio of 0.5. This design change was necessary to
properly utilize'°B as the neutron reactive materidy referring toTable3-2 it is possible to
determine that the most optimal pitch and aspect ratio for microstructured devices within a
silicon carbidesubstrate witd°B is a4 um unit cel with a ratio of 0.8. Thigorm factorwould
result intrench widtts of 3.2um andfin widths of 0.8um. With trench widths of 4m and a
ratio of 0.8 it would be necessary to etch deptigt leastlO um for 15.4% and20 um for 31%
maximum theoreticalletection efficiency

However, it was decided to proceed with a desigrhpif 8um as a compromise
between performance and fabrication capabilifiésere were concernmggardingthe etchant
mask recedingwhichwould result inthe widening of the trench and narrowing of the top of the
SiC fin simultaneously Also, theravereconcerns about the etching rate qfr8 wide trenches

and gadoading. Gas loading iwherethegas and etching products stagnate within the trench
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and are not clearegvay If the products are not cleared out in a timely manner, it is possible for
themto redeposit on the working surfaces. Gas loading can also prevent fresh etching gas
radicals from entering the trenches amevent furtheetchingto work.

As shown below irFigure4-14, AZ 2070 negative photoresist can be utilized to conduct
liftoff processing even for features with gaps as smallta®anicrons. The characteristics of
the photoresist can be somewhat manipulated via alteratitims piotoresist recipe.
Parametersugh as the thickness can be incredsetbwering the RPM of the spion step or
decreasety raising the RPMs of the spon step. Tie amount of undercutting can be
controlled by the developing time. The fact tlhn photoresist is tapered is actually somewhat
beneficial. Thidaperingprevents materials from being deposited on the side of the photoresist
lines, which would then inhibit the Kwaltrip solution accesto the underlying photoresist. If
the Kwik-Strip is unable to reach areas of photoresistit bechallenging to properly remove
the deposited materiduring liftoff. Theamount oftapering that may occur during the
photoresist developmeist shown inFigure4-14. This SEM image is of AZ 2070 pturesist
lines that are about@m tall and 4um wide at the top. At the bottonhe lines have tapered to

about 2um wide, so the undercutting is aboytrh perside.
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20.0kV 20.0mm x2.06k SE 7/31/2014

Figure 4-14: AZ 2070 negative photoresist prepared for the ITO deposition. Each
photoresist line is approximatelypimtall and 4pumwide at the top. The narrowing at the base
is due to over devghing of the photoresist.

Even though evaporation is nearly an anisotropic procdes) workingon these small
feature sizes, there is still some variation in the thickness of the depositeduayershadowing
affects This behavior is evident irigure4-15, where the photoresist lines had substantial
undercuttingwhich lead to deposition of material on the etching wind@amow inFigure
4-15). The bottom of the photoresist lines are about 1.5 pm wids.détrimentako havelTO
on the etchant window during the plasma etching process becausettiisiewill lead to
unpredi¢able results due to trench wideninbhe trench wideninguring etchings not

conducive to having a uniform trench bottom.
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200kV 1Hl#8mm X1.49K SE 9/28(2014

Figure 4-15: SEMimage of the ITO etchant mask after the liftoff process. | Tds the
light gray regions, the silicon carbide substrate is the dark regions on the bottom half of the
photo. ITO was also deposited within the etchant window due tapering of the photbnesist
(red arrow)

It was observed that the narrow regitmesween the photoresist lines took longer to fully
develop. There were many photoresist attempts wkégare4-16 andFigure4-17) the in
between regions did not fully develofhisincomplete developingiould leave behind a thin
film of photoresist that prevented the deposition of the enedipd materials onto the ael wafer
surface. Therefore, during the {dtf process, the materials would not adhere to the wafer and
would be removed along with the photoresibhis effectis evident due to the lack of ITO on

the main device area and the presence of the smatlargts of ITO for the SiC fin areas.
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Figure 4-16: One issue dut the very small feature sineas that if the developer was
not fresh, then it would fail to properly develop away the photoresist betiveénds of
photoresist beforéhe deposition of the ITO. The usage of old developer lggtetchant mask
traces peeling away during liftoffTO is the light gray and the SiC wafer is the darker gray.

20.0kV 9.1mm x1.51k SE 2/10/2015

Figure 4-17: Image of photoresist remaining between the photoresistdiftess
developing Likely due to the use of older developer.

Shown inFigure4-18, it is apparent that the deposited layersida@epend on the wafer
orientationwithin thee-beamevaporatowith respect to the sourceaterialand the photoresist
orientation It can be seen that the features on the depdaitedarenot uniformly spaced

around the photoresist lines, but instem@shifted to one side. Theffectcould be handled
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somewhat by careful orientation of the wafer uponetbeand s p | aPnetertred wajer

orientation allowed for the photoisslines to be aligned vertically with respect to the source
(Figure4-19). Duetotheebeam evaporatorés pl anet algadedm conf
horizontally, but instead are angled to be normal with respect to the straggtrtavel path from

the sourcenaterialcrucible.

20.0kV 19.4mm x578 SE 7/31/2014

Figure 4-18: After the evaporation of ITO onto the wafer widitterned photoresist.
From here the wafer would be Kwditripped to remove the photoresist and the etching windows
opened. Also evident is how the photoresist may not be centered within the windows of the
deposited material.

Figure4-19: Wafer orientation within the-beam evaporator. 1) Source material 2)
Patterned SiC wafer. The view for panel B is rotat@d°.

60



Photoresist
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16.0kV 12.6mm x2.31k SE 3/17/2015

Figure4-20. SEM image of a deviegrade SiC wafer after the deposition of ITO, prior
to lift-off processing. The sloping of the ITO edges is apparent. Also, there are numerous clumps
of deposited material that is duedparkingof the source material.

A devicegrade SiC wafer thavaspatterned with AZ 2070 photoresist and had ITO
evaporated onto the surfaiseshown inFigure4-20. There is a significant amount of material
clumps present on all the surfaces and between the photoresist lines. These clumps are likely
due to the ITO source material sparkdhging the gaporation. Sparkingcan be observed by
the operator as small streaks or flashes of light traveling away from the source material.
Sparkingtypically occurs when the source material is toq hotimay be remedielly slowly
reducingpower until thesparkng stops. Another source sparkingis when a cooler chunk of
source material falls into the molten region which causes very erratic beh@kistype of
sputtering eventan be avoided by slowly applying power and allowing for more uniform
heating. Also, with careful maneuvering of the molten region the operator may eliminate any
potential material that might fall.

After the evaporation of ITO onto a dewvigeade SiC wafer, the wafer was then diced. A

partial edge piece was cleaved and the esestion was examined using the SENg(re4-21).
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The evaporatords thickness mamhckanditwasz ported t
measured via the SEM imagiag 1.5um, so thetwo systems are in fair agreemenflso, it is
easily seen that the tops of the ITO lines are narrower than the bases. Agaifed¢tisdue to

the undercutting of the photoresist lines due to-o\stelopment.

SiC surface
(trench area)
ITO

SiC substrate

15.0kV 6.4mm x5.51k SE 4/1/2015

Figure 4-21: SEM image of a cleaved sample die from the SiC wafeigire 4-20 after
lift-off processing. Ae sloped edges of the lines of ITO etchant mask material are readily
apparent. As discussed above, tfiectis due to the ovedevelopment and resultant
undercutting of the AZ 2070 photoresist.

Whilet he bef or e  ioffrpogesss showo in Figurb4el8, the SEM image
shownin Figure4-22i s t he fdAaftero i mage. While the I TO
readily apparent. After close examination, it is possible to see that some ITO material was also
deposited within the etching windows. As will be shown later,uh@esiabledeposition

material leads to uneven plasma etching behavior.
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20.0kV 30.1mm x700 SE 8/1/2014

Figure 4-22: Remaining ITO etchant mask (the lighter areas and all of the left side) after
lift-off process is completed. Timsageis after the wafer was Kwigtripped to remove the
photoresist and open up the etching areas (the darker areas).

For the developing step, it is necessary to allow for sufficient time to ensure that the
narrow strips of unexposed photoresist betweenttieng windows is properly developed
away. Typically, this required the wafer to remain submerged in the developer longer than was
needed for the large areahs a resulbothends of the photoresist lines would be slightly sloped
or have a concave prtdi(Figure4-23). This slope provided a region of photoresist thatthe
beamwould deposit material on{@igure4-24). Shown inFigure4-15andFigure4-25 are
SEM images of the same wafer after deposition of ITO and subsddteff processing.
However, between Iimages, the area of the wafe
region of the etching windows (oriented afigure4-6s o t hat t he bond pad u|j
region of the etching windows (the opposite or bottom of the device é&bajvn n Figure4-15
andFigure4-27, the smooth rounded etching windows of proper dimensions are easily
recognizable.Shown n Figure4-25, the ends of the etching windows taper to a point and the
majority have a bright white spot located at the very end. These white spots are actually the

points ofmateral that deposited upon the sloped end of the photoresistoser image of the
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endpoints ishownin Figure4-26. This effect is only seen on oeed of the photoresist lines
due to the fadthatthe wafers loaded onto the planetarium are not perfectly normal to the source

crucibleand direction of filght for emitted atoms

20.0kV 19.5mmmx3.19k SE 7/31/2014 10.0um

Figure 4-23: SEM image of the sloped, concave ends of the photoresist lines. This
behavioris due tatheover developingnecessary to ensure the photoresist is completed removed
from between the etching windows.

20.0kV 23.5mm x3.52k SE 7/31/2014 10.0um

Figure 4-24: SEM image of the ITO deposited on the slopedoétice photoresist lines,
whichis also observed awhite spots on the following figure¥his image was takeprior to
liftoff.
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20.0kV 11.9mm x500 SE 9/28/2014

Figure 4-25: A lower magnification SEM image of the ITO etchant mask. Here the ITO
is the light gray regions, primarily on the bottom of the picture. Again, the dark regjietise
SiC substrate.

Figure 4-26. Higher magnification view of the endpoints of the etching windows after the
ITO deposition. The white points are where the ITO depositéopoof the sloped end of the
photoresist lines.
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49K SE 9/28/2014

Figure 4-27: Opposite end of the same device. Note that the white points are not
present, due to the fact that at these feature sizes, there is some variations of the deposition
processwithin the ebeam evaporator.

The propagation gbhotoresist and material deposition issues through device processing
is demonstrated iRigure4-28. Each trench end is pointed instead of the desired rowertked
These sharp features may lead to issues later wheltegebias is applied to the devic&rom
Figure4-28, one can conclude that these sites may lead to lower-4$@nalse ratio or lower

maximum operating voltage bias.
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20.0kV 10.1mm x1.67k SE 10/8/2014 30.0um

Figure 4-28: SEM image of an etched device that has had the remaining ITO etchant
mask chemically removed. Of interest are the pointed trench ends due to the issues with the
endpoints of the photoresist lines and ITO deposition.

Figure4-29is a low magnification SEM image of the patterned ITO etchant mask. The
ITO is the solid gray region. This animageof an intersectiorbetween 4 individual die. Note
the bond pad for one d{eed arrow) on the botto#eft die. Also visible are alignment marks at
the junction of the dicing areas. This image was taken prior to di€imyng paths are

represented by the red, dasheedin
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20.0kV 21.7mm x37 SE 9/3 1 L

Figure 4-29: A very low magnification SEM image that contains corners of 4 devices.
The ITO etchant mask is the lighter gray region. The large areas of ITO also provide the dicing
areas. Notethiswas imagegre-dicing. Red arrow is pointing to the bond pad. Red, dashed
lines represent the dicing lines.

Following are SEM images from sevediiferentplasma etching trial runsAs discussed
above there areseveral process parametaraybe adjusted per trial runfhese trial runs did
show somewhat promising features. There are definitely some micropillars present. Also, it is
obvious inFigure4-30, that there was some biasing towards one side of the trench. This
behavioris likely due to a thin deposition of ITO to one side of the etching window. Process
parameters were as follows, relativlyw process chamber pressure7ahTorr, high Sk gas
(etching gas) flow rate of 200 sccm, and high process RF and ICP powers, 200 and 2200 W

respectively
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20.0kV 4.8mm x1.99k SE 9/4/2014

Figure 4-30: Top down SEM image of an etched silicon carbide device. Neetnires
are visible in the trench areas

20.0kV 9.2mm x4.70k SE 9/11/2014

Figure 4-31: Angled SEM image of the sidewall and trench bottom of etched SiC device.
Micro-features are evident in the trenched area.

As the process duratiomasincreased to achieve deeper trenches, some undesirable
changes were observeeidure4-32). It wasapparent that the ITO etchant mask experienced
severe receding during the etchiteading to widening of the @tant window. The mask
withdrawal lal to a \fshaped trench profileAlso, the remaining etchant mask is trianguhar

shape
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20.0kV 11.7mm x2.28k SE 9/18/2014

Figure 4-32: Crosssectional view of a cleaved Sievice, etched to a depth ofuim.
Very rough sidewalls, with substantial tapering to the bottom of the trenches. No real trench
bottom even present and the tops offihe are extremely narrow.

Shown inFigure4-33 andFigure4-34 areSEM images of the same SiC di&.top-down
look & the trenches and micropillassshown inFigure4-33. The cleaved edgs shown in
Figure4-34. This trial run did yield relatively straight sidewalls and trench bottoms. However
the presence of the microlgits likely indicates masking during the etching process ditber
etching productsedepositing during the plasma etahfrom ITO sputters during the etchant

mask deposition.

52 0kV 15.6mm X895 SE 10/27/2014 SRR REDN

70



Figure 4-33: Top-down SEMmage depicting the limited production of microfeatures
within the trenches.

22.0kV 12.3mm x1.40k SE 10/27/2014 40.0um

Figure 4-34: Crosssection view of a cleaved wafer. Approximate trench depth is 5 um.
Also, can see the improved trench uniftymHowever, still showing a significant number of
micropillars.

15.0kV 7.3mm x1.39k SE 11/4/2014 40.0um

Figure 4-35: SEM image of cleaved wafer, approximate depth is 5 um. Demonstration of
the repeatability of etching results.

The sloped sidewall iRigure4-35 andFigure4-36is likely due to the initial photoresist

undercuttingduring developing This behavioris another issue of the deposition of material
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within the etching windowlt is possible to observe some noipillars present within the
trenches. Also, the remaining etchant mask material is extremely rough and textured on the fins.
However, it has been observed that after the remaining etchant mask is chemically stripped, the

top of the SiC appears smootAlthough te trench sidewalls are very rough.

SE 11/20/2014

Figure 4-36: SEM image of cleaved wafer, approximate depth is 5 um. Evident are the
straight sidewalls and uniform trenches and minimal production of microfesat

4.4.1 Topside Contact Formation

It was decidedo fabricate the contact layer prior to fabricating the etchant mask. To
facilitate this work, anew photomask was designed vidtit (editing software used to layout
photomasks for printinghat wauld work in conjution with the current 16hm x 10mm mask
with the 8um pitch. It was decided that the metal tramesr the SiC finsvere going to be
about 2um wide and the open window would be ~Bn wide. Also, the windows on the contact
mask werdonger than thevindows of theetchant mask. Thidesign featurevas purposefully

done to al in alignmenduring photoresist processing well asprevent the plasma etching
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gases from attacking the metal contact layers. The etchant windows remaistashican4 pm

wide. A crosssectional view of the desired device layering is showfigare4-37.

ITO Etchant Mask

Metal Contact pOOOOEE
& KA A
RXERXKRRRS

K K
LAAAKKA
KRRRHRRALS

Bulk Silicon Carbide

Figure 4-37: Crosssectional view where the top contact is formed prior to the sputtering
of the ITO etchant mask. The trench area illustrates where the trenching should occur. Note, the
metal contact should lemainshielded from té etching gases by the ITO.

Initial efforts in fabricating the contact layer used selective wet etching. First, the SiC
would be chemically cleaned and then loaded directly into-thesmen evaporator. Next, Ti/Au
(300A/2500A) layers would be depositedrhen AZ 1512 positive photoresist was applied to
the wafer and exposed using the metal contact photomask. The Au layer was etched using Aqua
Regia. Thesolutionwasmade from 1 part nitric acid and 3 parts hydrochloric acid. Aqua Regia
is clearwhenfreshlycombined After a few minutes of mixingt quickly assumes a bright red
color. Aqua Regiavill etch gold very quicklyand aquick dipof less than oneninute was
sufficient to remove thgold layer Then the Ti layer was etched using a soiutb1 part HF
and 9 parts bD. After the metal layers were etched, the photoregsremoved using Kwik
Strip, then rinsed with acetone and isopropanie same area is shownkigure4-38 and
Figure4-39 under different levels of magnification. Frdfigure4-39, it is easy to see that the
metal traces were highly susceptible to over etching and the final traces are only about 1 um

wide instead of the intended width ofu2n.
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10.0kV 8.7mm x150 SE 4/18/2014

Figure 4-38: Metal traces formed by using AZ 1512 postive photoresist to selectively
etch already deposited Ti/Au layers.

| ' l 7
4

Figure 4-39: Higher magnification of the metal traces. Trace lines are approximately 1
pm wide and about 5 mm long. The traces were highly susceptible to over etching.

After several trials usingilicon test wafesthat resultedn severe overetching, it was
decided taiseliftoff techniques instead. Fabricating the metal contact layers via liftoff prdvide

more repeatable results.
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With the contact layer formed, the next step was applying AZ 2070 photoresist and
forming the etchant maskDue to the allowance of onllyum of space on either side of the
etcham window and the length df0000um (10 mm) it was necessary to be extremely exact
with regards to the theta rotation between the metal contact and the etchanEweask very
small misalignment was sufficietd necessitate the reprocessing of the etchant mask photoresist
layer. Also, if the photoresist was shifted too close to a particular side it would necessitate
reprocessing. If the photoresist was only slightly llaseone side, it was possibleith careful
positioningduringloading to influence etchant mask depositioshift theetchant windowack
into position(seeFigure4-69 andFigure4-70). Possible outcomes when patterning the etchant
maskare depicted ifrigure4-40. Thisprocesaas further complicatelly the facthat the High
Magnification setting on the photoaligner was not strong enougtoferlymake out the

existing patteraor alignment markduring exposuréFigure4-41).
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Figure 4-40: Panel A depicts correct positioning and alignment between the photoresist
lines for the etchant mask and the existing metal contact layer. Panel B depicts the correct theta
alignment, but poor positioning. Minor cases might be corrected with prop#iopasy. Panel
C depicts improper theta alignmerit practice, the final result may be a combination of B and

C.
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Figure 4-41: Screenshot of the photoaligner screen during alignment of the photomask to
a wafer with metal traces. The traces are extremely difficult to see even at high magnification.
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A low magnification SEM image of the bonding pad area of a wafer with the metal
contact layer and AZ 2070 photoressshown inFigure4-42. After the photoresist is
developed, thevaferis ready for etchant mask depositiodigher magnificatiowiews of the
waferin Figure4-42 are shown irFigure4-43 andFigure4-44. Notice the gap at the top or
bottom of the etchant windows betweée lines of photoresist and the metal contact area. It can
also be observed that the theta rotation is very good and there is very little bias on either end of

the pattern.

20.0kV 13.1mm x90 SE 8/13/2014

Figure 4-42: Low magnificationmage of the metal traces with the AZ 2070 photoresist
in preparation for the etchant mask deposition.
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20.0kV 13.2mm x900 SE 8/13/2014

Figure 4-43: Top down view of AZ 2070 negative photoresist with gold contact/traces.
The dark areaare the silicon carbide substrat@.he tin, vertical strips with rounded ends, are
the photoresisines The top area and vecklly descending traces is the contakitAu
30nm/2®nm).

20.0kV 13.2mm x898 SE 8/13/2014

Figure 4-44: Top down view of the opposite end of one device tothiewtherend of the
photoresist lines.

Higher magnification imaggFigure4-45 andFigure4-46) of the same wafer to observe
the undercutting thaiccuredduring he photoresist developing. The photoresist appears to be

centered within the open window.
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20.0kV 19.7mm x2.34k SE 8/13/2014

Figure 4-45; Substrate tilted 30°, view of the photoresist strips, the gold contact/traces,

and the visible silicoearbide substrate. The undercutting of the photoresist is readily apparent.

20.0kV 19.9mm x2.29k SE 8/13/2014

Figure 4-46. Same configuration aSigure 4-45, repositioned to a different location.

The photoresist lines on the edges of two adjacent degisé®wn inFigure4-47 and
Figure4-48. It can be seen on bothimagehh at t he outer most | ines
the device. This lean may have occurred during the developing stage as the liquid developer

pushed against thghotoresist lines.
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20.0kV 17.6mm x851 SE 8/13/2014

Figure 4-47: Substate at 30° tilt. Image taken of the edge trench lines to demonstrate
the Al eanodo of the photoresist near the peri me

20.0kV 17.7mm x850 SE 8/13/2014 50.0um

Figure 4-48: Same configuration aSigure 4-47. Image of neighboring device, to
il lustrate that the photoresist Al eanso towar

An optical microscope photf the metal traces and photorediisesis shown inFigure

4-49. This photo wasaken within the cleanroomat 100x magnification.
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Figure 4-49: Optical microscope image of the metal contact layer with the photoresist
lines prior to etchant mask deposition.

After several trialsvherethe metal contact maskas properly formed via liftofand
substantial difficultywas encountered during alignment of gtehant mask, it was decided to

not preform the metal contact layéut insteado form the contact layer after etching.

4.4.2 PostEtching Contact Formation

A detectorgrade SiC wafer was patterned with the etchant mask, diced, dirdvas
plasma etchedAfter plasma etching, the remaining ITO was removed with BOE and then
cleaned via a mulstep process including acetone, isopropanol, Piranha Cleana&ed Glean.
Then thedie was loaded into the-beamand a Ti/Au contact was evaporated onto the backside.
Next, the chip was flipped over aneloaded into the-beam evaporator. This time, the Sl
wastilted ata high angle (approximately 70809 with respect to theourcematerial. The
device was also oriented so that the trenches were horizensalsthe verticalorientationused

during etchant mask formatio.his orientationwas to force the metals to only deposit on the
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top of the SiC fas andnhotwithin the trenches arn thesidewalls. It was observed that the
Ti/Au contact was only being deposited on top of the (fingure4-50 andFigure4-51). The
bottom left corner was covered with a piece of Kapton tapegltite evaporation for
comparisorpurposes. The bottom left corrfeas adifferent coloration than the remainder of the

device Thisbounday was more apparent during visual inspection.

L T I R Bl e |

20.0kV 8.3mm x1.50k SE 10/8/2014 30.0um

Figure 4-50: SBM image of the evaporated Ti/Au contactaoretcheddevice The
region to the top right is the region that the material was deposited. Mdiateas prevented
from depositingn the bottoreft region by th&aptontape.
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20.0kV 8.3mm x3.49k'SE10/8/2014

Figure4-51: SEM image of the metal contact after evaporation. The Ti/Au contact layer
is the light colored layer ontop of the SiC fin.

Initial formation of contacts used Kapton tape to mask the outlines of the contact area. 4
pieces of tape were used. Each piece of tape was placed so that it would cover a portion of the
area between the trenches and the edge of the SiC chip. During the photomask design, it was
determined that with the Im x 10mm devices, that thunit step sig would be 10.65nm per
device for the photomask arraBecausehe trenches were centered within the design, there is
approximately 0.32851m of unetched space on any side of the trenches. After dicing, this space
is reduced and is closer to OrBn wide.

The use of Kapton tape as the masking mettamtVarious drawbacks. Firgtasthe fact
that itwasapplied by hand, and getting proper placement could be somewhat of a chdlienge.
was difficult to correctly place the tape in a space that was ardy@e hundregim wide and
was 10 mm longlf the tapewasnot perfectly aligned, it was necessary to pull the tape off and
reapplyit. Alternatively,the tape could bdightly realigned, which createabn-uniform contact
areas.It was possible to cav a portion of the trenches tor the tape to go off the edge of the

device. Also, when viewing on the micron level, the edge of the vegenot smooth and there
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were times thagxcess gluavould squeezeut from under the tape. Furthermore, the deposited
metal may partially adhere to the tape and peel odigangthe tape remaal. Overall, while

good for initial proofof-concept trials, the use of Kapton tape as the masking meth®d

unreliable.

Trench Area

— Bare SiC
Contact Area

15.0kV 7.3mm x76 SE 12/19/2014 7 500um
Figure 4-52. SEM image of the outer contact area. Note the irregularities on the edge

due to the use of Kapton tape as the masking method. (€fshhing changis an image
artifact fromthe SEM scai

84



15.0kV 8.5mm x40 SE 12/19/2014

Figure 4-53: Another view of the issues with using Kapton tape for the contact
formation. One side has multiple defects where the edge of the contact was damaged during
tape removal. While the othside has the metal contact going all the way to the edge of the SiC
substrate due to tape misalignment.

After the formation of the top and back side contactsagn e cessary t o fl oad
detector with the neutron conversion material. For this project, enritBgbwder fromEagle
Picher was utilized. A small amount of powder was placed onto the trenched area using a clean
spatula. Next the powder wamrked into the trenches by hand, with additional powder added if
necessary. This proggis not very precise and lexla fair amount of wasted product. Also,
there is always a concern of damagding metal contacts or the SiC fin&fter backfilling, the
devicewascoated with Humiseal and baked at 80 °C for 1 hour. The Humiseal helps prevent the

loss of the boron powder during handling.
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25.0kV 10:3mm x949 SE 8/26/2013

Figure 4-54: Low magnification of handfilled devic&hows reltively consistent filling
across the device. No cap layer is present.

25.0kV 10.2mm x5.52k SE 8/26/2013 ;

Figure 4-55. Higher magnification of handfilled device. Shows that the boron powder
has chunk®n the same scale as the device fesu
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250KV 8i8mm x3.17k SE,9/24/2013 -

Figure 4-56. Another handfilled device. It appears that the surface of the mateal
bebelow the top of the trenches

After the Humiseals cured, the device ishenmounted. The first step of the mounting
process wastclean the Humiseal and any boron powder from the bonding pad with a micro
swab soaked with isopropanol.wisnecessary to take care during this process so that the
contact layewas not damaged\ext, thedetector was mounted onto a DDB (as described in
Section 4.3).The testing of these devices is presentedhapters.

After testing the handilled devices, it was decided to deposit tf® via ebeam
evaporation.For ths purposeSiC die were etchediripped, cleanedand Ti/Au contacts were
fabricated on both sidedNext, the etched devices were loaded into theam gaporator and
approximately 0.5um of enriched'°B was depositethto the trenchesThis time, the devices
were positioned so th#te particles would be normally incident to the etched faceetal
shadow mask was ussalrestrictthe borm deposition to only the trenerea ancho boronwas
depositedn the outer contact areahd& darker regiofof Figure4-57) is the areaoatedwith
boronwhile the lighter regions are the gold contact. The evaporation did not appear to put

appreciable material into the trenched areAfter the boron deposition, the devices were again
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tested withalpha particles from*!Am to ensure that there they were still sensitive to incident

alphaparticles.

QDT A

Figure 4-57: SEM image of the di&e after evaporated ~0&m of enriched®B. A
shadowmask was used to prevent the deposition of boron on the contact area. There appears to
be no appreciable buildup of boron within the actual trenches.

Next, the etched SiC devices were bonded to mlarsubstrates with conductive silver
epoxy. The switch to alumina substrates was made to allow for testing of detectors with alpha
sources or to light source$hen the top contact was wire bonded to the second contaatrare
the alumina substrate. oN-conductive epoxy was applied over the wire bonds to provide

structural support and protection, as well as electrical isolation.



Figure 4-58: Picture of the mounted (I@m x 10mm) microstructured Si@etector on
the alumina substrate with deposited gold contact pads for electrical connections. Nickel
included for scale.

Figure 4-59: Etchedand backfilledSiC device shown iRigure 4-64 after sealing with
HumiSeal and mountingOnthe right side is the black, namonductive epoxy for the wirebond.

An additional change was the use of a micromaathishadow magkuring contact
fabrication The mask was made from aluminum stock
thickness). The milling programs were written in a basic text editor program (NotePad ++) in
the GCode format. GCode provides #machine with instructions on bit rotation speed, and

location in an XYZ format. The Z aximustbe zeroed in relation to the work surface. During
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the execution of the program, the operator can designate cut speed, length, depth, and direction.

A simple pocket design was used whereltrgepocket was sized so that the SiC chips would

fit snugly into the opening. Nexheopeningwas sized so that it was 0.200 mm smaller than the

SIC chips(Figure4-60). Thisdesign featurevaschoserso that there was a 0.100 mm lip around

the entirety of the SiC chip thatould occludehe outer edge during the contact formation. The

corners of the lip are rounded due to fhet that theend mill bit sizewasO . 0300 or ~0. 767¢

andis of a similar scale as the device dimensidfigure4-61).

ﬂ% A_L
Figure 4-60: Sketch of the cross section of the shadowmask. Simple pocket design that

had a lip approximately 0.1 mm wide that prevented the deposition of metal on the side of the
SiC chip.

156.0kV 25.0mm x47 SE 2/2/2015

Figure 4-61: SEM image of Ti/Au metal contact layer on etched side. The metals were
evaporated using thebeamevaporator and the device was placed within a shadowmask, to
prevent the deposition of metals on the sides.
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4 5Etched5 mm x 5mm

One reason famoving away from the 1m x 10mm design to the Bim x 5mm
designwasto increase the overall yieldom less than 25 deces to over 100 devices peir&h
wafer. During the design of the new photomask, the bonding pad was centered on the top of the
trench region. Thidesign changkad the inadvertent effect of making it very difficult to
determine which side was etched after stripping the etchant mask. During the chemical cleaning
process, the SiC chips would move within the holder when being dipjetthe chemical
solutions orfrom the agation from the gas bubbles released by the boiling solution.

It was also decided to make the switch from ITO to aluminum as the etchant mask
material. Aluminum has several advantages over ITO. First, itekearmental material not a
compound, so there are no questions about the congpositthe deposited materiahlso,
aluminum is a forgiving material forl@eam evaporation. It is relatively easy to melt and
maintain a high deposition rate with mininsparking Aluminum evaporation also forms a
smooth layer.Whereas ITO undergoes sublimatioeyver meltsoperates at a high chamber
pressurgand is prone tgparkingat higher deposition rates.

An additional benefit of the smaller size, was less ingo#idns in the SiC fins after
etching. The deposition of the ITO would create many spots where there would either be large
chunks of deposited materials or voids. These spots would theméeapots where theGfins
would be over etched. During thentact formation, the Ti/Au contact layer would not be
continuous across these areas, leadimgptentially inactive regions. Wittewer and shorter

fins, this impact is reduced.
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20.0kV 13.0mm x230 SE 8/18/2014

Figure 4-62: SEM imageof effects of sputtering during the ITO deposition. Several large
chunks of extra material around the trenches. Several spots where the ITO over the SiC fins is
partially missing or completely broken.

A test grade SiC wafer wasocessed with the newdm x 5mm @ pum pitch) pattern
with aluminum for the etchant mask materiélext the wafer was loaded into thée&am
evaporator and 1.5um thick layer of aluminum wadeposited The resulting etchant mask was
much more uniform than the etchant masksied with ITO, with less gaps present on the fins
For validation on how the aluminum would withstand plasma etching, a strip of partial devices
along one wafer edgeere diced. Reliminary etching trials were conducted these partial
devices Note,edge pieces were used because it was possible to dice off one edge for initial
trials. While the majority of the wafer would be preserved and could be stripped and reprocessed
if needed.The aluminumwas observed to be able to withstand the stgestpasma etching
quite well. As a resulthe remainder of the wafer was diced for etching.

Multiple etching trial runs were conducted with a variety of process param¥gtmisus
SFs etching recipes were teste@ihe RF power was varied from 100 W4@ W, the process
chamber pressure was typically either 7 mTorr or 40 mThne samples were processed with a

high-gas flowrate, with a combined flowrate of 200 sccm of 8t oxygen.From the samples

92



examined within the SEM, was identifiedhat wherthe process chamber pressure was held at
40 mTorr, there was a dramatic increase in the number of microfeatures present within the
trencheskigure4-63). Also, the deeper etches exhibit narrowing of the trenches near the

bottom.

[V.SZum

20.0kV 7.4mm x1.56k SE 5/27/2015

20.0kV 9.4mm x2.70k SE 5/11/2015

Figure 4-63: Left SEM image is of a low pressure process (émm)T The right image is
of a high pressure process (40 mTorr). There appears to be substantially more microfeature
formation within the higipressure process. Also, the trenchasrow substantially near the
bottom.

After the trial runs with the tegfrade SiC. A devicgrade SiC was processa the
same manner with therBm x 5mm (8um pitch) pattern.For the deviceggrade waferthe Al
etchant mask was aboufé thick. After SiC die wasetched it wasthen loaded into the-e
beam evaporator and/Au contact layers were depositet@ihe first 5Smm devices were
backfilled by hand same as therh@h devicesKigure4-64). However, as evidenced Bygure
4-65, for some trench profiles, there are significant portiortsepich volume that is not being

filled with the boron powder.
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Enriched Boron-10 Powder Gold Contact

15.0kV 7.3mm x2.50k SE 3/30/2015

Figure 4-64: Top-down SEM images ohatched device backfilled by hand with
enriched!®B metal powder from Eagle Picher.

20.0kV 5.9mm x3.50k SE 5/20/2015

Figure 4-65. SEM image of the cross section of a cleaved device after backfilling by
hand. It is obvious thatt the bottom of some trenches are voids due to insufficient backfilling.
Also, while the trenches have decemnitdle~12um, they are somewhat tapered to the bottom.
However, the top of the SiC fins are flat which is key for proper contact deposition.

After manual backfilling, it was attempted to use a centrifuge to force the boron powder
into the trenches. The dee to be backfilled was placed inside of the holder seen below in
Figure4-66, and then inserted into a centrifuge tube. Separately, a small amount of boron

powderwas loaded into a second tube andvi0of menthol was added. This mixture was then
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loaded into an ultrasonic bath for 30 minutes. The purpose of the ultrasonic bath was to disperse
the boron powder as evenly as possible armte¢akup larger clumps. fer mixing, the

menthol/boron mixture was slowly addexdthe centrifuge tube as not dislodge the SiC device.

After balancing theentrifugewith additional dummy tubes, the centrifuge was ramped up to

5500 rpm andheldat speedor 30 minutes. Oncthe centrifuge cycle was finished, the excess

fluid was slowly poured off and SiC was removed from the holder and placed on a cleanroom
cloth. Next, the device was allowed to fully dry (usually left overnight). After drying, the

excess boron powder wasnually removed from the surface of the SiC device. Then the

device was sealed using Humiseal spray. After the Humiseal applidhe device was kad

at 80°C for 1 hourto cure the Humiseal

Figure 4-66. Solidworks image of the3 printed device holder used for centrifugin
boron powder into an etchedndm x 5mm device. Bottom was designed with a cone shape to
better match the bottom of the centrifuge tube. The wedshto allowaccess underneath of the
device to safely remove the device from the holder.

After backfilling and coating with Humiseal, the backside contsscleaned with
acetone and isopropanoThenthe device wasmounted onto an alumina substralde top
contact is wiredbonded to the second contact area and then coated withconduactive epoxy

for protection. Thecircles within the black epoxy are actually the tops of pins that extended
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below the alumina substrate. The pins were adhered to the gold contact areas with conductive
silver epoxy. The pins would then be inserted into connectors on the test box. This substrate
was only used briefly, as thenereissues with the pins breakihgpse when being loaded into

the test box.

Figure 4-67: 5 mm design SiC detector mounted on alumina substrate. Wire bonds are
protected with the black epoxy. A problem associated with this design b&jgpanent after
swapping devices a few timéise pins would break free from the epoxy.

Due tothemechanical failuresf the connectorghe change was made to a different
alumina substratd-{gure4-68). This substrate had larger holes and it was possible to use bolts
to hold thedetectorin place. For this test box, wire ring terminals were soldered onto the anode
and cathode wires. The anode wire was conneotdee central conductor on the BNC
connector and the cathode wire was connected to the aluminum test box. The bolts that held the
device in place also sandwiched the wire ring terminals firmly into the contact pads on the

alumina substrate.
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Figure 4-68: Test box configuration, with plastimltsestablishing a pressure contact
between the electrical leads and the bonding areas on the alumina substrate.

4.5.1Metal Contact Layer

After fabricating muliple devices wherthe top contacivas formedafter etching,tiwas
decidedo fabricatehe metal contact layer before depositing the Al etchant maskletailed
previously, he intention washat the contact would be more uniform across the surfaibe of
device. Using photolithography to pattern the contact would reduce any possible edge effects
due to the relative roughness or imperfections that were transferred from the shadosvmasks
Kapton tape. Also, the SiC fins would have a much more unifisickness contact layevhen
formed via liftoff than the current method of tilting.

The typical contact layers of 3@0of titanium and 250@ of gold were patterned via
liftoff process ontdhe final devicegradeSiC wafer using AZ 2070 photoresigtigure4-69).
Thenthe etchant photomask was used to pattern the AZ 2070 photoresist prior to the Al
deposition. After multiple attempta satisfactory photoresist pattern with the proper aiigmt

was made. Next, about %&# of aluminum was deposite#igure4-69). Then the wafer was
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soaked overgiht in Kwik-Strip to remove photoresist and finish the liftoff procésgyre4-70).
It is readily apparenwhich regionsarecovered by the etchant mask aslowhere the

underlying metal contact layer is located

30.0kV 13.4mm x2.29k SE 3/6/2017

Figure 4-69: SEM image of AZ 2070 photoresist used for liftoff process for the formation
aluminum etchant mask. This wafer wastedwith 7.5kA of aluminum on top of the selectively
etched metal traces/contact aredsven though the photoresist was biased towards one edge, it
was possible to fArealigno the et pobitomeddurimgi ndow
evaporation.

———
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25.0kV 21.2mm x2.06k SE 3/7/2017

Figure4-70. SEM image of same wafer after completing liftoff process. The open
etching windows for the trenches are visible as the dark regions. The regions where the
aluminum etchant mask is covering the Ti/Autachareas are visible as the light regions. The
middletone gray where the aluminum is protecting the bare wafer.
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After the formation of the contacts and etchant mask, the SiC was diegthg the
dicing process, it was observed that both layerssh#fdred extensive peeling across the
majority of the wafer. Approximately, two thirds of the wafer had been diced in one direction

(Figure4-71).

Figure4-71: Onehalf of the remaining partial SiC wafer after the Al etchant mask
peeled during dicing. The yellow tint is due to the filtered lighting within the cleanroom.

Substantial effogwereput forthinto processing the partial wafer. However, due to the
nontcircular shape, the photoresist would develspbstantial edge beadinhe edge bead
would beon the order of 3 times the nominal thickness ofAEe2070photoresis{20-25 um
thick compared tohetypical 7 um). Since the wafer was patterned via contact exposure, the
edge bead would cause a gap to form between the top of the photoresist and the bottom of the
photomask. This gap would then distibet transferred patternWhere the design catidor the
lines of photoresist for the metal contagtdato be approximately m wide with a separation

of 2 um, the actual patterned features would be wider, nearly touching with negligible gap
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remaining. Also, the exposure time would be insufficiéatproperly expos photoresist of that
thickness, which prevented accurate developing.

It was attempted to spray acetone on the edge of the partial wafer to remove the edge
bead. Thigprocesswvorked only partially, as only-8 potential devices would hattee proper
photoresist patternOtherattempts were made to try dipping each edge of the partial wafer into a
shallow dish of acetorte remove the edge bead. Both methods had a tendency of creating a
new edge bead. They would also unevenly removphhbtoresist which wouldgainprevent
uniform contact between the photomask and the photoresidting in a distortegattern.

While efforts were made to press the partial pieces of the SiC wafdanar devices
were fabricated from the diced porni®of the devicgrade SiC wafer. The goal was to have a
more reliable test box configuration for when new etched devices could be fabritheedew
holder for thes mm x 5mm devicesis shown irFigure4-72. These holders were leftovers
from a different project and had both contact pads on the bottom of the holder. The SiC device
was epoxied to the bottom plane using conductive silver epoxy. The topsiderelasnaed to

the ledge at the top of the holder.

Figure4-72: Final planar mounting design in attempt to makaore reliable test box
configuration.
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The new test box configuratidar test devices mounted on the new haldeshown in
Figure4-73. The contact pads on the backside of the holder was placed on top of a modified two
pin connector ath held in place with an additional piece of aluminum. A large piece of

aluminum was used to prevehe devices from shifting durirftanding.

Figure 4-73: Final test box configuration, where the devieeminals on the back of the
device mount are pressed into electrical leads from the BNC connector.

A planar devicaised during alpha particle source testing, is shoviaigare4-74. Also

shown is a 3D printed collimator with a centrgtigsitioned, 2 mm apertur€éheaperture size
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was intentionally designed smallteduce the overall courdte andherefore reducthe amount

of charge trapping and peak shift during a measurement.

Figure 4-74: Planar detector along with a-B printed collimator used for alpha particle
sensitivity testing.
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Chapter5-Anal ysi s

This chapter W detail the device characterization including leakage current and
capacitance. It will also covéneanalysis and testing conducted for alpha particle testing,
gammaray testingand neutron testingAs discussed previously, neutron testing was cctedu
with both?®2Cf and the KSU TRIGA ReactorAlso device charge polarization during irradiation

is also covered within this chapter.

5.1Planar 10mm x 10mm

After the detectors were mountedto DDBs, they were loaded into the custbuilt test
box (Figure5-1). This test box was used to conduct leakage current and capacitance testing as
well as neutron or gamma testing. The box was simple in construction. The DDB holder was
3D printed. Springips were mounted in the bottom of the holder. Three spring pins pressed
against the back plane of the DDB. One pirdeneontact with the DDB througtonnection to
the wirebond pad to the topside contact. The topside pin was connected to the anoB&IGf the
connector. One backside pin was connected to the cathode side of the BNC connector. There

was also aelectrical connection between the BNC connector and the metal case.
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Figure 5-1: DDB test box cusm built to test a SiC device mounted onto a DDB, the
holder is made by 3D printing. Spring pins make electrical connection to the DDB. A
preamplifier is connected via a BNC connector.

For the SiC devices, the leakage current was tested with agiedios attached to a
Keithley 237. The Keithley was controlled via a computer. The system applied a voltage across
the device and measured the resulting current. Typical test parameters were 1000Mo
with 0.5 V step. Aepresentativeesultant-Vcurve is shown ifrigure5-2. The leakage current
is very linear with respect to the applied bias. The maximum current seemwasorder of 10

nA at+100V.
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Planar Leakage Current
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Figure 5-2: Leakage current of a 1®m x 10nm planar deviceThe, evice exhibits
linear, highlyresistiveohmicbehavior. Maxeakage current is less than hé at 100V.

The capacitance testing wesnducte using a Hewlett Packard 4280A, controlled by the
laboratory computer. As the DC voltage sweep is applied across the device, the impedance of
the device is measured as an AC voltage is applied. For the testing presented here, the AC
voltage waperated at 1 MHz and the DC bias was stepped from 0 V to 10 V. This setup may
be represented as a simple RC cirdaig(re5-3), where R is the resistance of the mateand
C is capacitance. The impedanggof the RC circuit is shown in Eq. 5.1, whereis the
frequency of the applied voltage, gnd the imaginary unit. WheR becomes very large, the
j ®RCterm dominates the denominator, allowing for Rermsto cancel, reducing to Eq. 5.2.

The result of € for the impedance indicates that there is no change in capacitance during the

DC voltage sweep. This agrees with the behavior of the lindanteéasurements (séegure

5-25).
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Figure5-3: Simple RC circuit that represents the capacitanckage (GV)
measurement.

W — Eq. 5.1

QO O Eq. 5.2

For the 10nm planar devices, the capacitance was approximately 25 hdse
measured capacitance values were used to aid in preamplifier selectiomed$weedalues
can be verified by taking the basic equation for parallel plate capasitahere the area is ~100
mm, the thick n@gdmermitsity & €libon earhide) ia abdut 9.6. The
(permittivity of free space) is 8.854187 F/m. It can be shown by applying the values into Eq.
5.3 that the experimentally measured &aipance is comparable to the parallel plate capacitance

using the total thickness of the substrate.

_ g6, Area
t

C Eq. 53
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Since theravereconcerns that the 3D printed plastic would cause neutron scattering in
the thermal beam, the DDBs were mounted onto printed circuit boards (Domino boards) see
Figure5-4. The printed circuit boards (PCBs) used were Domino electronics hwarsedrom
ongoing silicorbased MSNDs projects. The Dominos were desifgmedse with 22m x 2cm
devices. A connector was mounted atlibétom of the Domino that supplied sanground,
and power.A new test boxKigure5-5) was assembled thabnnectedhe new SiC Domino
device to the Ortec 142A Preamiext the signals were processedab@anberra 2022
amplifier. Typical amplifier settings were 300x coarse gain and 1.0x fine gain, while the pulse
shaping time was set ag2s . The amplified signal was then
computer running Maestro MCA. High voltage wasvided by an Ortec 556 High Voltage

Power Supply, the actual applied voltage was verified using a digital multimeter.

Figure 5-4: A 10mm x 10nmdetector mounted onto a Domino PCB. The blue square
outinesthed et ect or.6s | ocati on
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Figure 5-5: SiC device and test box. BNC connector for signal and power is visible on
the right. It was possibled conduct-Vand GV measurements as well as neutron sensitivity
testing using this test box.

The operational range of the detectors was determined by conducting 20 minute
measurements starting at ¥@pplied bias and increasing 10 V for each successive
measurement. If excessive spurious counts were observed, the measurement was immediately
stopped and the voltage was reduced to safe levels. Th&#Aansource was positioned above
the detectors and the measurements were conducted again for eaath laippli

The new SiC Domino was subjected to various tesfigurations First, the SiC
detector was positioned inside of a vacuum chamifitera2°Cf source located outsidd-hen
twenty minute measuremeriisthwith the source and witlut thesourcewere takerwith the
vacuum charner at atmospheric pressure. After the atmospheric tests were contpleted,
chamber was evacuated to ~ 40 mTdrhis test was accomplished using a liquid nitrogen
sorption pump to reduce spurious noise signals from mézdavibrations. Then both source

and nesource measurements were retakiemally, the chamber was vented to atmospheric
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pressure and both measurements were repeated. The result® & ftheeasurementsre shown
in Figure5-6. Also, one measurement with no source is included.

It is apparent that the presence of air or vacdudmot have anwgppreciable effect on
the resultant spectruand that the spectrucid not changevhenthe chambewasvented. The
second purpose of this experiment was to prove that the recorded signals were due to neutrons
interacting with the neutron conversion material and the resultant charged particles entering the
detector volume anhducing a signal. This test demonstrated that the signals were not being

generated by charging of the surrounding air.

Gf252 @ atm
Gf262 @ 40 mTorr ]
Cf-252 @ atm (2)
a0 No Source @ atm ]

yi nM.‘ b B v s

i 8
140 160

Figure 5-6: Measurements taken at atmospheric pressure and at vacuum withGhe
source. Each measurement was 20 minutes in durabefinite change in detector behavior
when comparing source versus no source measurements.

A longer measurement of 10 houRsgure5-7) was taken with the detector located
within the vacuum chamber at atmospheric pressure arféf@fesource located outside of the
chamber. The 10 hour spectrum shows similar respas the 20 minute spectruihe data

shown inFigure 5-8 is the same data as showrFigure5-7 butwith a different scaling applied
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to the Y-axis. Again, there is a significant difference in detector behavior when comparing

source and ngsource.
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Figure 5-7: Measurements with tHfé°Cf sourcewhile the detector located withitne
vacuum chamber. Measurement durations were 20 minutes (blue) and 10 hours (red). No
source measurement was for 20 minutes (black).
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Figure 5-8: Measurements with ti&°Cf source with the detector located within a
vacuum chamber. Measurement durations were 20 minutes (blue) and 10 hours (red). No
source measurement was for 20 minutes (black).
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With the new test box configuration wiaspossible to put only the SiC detector and the
Domino board into the thermal neutron diffracted beam port at {8&t€TRIGA Reactor.
Preliminary test results are showrFigure5-9, wher e t he fANo Shuttero r
taken as the detector is placed within the ne
detector response when anBn-thick cadmium shuttewasplaced in front of the detector. The

measurement duration for each was 3 minutes. This measurement demonstrates that the SiC

detector is responding to incident neutrons.

1800

No Shutter
Gd Shutter

1000 |

800 -

Figure 5-9: Measurements ahe thermal neutron diffracted beam port. The red data
line is the neutron beam response. The blue line is the detector response when the cadmium
shutter is closed. The test duration was 3 minutes. This measurement demonstrates that the SiC
detector is esponding to incident neutrons.

Gamma response measurements were conducted (€@ gammaray source. As
shown inFigure5-10, theresultant spectrurwith thegammaray source is very similar to the
No Source response spectruiithe spectrum with th&2Cf source had a definite increase in
counts. Thisresultis furtherindication that the SiC detector signal responses are due to incident

neutrons interacting with the neutron conversion material.
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Figure 5-10: Detector responsef a?’Na gamma source, tf&’Cf saurce, and with no
source present. Each measurement was 5 minutes in length.

5.2Etched 10mm x 10mm

The etched 10 mm x 10mm devices were tested foMtanid GV characteristics. The
devices exhibited a leakage current of approximately 10 nA a¥ Hiplied bias. The
capacitance of the devices was measured to be 25 pF to 38hile. the detector was in the
probe station, &*Am source was positioned above the detector and a 900 second measurement
was conducted. The resultant spectrum is shovagure5-11. There is a clear separation

between the alpha peak and the noise region.
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Etched Device with Alpha Source
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Figure 5-11: Alpha particlespectrum with a 10 mm x 10 mm etched device. The duration
of the measurement was 900 secoiitiss measurement was taken before the etched device was
backfilled.

Using the custom test box constructeddbgctronics Design Laboratory (EDL) at Kansas
StateUniversity, thebackfilled SiC device was connected to an Ortec 142Agmp and then to
an Ortec 672 amplifier. The amplified output was then displayed on an oscilloscope. A 1 inch
thick piece of HDPE was placed directly on top of the detector hotsimgvide some
moderation and #°Cf source was placed directly on top of the HDPEhesignals were sent to
an oscilloscope and thiegger level was adjusted upwards until only large amgétpulse
events were displayed.h@& oscilloscope display wahanged to infinite persistence, so all
pulses were kept. The results after approximately 45 minutes of steady operation are shown in
(Figure5-12). A small sample ofecorded signals to better see pulses is showigure5-13.
The brown lines and blue area are from the histogram fe@@ue=lines on the lef@ndhave no

effecton the pulses.
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Control Utilities
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Figure 5-12: Sum of allpulses above the trigger level, after approximatyminutes of
operation. The blue area is from the histogram feature of the oscilloscope wheraxikas<
total number within a bin and theaxis is the amplitude of the pulses.

File Control Setup Measure Analyze Utilities Help 1:54 PM
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Figure 5-13: Small sanple of pulse heights during an approximately 2 minute
measuremeni he xaxis is time (2 psec per division) and thexs is amplitude (500 mV per
division).
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To show that the observed events arenuige related, th®Cf source was removed and
an additional 45 minute measurement was condu€igdre5-14). After the measurement was
completed, the trigger level was lowered into theseoegion to demonstrate that the detector
was stilloperating.

File Confrol Setup Measure Utilities

Analyze Help 1:49 PM
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Figure 5-14: Measurement conducted witfCf source removed. At the completimin
the measurementhe trigger level was lowered into theise region to indicate detector was
operational. The xaxis is time (2 psec per division) and thaxis is amplitude (1 V per
division).

5.2.1Device Charge Poléazation

Next a planar detector was testeith alpha particles using?4*Am source. The source
was suspended about 2 mm above the top of the detector. Each measurement was taken with
minimal delay and lasted for 60 seconds g&ifure5-15). It wasobservedhatasthe detector

was left under bias armbntinuouslyirradiated, the alpha peak would shift to progressively lower
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channels. The peak would shift back to higher channels if the alpha source was removed for an

appreciable amount of time.

Peak Shift with Am-241 Source
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Figure 5-15: Each measurement wasnductedor 60sec and was taken consecutively
where Measurement 1 was first and Measurement 4 wasTlastpeak continually shifts to
lower channels. When taking atiodhal measurements, the peak would continue shifting left
until it was indistinguishable from noise.

It is sumised that a couple of mechanismay be responsible for the peak shift. The

most likely mechanismas an increase in leakage current duriregtesting. Internal to the

preamplifier, the bias voltage is passed through a large load resistor and then applied to the

detector. The increase in leakage current will the bias voltage potential across the load resistor

resulting in a lower applied ksasoltage to the detectoA decrease ithe applied voltage bias

would result in a corresponding decrease in pulse height, which woulthsgtsftectral peak to

the left. Another possible mechanism is the charge trapping or charge polarization thavenay

occurredeither within the bulk silicon carbide material or at the corddition carbide interface.

In the literature, there is considerable mention of charge trapping occurririg kigh-purity

semtinsulating4H silicon carbide bulk materialAs discussed previously, the primary methods
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of creating SiC with serrinsulating properties is either doping with vanadium or the formation
of deep | evel traps. 't was observed that
charge by removithe applied bias for a few minutes. Alternatively, it was possible to expose
the detectoarrangement to direct light, whietould temporarily cause a dramatic increase in
noise (full scale amplitude on oscilloscope). Once the light was removed aydtid®

returned to stable operation, the peak would shift again to the higher energy chhasiys.

the source could be removed.

5.22 Boron Deposition

Enriched boron was evaporated onto a 10 mm x 10 mm etched device. The device was

tested for alph particle sensitivity before and after boron deposition. No appreciable change in

performance was noticed. Next the device was mounted onto an alumina subguagb{16)

and prepared for neutron testing with the 48%gf source
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Figure5-16. Picture of the mounted (Iim x 10mm) microstructured SiC detector on
the alumina substrate with deposited gotohtact pads for electrical connections. Nickel
included for scale.

The detectoon the new substrate wasunted in thenewtest box Figure5-17) andwas
secured using flexible metal clips that douldsthe electrical connections. The blue connector
is the device ground and is also connected to the box enclosure. Toamnedtois the applied
bias. The printed circuit board provides an electrieal$ylating mounting platform. Both
wires are connected to a basic BNC connegtbich was connectetb a standard preamplifier.
The lower level discriminator (LLD) on the MAESTRSOftware was tuned so that the program
reported deadtime of less than 3%. The applied voltage was approximately 50V as measured by

a digital multimeter across the blue and red connestwwnin Figure5-17.
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BNC connector
Power/Signal

Figure5-17: Test box design for device testing. The blue connector is the device ground
and is connected to the enclosing box. The red connector is the appedibe actual
electrical connections are made by a pair of flexible metal clips that could be loosened/tightened
as needed. The blank printed circuit board is usetth@siounting platform.

Measurements were conducted with no source present andhéhé® hgf>°Cf was
positioned on top of the test box lid directly above the detector. Each measurement had a
duration of two minutes. The resultant spectra are shoWwigure5-18. It is clearly evident
that the detectordos response °BGdoace.i Thereaceh an ge d

significant number of events with energy above the noise channels.

119



Microstructured Silicon Carbide Detector
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Figure5-18. Depicts detector response spectrum when exposed to the?2&hgource
versus background spectrum. Each measurement duration was 2 mipéestum is from the
etched device witt’B layer ceposited within the-beam evaporator.

It was observed that as the device was left under bias (more than 30 minutes), the upper
edge of the noise region would steadily shift to higher channel numbers. If the bias was
temporarily turned off and on, theise regions would shift back to lower channel numbers. The
downshift would typically move the noise region to the same general operating channel numbers
as other measurements. But, again if the device was allowed to dwell under bias, the noise
region wold once again increase.

It was theorized that the evaporated boron material was providing an alternate conduction
path for the applied bias. In other words, instead of relying upon the highly resistive silicon
carbide to maintain bias, the bias was altyugenerating a current through the boron coating
instead of the silicon carbide finBigure5-19). Boron actually has a lower resistivity of
approximately 16q c m v e r s°q s mt b &insdéa@iny silicon carbide. So the alternate
conduction path and the presence of additional surface trapping between the boron and etched

silicon carbide was surmised to be responsible for increasing the amplitindenoise.
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Figure 5-19: Sketch of the borenoated device and the theorized current path (green
arrow) versus the desired current path (red arrow). The blue is the deposited boron coating.

To counteract the increase in noise amplitude behavior, twerbgiktivity devices were
etched and Ti/Au contacts were evaporated on both sides. Then, approximai&lgfadicon
dioxide (SiQ) was sputtered onto the device top. Silicon dioxide wasezhbecause it is an
insulator and the sputtering target was available within the laboratory. The purpose ohthe SiO
was to act as an electrically insulating layer between the gold contact and the evaporated boron
material. The benefit of using the sjgwing systemHKigure5-20), is that sputtering is an
isotropic process. This process trait allowed for more complete coverage in the trenches and on
the fins. For testing purposes, the bonding pad area was masked with Kapton tape to prevent any
potential interference with the test probe connection. The SEM imaging of an etckgrddest
SiC chip that was used as a test run to determine the feagbiiputtering Si@onto the etched
SiC devices is shown iRigure5-21. It is readily apparent that the sputtering system achieved
relatively uniformcoverage of the top surfaces. Although it is fairly hard to determine the

quality of the coverage within the trenches.
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Figure 5-20: Sputtering system, used for the deposition of metals such as titanium
gold and other materials including indium tin oxide (ITO), silicon dioxide, and H&2Jn

Figure5-21: SEM image of the boundary line of the device area coveredpuititered
SiG: and the bare SiC on a test devidéhe bare region on the right was intentionally masked
with Kapton tape to cover the bond pad, as well as provide a boundary region for inspection.

The devices were tested for alpha sensitivity, leakagent, and capacitance
both before and after the formation of the Si&yers to monitor any changes in device

performance. Nappreciablehanges were observeAfter the evaluation tests were
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