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METHOD OF FABRICATING A NEUTRON 
DETECTOR SUCH AS A 

MICROSTRUCTURED SEMICONDUCTOR 
NEUTRON DETECTOR 
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That application is hereby incorporated in its entirety by 
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6 
alpha particle and a 0.84 MeV 7 Li ion in the excited state, 
thereafter rapidly de-exciting by the release of a 480 keY 
gamma ray. Typically, the 480 keY gamma ray does not 
participate in the detection process because it easily escapes 
the semiconductor substrate and is not absorbed. The remain­
ing 6% of the reactions release a 1.78 MeV alpha particle and 
a 1.02 MeV 7 Li ion. The energetic particles are easily 
detected, provided that they reach the semiconductor sub­
strate before losing too much energy traveling through the 

10 neutron absorbing coating or detector electrical contact. The 
6Li reaction of interest is 6Li(n,t)4 He, where the reactions 
release a 2.73 MeV triton and a 2.05 MeV 4He ion. As with 
10B, the energetic particles from the 6Li(n,t)4 He reaction are 
easily detected, provided that they reach the semiconductor 

15 substrate before losing too much energy in the neutron 
absorbing coating or detector electrical contact. 

A single neutron detector coated with 10B has a maximum 
theoretical intrinsic thermal neutron (2200 m s- 1

) detection 
efficiency of approximately 5%, but is generally measured to 

20 be lower than 5% due to electronic noise and reaction product 
energy attenuation through the electrical contacts. Pure 6Li 
metal foils applied to a semiconductor diode can yield intrin­
sic thermal neutron detection efficiencies as high as 12%; 
however, Li metal is highly reactive and tends to decompose 

25 except when treated with stringent encapsulation precau­
tions. For this reason, it is the stable compound 6LiF that is 
generally used for with coated neutron detectors. Semicon­
ductor diode detectors coated with 6LiF can achieve intrinsic Solomon, C. J., J. K. Shultis, D. S. McGregor, "Reduced 

Efficiency Variation in Perforated Neutron Detectors with 
Sinusoidal Trench Design," Nucl. Instrum. and Meth., 30 

A618 (2010) pp. 260-265. 

thermal neutron detection efficiencies up to approximately 
5 .2%, similar to that of 10B-coated devices. 

The most common material used for neutron detection is 
3He, a rare and expensive isotope of helium gas. These 3He 
gas-filled detectors are typically pressurized to achieve intrin­
sic thermal neutron detection efficiencies greater than 75%. 
However, these 3 He gas-filled detectors generally require 
between 500 volts to 3000 volts to operate, compared to only 

Solomon, C. J., J. K. Shultis, W. J. McNeil, T. C. Unruh, B. B. 
Rice, and D. S. McGregor, "A Hybrid Method for Coupled 
Neutron-Ion Transport Calculations for 10B and 6LiF 
Coated and Perforated Detector Efficiencies," Nucl. 35 

Instrum. and Meth., A580 (2007) pp. 326-330. 
Solomon, C. J., J. K. Shultis, D. S. McGregor, "Angular 

Efficiency Design Considerations for Perforated Semicon­
ductor Neutron Detectors," IEEE Nuclear Science Sympo­
sium, Waikiki, Hi., Oct. 28-Nov. 3, 2007. 40 

a few volts needed for semiconductor detectors. Because of 
their relatively high efficiency, 3He gas-filled detectors 
remain the preferred choice for neutron radiation detection. 

Over the past decade, between 2001 and 2013, a variation 
on the coated semiconductor neutron detector has allowed for 
a ten times increase in efficiency over typical coated semi­
conductor neutron detectors. These new detectors have 
microscopic structures etched into the substrate. The micro-

Unruh, T. C., S. L. Bellinger, D. E. Huddleston, W. J. McNeil, 
E. Patterson, T. Sobering, R. D. Taylor, D. S. McGregor, 
"Design and Operation of a 2D Thin Film Semiconductor 
Neutron Detector Array for use as a Beamport Monitor," 
Nucl. Instrum. Meth., A604 (2009) pp. 150-153. 45 structures then have a pn junction formed on the reticulated 

surface, or upon the planar surfaces of the semiconductor 
substrate. Afterwards, 6LiF is backfilled into the cavities of 
the microstructures. Theoretical calculations indicate that 
intrinsic thermal neutron detection efficiencies over 35% can 

Neutron detectors manufactured from semiconductor 
materials can be classified into two subcategories, those being 
semiconductor neutron detectors fabricated as rectifying 
diodes with a neutron reactive coating applied to them, and 
semiconductor materials that are composed, at least partially, 50 

of neutron reactive materials. The former classification is 
be achieved with these detectors, and when two are sand­
wiched together, thermal neutron detection efficiencies 
greater than 60% can be achieved. Coupled with the fact that 
they require less than 5 volts to operate, these detectors have 
achieved recognition as a promising alternative to 3He gas-

often referred as "coated" or "foil" semiconductor neutron 
detectors, and the latter classification is often referred to as 
"solid-form" or "bulk" semiconductor neutron detectors. The 
present application describes at least one embodiment of an 
invention within the former classification of semiconductor 
neutron detectors, in which a neutron reactive material is 
applied adjacent to a semiconductor rectifying junction. 

55 filled neutron detectors. Commercialization depends strongly 
upon a reliable fabrication process that allows for the cavities 
to be etched such that leakage current is low, and that allows 
for a non-destructive method to backfill the cavities, while 

For the purpose of semiconductor neutron detectors, the 
most commonly used neutron reactive materials are boron-! 0 60 

C0 B) and lithium-6 (6Li). Although elemental boron can be 
used, enriched 10B is commonly used to increase the effi­
ciency to maximum. Similarly, it is enriched 6Li that is used 
rather than elemental Li. Boron and lithium materials used for 
neutron detection are typically enriched to isotopic concen- 65 

trations exceeding 95%. The 10B reaction of interest is 10B 
(n,afLi, where 94% of the reactions release a 1.47 MeV 

allowing the detectors to be mass produced. 
Microstructured semiconductor neutron detectors 

(MSNDs) are used in neutron detection because of their high 
detection efficiency and their low power requirements. 
Trench cavity structures are etched into a semiconductor sub­
strate and then are backfilled with a neutron conversion mate-
rial that absorbs a neutron and emits charged-particle reaction 
products. The reaction products enter into the adjacent semi­
conductor material are subsequently sensed by the semicon-



US 8,778,715 B2 
7 

ductor detector device. The trenches of the devices are high­
aspect ratio trenches, generally on the order of 20 
micrometers wide by 400 micrometers deep and span the 
length of the detector diode. Because of this high-aspect ratio 
requirement of the devices, several difficulties arise regarding 
the backfilling of neutron reactive materials into the micro­
scopic cavities. An efficient method to backfill these cavities 
with neutron reactive material is described as part of a pre­
ferred embodiment of the present invention. 

8 
ing in the cavities are shown in FIG. 2 and FIG. 3. It is 
important to reduce individual particle size of the LiF mate­
rial. Particle size was significantly reduced (see FIG. 4 and 
FIG. 15) by using a vapor condensation method, as shown in 
FIG. 16, FIG. 17, and FIG. 18. 

Referring to FIG. 1, there is shown LiF crystals formed 
through a titration process whereupon HF is titrated into a 
saturated solution ofLiOH. The microscopic crystals can be 
of dimensions generally ranging from submicron to tens of 

The first microstructured detectors were fabricated with 
dry etching techniques, either with capacitive plasma etching 
systems or inductively coupled plasma etching systems. The 
inductively coupled plasma etching systems achieve much 
higher etching rates, as much as 100 microns of etched mate­
rial per hour, yet even this rate is much too slow for mass 
production. First, a reaction chamber is limited in capacity, 
thereby, limiting the throughput of semiconductor substrates 
per system. Second, the etch rate of 100 microns per hour 
would require several hours of etching to achieve the required 
depths needed for microstructured devices backfilled with 
LiF, typically 400 microns or more. Further, because of the 
extensive reactor use per etching process, the inductively 
coupled plasma system must undergo frequent cleaning, 
thereby, increasing the system down time. It was also learned 
that the plasma etch process causes damage on the etched 
surfaces, which manifests as severe leakage current, thereby, 
reducing the signal to noise ratio of the radiation detectors. 

10 microns. These relatively larger micron range crystal sizes do 
not pack well into the etched cavity regions of the substrate. 

Referring to FIG. 2, there is shown LiF crystals formed 
through HF titration into LiOH forced into the microscopic 
etched regions that are 250 microns deep. The result is inef-

15 ficient packing of material into the substrate, thereby, leaving 
behind much void space and decreasing the amount of the 
neutron interactive material per unit volume. The end result is 
lower neutron detection efficiency than optimum. 

Referring to FIG. 3, there is shown a cross section ofLiF 
20 crystals formed through HF titration into LiOH forced into 

the microscopic etched regions that are 212 microns deep. 
The result is inefficient packing of material into the substrate, 
thereby, leaving behind much void space and decreasing the 
amount of the neutron interactive material. The end result is 

25 lower neutron detection efficiency than optimum. 
Referring now to FIG. 4, there is shown LiF nanoparticle 

material produced through the vapor condensation method. 
The nanoparticle material can pack efficiently into the etched 
cavity regions. However, the material can agglomerate into 

The first silicon-based microstructured semiconductor 
neutron detectors were fabricated by first making a planar pn 
diode on the silicon surface. The substrate was often n-type 
material, upon which a p-type rectifying contact was pro­
duced. Afterwards, plasma etched features were cut directly 
through the pn junction. This process resulted in noisy 
devices with high leakage current, mainly because of damage 
caused at the pn junction interface during the plasma etching 
process. 

30 large particles that do not pack well into the cavities. 
Referring now to FIG. 5, there is shown fractals of agglom­

erated nanoparticles ofLiF produced through vapor conden­
sation. The nanoparticle material has collected into a series of 
small spheres through electrostatic forces and then the 

35 agglomerated spheres form into fractals of varying dimen-

The second variation of such detectors were manufactured 
such that the plasma etch did not affect the pn junction, but 
instead the etched region was recessed away from the pn 
junction. The leakage current improved significantly, by two 40 

orders of magnitude, yet was still too high for practical use. 

S!On. 

The following U. S. patent documents are related to the 
present invention: U.S. Pat. Nos. 4,544,576; 6,545,281; 
7,164,138; 7,452,568; 7,855,372 and 2006/0177568. 

SUMMARY OF THE INVENTION 

An object of at least one embodiment of the present inven­
tion is to provide an improved method of making neutron 
detectors such as microstructured semiconductor neutron 
detectors. 

In carrying out the above object and other objects of at least 
one embodiment of the present invention, the method 
includes the step of providing a particle-detecting substrate 

A third variation of the detectors incorporated the same 
recessed method as the second method, but an insulating 
silicon dioxide insulating dielectric was grown inside the 
etched features in order to remove damaged material and 45 

process an electrical insulating layer. This added insulator 
step improved the devices such that the leakage current was 
acceptably low, and practical devices could be made. How­
ever the leakage current was still higher, by an order of mag­
nitude, than observed for a common Si pnjunction diode. 

Many methods were used to backfill the etched cavities 
with LiF material, including physical vapor deposition, ultra­
sonic vibration, powder compression, flash melting and low 
pressure condensation. These backfilling methods worked to 
some amount of success, but had many drawbacks and were 55 

time consuming; hence these prior art backfilling methods 
were not conducive to large scale mass production of the 
detectors. 

50 having a surface and a plurality of cavities extending into the 
substrate from the surface; the method also includes filling the 
plurality of cavities with a neutron-responsive material. The 
step of filling including the step of centrifuging nanoparticles 

6LiF powder is used as the neutron conversion material for 
most functional MSND devices. Laboratory precipitated and 60 

commercially available 6LiF powder is composed of large, 
micron-sized, cubic crystals as shown in FIG. 1. This large 
crystal size can cause problems when attempting to backfill 
the device trenches. Often, the large crystals can block por­
tions of the cavity and prevent it from being completely filled 65 

with neutron conversion material, thereby, reducing overall 
neutron detection efficiency. Examples of inefficient backfill-

of the neutron-responsive material with the substrate for a 
time and at a rotational velocity sufficient to backfill the 
cavities with the nanoparticles. The material is responsive to 
neutrons absorbed thereby for releasing ionizing radiation 
reaction products. 

The step of providing may include the step of forming a 
dielectric layer and a patterned hard mask layer sequentially 
on the substrate. 

The step of providing may include the step of removing a 
portion of the dielectric layer with an etch to form an opening 
to expose the substrate. 

The step of providing may include the step of submerging 
the substrate into a highly anisotropic directionally orien­
tated, semiconductor etching solution to produce the cavities. 
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The step of providing may include the step of removing 
residual etchant material from the substrate to eliminate con­
tamination of the semiconductor. 

The step of providing may include the step of introducing 
dopant impurities into the cavities to produce a rectifying 
junction in the cavities. 

The junction may be a pnjunction. 
The junction may be a Schottky barrier junction. 
The junction may be an ohmic contact junction. 
The substrate may be a semiconductor substrate. The 10 

detector may be a microstructured semiconductor neutron 
detector. The nanoparticles may be suspended in a colloidal 
solution during the step of centrifuging. 

The cavities may be deep anisotropic cavities. 
At least one embodiment of the present invention provides 15 

a semiconductor process in which the possibility of produc­
ing an electrical leakage current is reduced and the perfor­
mance of the device is enhanced. 

10 
rent from previous methods, coupled to a low-impact method 
ofbackfilling the etched cavity regions with LiF material. The 
process is an advancement on the coated neutron detector 
fabrication process and allows for both high intrinsic thermal 
neutron detection efficiency and low leakage-current during 
operation. 

Further described is a process to completely and efficiently 
backfill microstructured semiconductor cavities with neutron 
reactive powder for use in neutron detection. 6LiF neutron 
reactive powder is nano-sized using a thermal evaporation 
process and carrier gas to transport vaporized 6LiF to a ther-
mophoretic and/or an electrostatic precipitator device where 
the vapor condenses and is collected in powder form. The 
powder is then harvested and evenly suspended into a colloi­
dal solution of alcohol by way of ultrasonic vibration. The 
microstructured device to be backfilled is placed into the 
6LiF-alcohol colloid solution and is supported by an alumi­
num holder. The colloidal solution, with the micro structured 
device, is then centrifuged. The 6LiF powder, previously sus-Further, at least one embodiment of the present invention 

provides a semiconductor process in which a neutron reactive 
material is backfilled into cavities and the performance of the 
device is enhanced. 

20 pended in the colloid solution, is forced into the cavities with 
uniform and entirely vertical force much greater than that 
obtained when filling devices by hand. This process is con­
tinued until the trenches are completely filled with neutron 
reactive material and a thin cap-layer of neutron reactive 

At least one embodiment of the present invention is a 
semiconductor process. First, a (110) surface-oriented sub­
strate having a thick encapsulating dielectric layer (-3 
micrometers) is provided. Thereafter, a diffusion pattern is 
applied to the substrate with a photoresist such that the pattern 
aligns with a (111) Si lattice direction of the substrate. After­
wards, the wafer is submerged into a solution of buffered 
oxide etch (BOE), or other hydrofluoric acid solution, to etch 
back 7 500 angstroms of the dielectric layer. A second pattern 
used for defining deep etching is applied, also aligned with 
the (111) direction as before, and BOE, or HF, is used to etch 
completely through the oxide to the substrate. The substrate is 
subsequently cleaned with an 0 2 plasma and/or a photoresist 35 

solvent to remove photoresist. The wafer is submerged in a 
solution of potassium hydroxide (KOH) and features are 
etched into the substrate up to 475 microns deep. Afterwards, 
the second mask oxide pattern is removed in a solution of 
BOE, leaving behind 7500 angstroms of dielectric to act as 40 

the diode parameter mask on the substrate. Afterwards, a 
diffused pn junction is formed in the etched features, or 
around the etched patterns. After removal of the surface 
oxides, a pattern of metal can be then applied around the 
periphery of each detector die, but is not always necessary, as 45 

the metal trace is related to a large (greater than 4 cm2
) diode 

size or necessitating connection paths to diodes across a full 
wafer. Afterwards, another metal pattern is applied to the 
backside of the wafer. The wafer is placed in a container of 
colloidal solution composed of, at least partly, LiF, hydrogen 50 

peroxide (H2 0 2 ) and methyl alcohol, and the container is 
centrifuged to force the LiF into the etched features. A final 
layer of LiF can be evaporated over the detector die. 

25 material is present on the device. The device is then harvested 
from the alcohol solution and any residual 6LiF remaining in 
the container can be re-suspended into the isopropanol by 
ultrasonic vibration. 

In order to make the aforementioned and other objects, 
30 features and advantages of the present invention comprehen­

sible, a preferred embodiment accompanied with figures is 
described in detail below. 

Some nano-sized material is produced during the conven­
tional manufacturing process, but it is often in low quantities 55 

and has proven difficult to recover. A new "bottom up" type 
process has been developed that utilizes the instability in 
phase formation and nucleates nanomaterial after the primary 
material has been formed. Coarse LiF powder is reduced to 
nanoparticle powder through a vapor transport method. 60 

Through this method, further described as a preferred 
embodiment of the present invention, nanoparticle LiF can be 
produced in batch quantities of several grams per batch uti­
lizing a Thermal Vaporization Condensation (TV C) system. 

At least one embodiment of the invention is a process that 65 

allows for rapid deep etching of the semiconductor substrate 
followed by a process that significantly reduces leakage cur-

Other objects of the invention will be apparent from the 
following description and drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a photograph of micrometer-sized 6LiF produced 
either commercially or through laboratory titration ofLiOH 
and HF; crystal sizes can range from sub-micron to tens of 
microns wide; 

FIG. 2 is a photograph of solution-precipitated LiF powder 
backfilled into straight 250-micron deep trenches; the coarse 
material does not completely fill the trenches of the devices 
and therefore reduces detection efficiency; 

FIG. 3 is a photograph of solution-precipitated LiF powder 
backfilled into sinusoidal 212-micron deep trenches; the 
coarse material does not completely fill the trenches of the 
devices and therefore reduces detection efficiency; 

FIG. 4 is a photograph ofLiF -agglomerated nanoparticles 
produced via LiF vapor condensation; with increased carrier 
gas flow velocity, the LiF nanoparticle material is given less 
time to coalesce into spheres, and therefore the size of the 
LiF -agglomerated nanoparticles are coherently reduced; 

FIG. 5 is a photograph of fractals of LiP-agglomerated 
nanoparticles produced via LiF vapor condensation. The 
nanoparticle material has collected into a series of small 
spheres through electrostatic forces and then agglomerated 
spheres form into fractals of varying dimension; 

FIGS. 6-14 schematically illustrate cross-section views of 
a semiconductor process according to an embodiment of the 
present invention; 

FIG. 15 is a photograph of nanoparticle 6LiF produced 
through the vapor-condensation method; 

FIG. 16 is an illustration of the Thermal Vaporization Con­
densation (TVC) system. This system has three primary 
zones: the heating zone, where coarse LiF powder is melted 
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and vaporized, cooling zone, where LiF vapor coagulates and 
condenses via thermophoretic forces on the walls of the fur­
nace tube, and the electrostatic precipitator, where remaining 
particles are collected via a large electric field; 

12 
% to methyl alcohol as the nano-sized LiF dispersion solu­
tion, with aqueous hydrogen peroxide acting as the weak­
solvent; the substrate backfill material was dried at 150° C.; 

FIG. 17 is an illustration of the process by which the LiF 5 

vapor is carried from the heating zone to the cooling zone. 
Thermophoretic forces urge the freshly cooled LiF particles 

the powder is in solid-form, but, there are expansion-voids 
formed from the dispersion solution evaporating too quickly; 

FIG. 27 is a photograph of a centrifugally backfilled semi­
conductor with, approximately, 500 micron deep trenches 
backfilled with LiF nanoparticle powder in high aspect-ratio to deposit onto the relatively cold walls of the furnace tube; 
KOH wet-etched straight trench microstructures; 

FIG. 28 is a photograph of a centrifugally backfilled semi­
conductor with 100 micron deep trenches backfilled with LiF 
nanoparticle powder in high aspect-ratio KOH wet-etched 
straight trench microstructures; 

FIG. 18 is an illustration of the electrostatic precipitator 
(ESP) is a means of nano-powder collection for the Thermal 10 

Vaporization Condensation (TVC) system; the non-uniform 
regions of the electric field are used to improve collection of 
the neutrally charged fractals through forces on dipoles; the 
uniform regions are used to forcibly collect fractals that have 
picked up charge from the furnace tube; 

FIG. 29 is a top-view photograph of the 20 micron wide 
15 trenches backfilled with LiF nanopowder; and 

FIG.19 is a progressive illustration of the process by which 
the LiF powder is dispersed into alcohol; powder is poured 
into the container of alcohol and is agitated with ultrasonic 
waves until complete dispersion is obtained; 

FIG. 30 is a schematic illustration of a cross section view of 
a semiconductor process according to an embodiment of the 
present invention. 

FIG. 20 is a progressive illustration of centrifugal LiF 20 

deposition in semiconductor microstructures via LiF -nano­
particle powder colloidal-suspension in alcohol; this method 
offers improvement over physically pressing the LiF -nano­
particle powder into the microstructures; the illustrated 
dimensions of the diode inside the bottle have been exagger- 25 

ated for effect; 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

The present invention will now be described more specifi­
cally with reference to the following embodiments. It is to be 
noted that the following descriptions of preferred embodi­
ments of this invention are presented herein for the purpose of 

FIG. 21 is a schematic illustration of a cross section view of 
a semiconductor process according to an embodiment of the 
present invention; 

FIG. 22 is a SEM photograph ofLiF centrifugal backfilling 
with 1: 1 ratio of water to acetone as the LiF dispersion solu­
tion, with water acting as the weak-solvent; the openings of 
the trenches are closed off almost immediately during the 
centrifugal deposition, i.e., there is little LiF powder in the 
bottom of the trenches; 

FIG. 22A is a SEM photograph ofLiF centrifugal backfill­
ing with 1:1 ratio of water to acetone as the LiF dispersion 
solution, with water acting as the weak-solvent; the openings 
of the trenches are closed off almost immediately during the 
centrifugal deposition, i.e., there is little LiF powder in the 
bottom of the trenches; 

FIG. 23 is a SEM photograph of centrifugal backfilling 
with 1:1 ratio of water to isopropyl alcohol as the LiF disper­
sion solution, with water acting as the weak-solvent; the 
openings of the trenches are closed off almost immediately 
during the centrifugal deposition, i.e., there is little LiF pow­
der in the bottom of the trenches; 

FIG. 24 is a SEM photograph of a centrifugally backfilled 
semiconductor with, approximately, 500 micron deep 
trenches backfilled with LiF nanoparticle powder in high 
aspect-ratio KOH wet-etched straight trench microstructures; 
the SEM photograph shows centrifugal backfilling with 1:5 
ratio of stabilized aqueous hydrogen peroxide 35 wt. % to 
methyl alcohol as the LiF dispersion solution, with aqueous 
hydrogen peroxide acting as the weak-solvent; 

FIG. 25 is a SEM photograph of centrifugal backfilling 
with 1:5 ratio of stabilized aqueous hydrogen peroxide 35 wt. 
% to methyl alcohol as the nano-sized LiF dispersion solu­
tion, with aqueous hydrogen peroxide acting as the weak­
solvent; the substrate backfill material was dried at room 
temperature; the powder is in solid-form, evidenced in the 
left-most trench and the crack along the upper-part of the 
backfilled trenches, which was created during the cleaving of 
the microstructured substrate to facilitate viewing of the 
backfill material; 

FIG. 26 is a SEM photograph of centrifugal backfilling 
with 1:5 ratio of stabilized aqueous hydrogen peroxide 35 wt. 

illustration and description only. It is not intended to be 
exhaustive or to be limited to the precise form disclosed. 

FIGS. 6 to 14, and FIG. 21, and FIG. 30 schematically 
30 illustrate cross-section views of a semiconductor process 

according to an embodiment of the present invention. 
Referring to FIG. 6, generally describing an embodiment 

of the present invention 100, a substrate 101 having a thick 
dielectric coating 102 thereon is provided. The substrate 101 

35 may be an n-type doped silicon substrate, a p-type doped 
silicon substrate, a low-doped n-type float zone refined sili­
con substrate, a low-doped p-type float zone refined silicon 
substrate, an epitaxial silicon substrate, a gallium arsenide 
(GaAs) substrate, a gallium phosphide (GaP) substrate, a 

40 gallium nitride (GaN) substrate, an indium phosphide (InP) 
substrate, a silicon carbide (SiC) substrate, a silicon germa­
nium (SiGe) substrate, or other semiconductor. The substrate 
101 may have a crystal orientation [110]. The substrate 101 
may be generally between 300 microns to 1100 microns in 

45 thickness. The substrate 101 may have a primary flat orien­
tation on a [ 111] crystal plane direction and a secondary flat 
orientation [111] 70.53 degrees rotated off the primary flat 
orientation. The insulating dielectric layer 102 may be a sili­
con dioxide layer (Si02 ), or a silicon nitride (Si3 N4 ) layer. 

50 The dielectric layer 102 encapsulates both sides of the sub­
strate 101. The dielectric layer 102 can be a thick layer in the 
approximate range between 1 microns to 3 microns thick. 

Referring to FIG. 7, a mask 120 is applied to the front side 
of the substrate 101 and developed to form a pattern to pro-

55 duce a window atop the dielectric layer 102. The mask 120 
may be formed by negative photoresist, or the mask 120 may 
be formed by positive photoresist. The pattern may be gener­
ally aligned along a [ 111] crystal flat orientation of the sub­
strate 101. Afterwards, the mask 120 is hardened. The sub-

60 strate 101 is submerged in an etching solution to perform an 
etching process to remove, partially, an exposed region of the 
dielectric layer 102 to a thinned dielectric layer represented as 
102A. The dielectric layer 102 on the backside of the sub­
strate 101 is also etched during this same process to new 

65 thickness 102A. The etching solution may be a solution of 
buffered oxide etch (BOE), or the etching solution may be a 
solution of hydrofluoric acid (HF), or the etching solution 
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may be phosphoric acid. The remaining dielectric layer thick­
ness 102A may be in the range between 1 microns to 2 
microns thick. 

Referring to FIG. 8, a thick mask 121 is applied to the back 
side of substrate 101. The mask 121 may be formed by nega- 5 

tive photoresist, or the mask 121 may be formed by positive 
photoresist. The mask 121 is cured and hardened. Afterwards, 

14 
on the exposed Si surfaces during p-type diffusion. This step 
should remain short so as to not remove dielectric material 
102. The pn junction 103 may also be partially-conformal, 
such that only a portion of the exposed substrate region is 
doped and diffused by way of a short diffusion-process time. 
In such a case, the oxide grown during the diffusion process 
will not be removed and will act as a passivation layer. This 
oxide isolates the surface states within the etched pattern 124 
and prevents electrical shorting of the partially-conformal pn 
junction 103 to the bulk semiconductor substrate 101, thereby 
reducing surface leakage current of the junction. 

Referring to FIG. 12, a thick mask 125 is applied to the top 
side of the substrate 101. The mask 125 may be formed by 
negative photoresist, or the mask 125 may be formed by 
positive photoresist. Afterwards, substrate 101 is submerged 
in an etching solution to remove dielectric layer 102A on the 
back of the substrate 101. Afterwards, the mask layer 125 is 
removed. The mask removal process may include a liquid 
chemical mask remover. The substrate 101 may then be 
cleaned in a gaseous plasma. For instance, the substrate 101 
may be cleaned in an 0 2 plasma for a duration between 30 
minutes to 90 minutes. 

Referring to FIG. 13, a mask 126 is applied to the front side 
of the substrate 101 and developed to form a pattern to pro-

a thin mask 122 is applied to the front side of the substrate 
101. The thin mask 122 may be formed by negative photore­
sist, or the thin mask 122 may be formed by positive photo- 10 

resist. A pattern of openings is developed through mask 122 
atop dielectric layer 102A. The patterns may be generally 
aligned along a [ 111] crystal flat orientation of the substrate 
101 such that the pattern is generally aligned with the <111 > 
crystal planes. The thin mask 122 is cured and hardened. The 15 

substrate 101 is submerged in an etching solution to transfer 
the mask 122 pattern to the substrate 101 and remove the 
dielectric material102A to produce exposed regions 123 on 
substrate 101. The etching solution may be a solution of 
buffered oxide etch (BOE), or the etching solution may be a 20 

solution of hydrofluoric acid (HF), or the etching solution 
may be phosphoric acid. Afterwards, the mask 121 and mask 
122 and mask 120 are removed from the substrate 101. The 
mask removal process may include a liquid chemical mask 
remover. The substrate 101 may then be cleaned in a gaseous 
plasma. For instance, the substrate 101 may be cleaned in an 

25 duce a window 127 for metallization. The mask 126 may be 
formed by negative photoresist, or the mask 126 may be 
formed by positive photoresist. Afterwards, the substrate 101 
is submerged in an etching solution to remove residual con­
taminant native oxide. For instance, the substrate 101 may be 

0 2 plasma for a duration between 30 minutes to 90 minutes. 
Referring to FIG. 9, the substrate 101 is submerged in an 

etching solution to etch deep features 124 in substrate 101. 
The etching solution may be an aqueous solution of potas­
sium hydroxide (KO H), or the etching may be performed with 
a deep reactive-ion etching (DRIE) plasma. The substrate is 
etched to produce features 124 that may be as deep as 500 
microns. Afterwards, the substrate is cleaned in a bath ofHCI 
and H2 0 2 to remove residual etchant ions and then rinsed in 
de-ionized water for several minutes. 

Referring to FIG. 10, a thick mask 131 is applied to the 
back side of substrate 101 and hardened. The mask 131 may 

30 submerged in BOE for two minutes. Afterwards, a metal128 
is applied to the top of the substrate 101. Afterwards, a metal 
107 is applied to the bottom of the substrate. The metal may 
consist of a layered material such as Ti, W, AI, and Au. The 
metal may consist of a eutectic or alloy of Ti and W, such as 

35 Ti (10%) and W (90%). The metal thicknesses 128 and 107 
may consist of layer thicknesses generally of 0.1 microns 
Ti/W alloy followed by 0.4 microns AI followed by 0.1 
microns ofTi and then 0.1 microns of Au to protect the AI 

be formed by negative photoresist, or the mask 131 may be 
formed by positive photoresist. Afterwards, substrate 101 is 40 

submerged in an etching solution to remove dielectric layer 
102A on the front of the substrate 101 taking care not to 
remove the total amount of dielectric thickness represented 

layer from oxidation. 
Referring to FIG. 14, the substrate is submerged in a solu-

tion to dissolve the mask 126 and liftoff undesired parts of 
metal layer 128. The end results leaves behind electrical metal 
contacts 106 on substrate 101. 

by 102. Afterwards, the mask layer 131 is removed. The mask 
removal process may include a liquid chemical mask 45 

remover. The substrate 101 may then be cleaned in a gaseous 
plasma. For instance, the substrate 101 may be cleaned in an 

Referring now to FIG. 15, there is shown the formation of 
nanoparticle material whereupon the material has remained 
in nanoparticle form. With increased carrier gas flow velocity, 
the LiF nanoparticle material is given less time to coalesce 

0 2 plasma for a duration between 30 minutes to 90 minutes. 
The substrate 101 is then cleaned to remove residual etchant 

into spheres, and therefore the size of the LiF -agglomerated 
nanoparticles are coherently reduced. 

residue. The substrate cleaning solution may consist of a 50 

combination of nitric acid (HN03 ), hydrofluoric acid HF, and 
water (H2 0). Afterwards, an additional clean may be used. 
For instance, the standard RCA clean may be used. 

Referring now to FIG.16, there is shown a schematic of the 
entire TVC system with primary components labeled. 

The nanoparticle material may be a composition ofLi, such 
as LiF, pure boron, or a compound of boron, such as pure 
boron carbide. A source 156 of neutron reactive material is Referring to FIG. 11, the substrate 101 is inserted into a 

high temperature furnace and a dopant is introduced and 
diffused into the substrate 101 to form a conformal pnjunc­
tion 103 on the surface of the exposed substrate regions, 
including the surface regions within the etched patterns 124. 
The introduced dopant may be a p-type dopant or the dopant 
may be ann-type dopant. The dopant source material may be 
a liquid source such as BBr3 (p-type) or POCI3 (n-type). 
Additionally, the dopant source material may be a solid 
source, such as BN (p-type) or P 2 0 5 (n-type ). The pnjunction 
103 thickness may be generally thin between 0.1 and 0.4 
microns. Afterwards, the substrate is submerged in an etch 
solution to remove any oxide grown during the diffusion 
process. For example, a Si02 layercontaining boron will form 

55 placed in a crucible 155 inside a high-temperature furnace 
154 and heated with heating elements 153 to the vaporization 
or sublimation temperature. The vaporization may occur at 
atmospheric pressure or in a vacuum, such as 150 mTorr by 
use of a vacuum pump. The slow evaporation of source 156 

60 produces nano-sized vapor particles 157. The nanoparticle 
vapor 157 is transported down the furnace tube by an inert 
gas, which is introduced through the gas inlet 158, which may 
be argon or nitrogen. The nanoparticle vapor 157 typically 
attracts static charge while in motion. The nanoparticle vapor 

65 157 is forced into the electrostatic precipitator, which consists 
of main parts anode 150, cathode 151, and separating insula­
tor 152. The separating insulator 152 serves to prevent a short 
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of the anode to the cathode and it serves to prevent gas leaks 
in the anode collection region. The voltage is placed across 
the anode 150 and cathode 151. The anode 150 is large inside 
the tube cathode 151 in order to constrict the gas flow through 
the electrostatic precipitator and ensure that the nanoparticles 
come in close vicinity of the cathode 121 and anode 150. The 
narrow flow region between the anode 150 and cathode 151 
further serves to ensure that a high electric field is present 
between the cathode and anode. The statically charged nano­
particles in the vapor 157 is attracted to either the anode 150 
or cathode 151, depending upon whether they are negatively 
charged or positively charged. The carrier gas exits the system 
through the outlet tube 159 or a vacuum pump that may be 
connected at the outlet. 

16 
Referring to FIG. 18, there is shown the electrostatic pre­

cipitator (ESP), which serves as a means of nano-powder 
collection for the Thermal Vaporization Condensation (TV C) 
system. The non-uniform regions of the electric field are used 
to improve collection of the neutrally charged fractals 
through forces on dipoles. The uniform regions are used to 
forcibly collect fractals that have picked up charge from the 
furnace tube. The ESP has a large potential applied to it, on 
the order of +3000 volts. This potential, coupled with the high 

10 dielectric constant of the inert carrier gas and the small gap 
between the anode 150 and cathode 151 of the device, pro­
duces an extremely strong electric field. This electric poten­
tial field 160 collects statically charged nanoparticles in the 

15 
A particular embodiment of the present invention uses LiF 

vapor 157 in two ways. Firstly, any excess charge picked up 
by nanoparticle fractals from the furnace tube will be affected 
by the electric field and be force to the furnace wall. The 
second means of nanoparticle collection from the ESP is how 
it affects particles with an overall neutral charge. For instance, 

as the source material156. 

20 in a preferred embodiment of the invention that uses LiF as 
the source material 156, fractals or individual spheres of 
nano-LiF without charge will still form a natural dipole due to 
internal Vander Waals forces. Any dipole that passes through 
a non-uniform electric field will feel a force in one direction 

As the LiF source 156 vaporizes, it is transported from the 
heating zone 154 via an inert carrier gas (e.g., argon or 
helium) to the thermophoretic cooling zone and/or electro­
static precipitator (ESP). Brownian motion forces the LiF 
vapor 157 to diffuse and travels with a bias in the direction of 
the carrier gas. During this motion, vapor particles follow 
aerosol dynamics and coagulate into larger and larger par­
ticles, forming spheres ofLiF as shown in FIG. 5. Once the 
vapor particles cool sufficiently, the solid particles cease to 
coagulate and begin to conglomerate into fractals of varying 
orders due to Van der Waals forces, also shown in FIG. 5. 
During this phase, the fractals follow the dynamics offractal 
agglomerates and begin to settle onto the surface wall of the 

30 
furnace tube. This settling is caused by thermophoretic forces 
and occurs only soon after the heating zone where the tem­
perature gradient is the greatest. 

25 and again be forced into the sidewall of the furnace tube. Any 
remaining material that is able to pass through the ESP is sent 
through the exhaust tube 159 into an atmospheric gas-lock 
bubbler. The remaining nanoparticles are safely trapped in a 
gas-lock solution, such as water. 

The usefulness of being able to create nanoparticle LiF is 
not limited to MSND thermal neutron detectors. There is 
potential for its application in scintillators, particularly liquid 
scintillators, as a dispersed neutron converting material. 

The velocity of a LiF nanoparticle, due to the thermo­
phoretic forces, is described by the kinetic theory of gasses, 

35 

Similar work has shown the particle size can be tuned, such 
that under UV illumination the photon is wavelength down­
shifted to a characteristically longer wavelength photon. 

(Equation 1) 

where c, the thermophoretic velocity, varies based on the 
temperature of the carrier gas T, the kinematic viscosity of the 
gas v, and the accommodation coefficient a, and holds true 
for all agglomerates whose diameter dP is much smaller than 
the mean free path of the gas lr As the LiF vapor exits the 
heating zone, thermophoresis forces the agglomerated par­
ticle to the surface of the tube where they cool rapidly. There­
fore, the size of the agglomerated spheres can be controlled 
by reducing the vaporization rate or increasing the carrier gas 
flow rate and temperature to increase the particles velocity 
through the furnace and, consequently, reducing the amount 
of coalesced material on an individual spherical particle. 

Referring now to FIG. 17, there is shown a portion of the 
Thermal Vaporization Condensation TVC system that illus­
trates the accumulation of nanopowder 161 in the thermo­
phoretic deposition zone. Depicted is a preferred embodi­
ment of the invention that utilizes LiF as the neutron reactive 
source material156, where the LiF vapor 157 is carried from 
the heating zone to the cooling zone. Thermophoretic forces 
urge the freshly cooled LiF particles 161 to deposit onto the 
relatively cold walls of the furnace tube 161. As the LiF 
nano-fractals move further down the apparatus, particles pick 
up charge from the furnace tube. This buildup of charge on the 
particles makes it possible for electrostatic condensation 162 

Based on this invention, a scintillation photon in a solid or 
liquid scintillator can be wavelength shifted to better match a 
photocathode for a photomultiplier tube or better couple to a 

40 solid-state diode detector. Other advantages of using nano­
particle quantum dots (QDs) as a scintillation or a wavelength 
shifting mechanism over, or in conjunction with, fluorescent 
dyes is to improve light collection efficiency by reducing 
self-absorption, to reduce non-radiative exciton recombina-

45 tion, and to decrease the decay-time of the induced lumines­
cence by removing the slower multi-state luminescent dye 
with nanoparticle direct band-gap QD fluorescent emission. 

Previously, the simplest method for backfilling micro struc­
tured semiconductor devices was to gently deposit the pow-

50 der by hand or by using a brush to coax the powder into the 
trenches mechanically. Although this process is simple and 
inexpensive, it is inefficient and often ineffective at com­
pletely filling high aspect-ratio and exceedingly deep micro­
structures. Using the by-hand method of material deposition, 

55 powder can be pressed into each device with a pressure of 
approximately 100 kPa (-15 psi). Unfortunately, due to the 
unevenness of the by -hand-force application, it is not uncom­
mon for silicon microstructures to be broken during this pro­
cess or for packing densities to vary across both a single 

60 detector element and the entire silicon wafer. This method 

at the electrostatic precipitator (ESP). Overall, nanoparticles 65 

are deposited through thermophorectic forces 161 and 
through electrostatic forces 162. 

also commonly leaves voids in the LiF filler material within 
the trenches. Additionally, each device must be attended to 
separately when pressed by hand, making large production 
runs difficult. An improved means for applying a much larger 
and more uniform force on the LiF backfill material, and in 
addition, a method to batch process the backfill of the micro­
structures, is to use a centrifuge to deposit the LiF. 
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Shown now in FIG. 19 are illustrations showing the pro­
gressive steps to produce a colloidal solution of nanopar­
ticles. In preparation for the neutron conversion material 
deposition, a colloid solution 144 is produced of nanoparticle 
powder 141 suspended in a solution of organic solvent 142. 
The nano-sized powder is dropped into a high strength bottle 
140 filled with an organic solvent 142. The solvent 142 may 
be a mixture of alcohol, such as methyl alcohol, and a weak 
solvent, such as hydrogen peroxide. The bottle is then placed 
into an ultrasonic vibrator and exposed to ultrasonic waves 10 

143 as shown in FIG. 19. The waves disperse the nanoparticle 
powder 141 into the solvent 142. The solvent acts to suspend 
the powder almost indefinitely in a colloidal solution 144. It 
should be noted that the powder 141 is not dissolved by the 
solvent 142. Alternatives to this method include probe-type 15 

ultrasonic vibrators, where an ultrasonic probe is placed in the 
bottle of solvent and nanoparticles. Other similar solvents, 
such as isopropyl alcohol, ethyl alcohol, and acetone, may be 
used in place of methyl alcohol. The nano-sized material141 
may be LiF powder or boron powder. This method of sus- 20 

pending the nano-sized LiF powder produces uniform pow­
der dispersion, thereby, producing uniform material deposi­
tion in later steps of the semiconductor process. 

Shown now in FIG. 20 are illustrations showing the pro­
gressive steps to fill microscopic cavities. An etched substrate 25 

101 placed at the bottom of a container 140 filled with the 
dispersed neutron conversion material 144. The dispersed 
neutron conversion material144 may be a colloidal solution 
containing LiF or a colloidal solution containing boron. The 
substrate 101 is supported by an aluminum plate or other 30 

similar type of plate that is inert within the isopropyl alcohol 
while offering structural support for the substrate 101. The 
entire system, including bottle 140, colloid solution 144, and 
substrate 101, is placed into a low-speed high-capacity cen­
trifuge. As the system is rotated, centrifugal forces act on the 35 

suspended LiF powder 141 and force it down towards the 
substrate 101, as illustrated in FIG. 20b. The cavities are 
forcibly backfilled with nanoparticle powder by spinning the 
container and colloid in the centrifuge at high rpm as shown 
in FIG. 20c. The velocity at which the centrifuge is operated 40 

may be in the range between 3000 and 6000 rpm. The time for 
the spinning operation may last for 15 minutes to 2 hours. 

Through this backfill method, the suspended LiF nanopar­
ticle powder settles into the microstructures of the silicon 
wafer and is compressed under the centrifugal pressure felt at 45 

the surface of the micro structured silicon, depicted in FIG. 
20, which is described by Bernoulli's equation with a varying 
centripetal force field, ac(r), with no angular acceleration, 

18 
sity of the colloid suspending solution, p, the radial distance 
from the center of the rotor to the top of the fluid, r Top' and 
distance, rDevice• the distance from the center of the rotor to 
the substrate 101. Specifically, a microstructured silicon 
wafer rotated at 5000 rpm. Thereby, producing a pressure at 
the substrate 101 surface of approximately 7.25 MPa ( -1050 
psi), which is a multiple of 70 increase previous methods, 
according to Eq. 2. Additionally, the pressure applied to the 
substrate 101 is uniform across the silicon wafer. The cen-
trifugal method for deposition occurs in hundreds of indi­
vidual devices simultaneously. Due to the inert low-tempera­
ture deposition advantages of the centrifugal LiF backfilling 
method, i.e., no chemical, electrical, and structural integrity 
damage of the silicon material, the centrifugal deposition 
method is found to be the superior method for backfilling LiF 
cavities in the detector structures 100 over previous methods. 

Referring to FIG. 21, shown is a substrate 101 of an 
embodiment of the present neutron detector invention 100 
after having neutron reactive nanoparticles 104 forced into 
cavities 124. The nanoparticle 104 material may be LiF or 
boron. 

Choice of the dispersion solution chemistry for the neutron 
reactive material colloidal solution is very important when 
using the centrifuge backfilling method. One such solution 
implemented for ultrasonic colloidal dispersion of the neu­
tronreactive material included isopropyl alcohol. Other lower 
viscosity solutions were tried, e.g., acetone and methyl alco­
hol. Although the velocity of the particle in the lower viscos­
ity dispersions under centrifugal forces was increased, the 
isotropic dispersion-state of the colloidal dissipated fairly 
quickly, leaving little-time to transfer the colloid to the cen-
trifuge containers holding the wafers to be backfilled. Fur­
thermore, the neutron reactive powder-material was only 
loosely held in the microstructures of the wafers. As such, the 
powder was not securely held in the trenches and could be 
knocked out with little force of vibration or gas-flow. To 
remedy this problem, a weak solvent was chosen for the 
dispersion solution for the neutron reactive material, e.g., 
water, as in the case for 6LiF. When the whole MSND wafer 
was centrifugally-backfilled with a weak-solvent as the dis­
persion solution (or a part of the dispersion solution) and the 
MSND wafer is dried through solution evaporation, the pow­
der particles fuse together into a rigid mass. As such, the 
powder is held more firmly in the trenches. 

A caveat to the use of a weak solvent for the dispersion 
solution is that it changes the adsorption (sticking) coeffi­
cient. In the case ofLiF, with water as the weak-solvent in the 
dispersion solution, it dramatically increases the adsorption 
coefficient. As such, the microstructure openings are sealed-

50 off before the voids can be filled. 
(Equation 2) 

(rDevice 
= p L (W'-r)dr 

rTop 

2 
(rDevice 

= pw J". rdr, 
rTop 

where the hydrostatic pressure at the substrate surface 101, P, 
varies with the rotational velocity of the sample, w, the den-

Referring to FIG. 22, there is shown the case in which a 
weak solvent solution of water combined with acetone at a 
ratio of 1: 1 has coalesced the LiF particles such that they 
stuck together anddidnot efficiently enter the etched trenches 

55 during the centrifugal process. 
Referring to FIG. 22A, there is shown another view of the 

case in which a weak solvent solution of water combined with 
acetone at a ratio of 1:1 has coalesced the LiF particles such 
that they stuck together and did not efficiently enter the etched 

60 trenches during the centrifugal process. 
Referring to FIG. 23, there is shown the case in which a 

weak solvent solution of water combined with isopropyl alco­
hol at a ratio of 1:1 has coalesced the LiF particles such that 
they stuck together and did not efficiently enter the etched 

65 trenches during the centrifugal process. 
A successful weak-solvent for the dispersion solution that 

dramatically decreases the adsorption coefficient of the cen-
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mately, 500 microns deep. The cavities were centrifugally 
backfilled with LiF nanoparticles as described as a preferred 
embodiment of this invention. It can be seen that there are no 
voids present in the backfilled cavities, a clear improvement 
over the backfilled cavities shown in FIG. 1, FIG. 2 and FIG. 
3. 

Referring to FIG. 28, shown is a scanning electron micro­
scope (SEM) photograph of cavities of a cross section of a 
preferred embodiment of invention 100 of FIG. 21, each 
cavity being, approximately, 25 microns wide and, approxi­
mately, 100 microns deep. The cavities were centrifugally 
backfilled with LiF nanoparticles as described as a preferred 
embodiment of this invention. It can be seen that there are no 

trifugally-deposited particle is aqueous hydrogen peroxide. 
Stabilized hydrogen peroxide further decreases the adsorp­
tion coefficient of the particle, e.g., Acros Organics hydrogen­
peroxide, 35 wt. % solution in water, stabilized, which also 
shows improved colloidal-dispersion stabilization time. 
Some proprietary stabilized hydrogen-peroxide blends use 
chelating compounds, which are beneficial in both reducing 
the adsorption coefficient and increasing colloidal-dispersion 
stabilization time. To further improve the dispersion solution 
for use in the centrifuge deposition process, acetone or methyl 10 

alcohol can be included to reduce the viscosity of the hydro­
gen peroxide dispersion solution, thereby, reducing the drag 
force of the particle and increasing its velocity to increase the 
density-compaction of the powder in the microstructure 
voids. 

Referring to FIG. 24, shown is a scanning electron micro­
scope (SEM) photograph of cavities of a cross section of a 
preferred embodiment of invention 100 of FIG. 21, each 
cavity being, approximately, 35 microns wide and, approxi­
mately, 500 microns deep. The cavities were centrifugally 20 

backfilled with LiF nanoparticles as described as a preferred 
embodiment of this invention. It can be seen that there are no 
voids present in the backfilled cavities, a clear improvement 
over the backfilled cavities shown in FIG. 1, FIG. 2 and FIG. 

voids present in the backfilled cavities, a clear improvement 
15 over the backfilled cavities shown in FIG. 1, FIG. 2 and FIG. 

3. 

3. 
Once the centrifuge deposition process is complete, the 

residual solution in the centrifuge container is drained and the 
backfilled wafer is removed from the base of the container. 
The wafer is left to dry in ambient air at room temperature for 
six hours. Fusion of the neutron reactive powder-material 
takes place during the evaporation of the weak solvent, as 
such, the powder in the microstructure voids are locked in 
place. It is important to slowly dry the dispersion solution 
from the backfill material; else, expansion voids will form 
from rapid gas expansion. 

Referring to FIG. 25, there is shown the result of centrifu­
gal backfilling with 1:5 ratio of stabilized aqueous hydrogen 
peroxide 35 wt. % to methyl alcohol as the nano-sized LiF 
dispersion solution, with aqueous hydrogen peroxide acting 
as the weak-solvent. The substrate backfill material was dried 
at room temperature. Notice that the powder is in solid-form, 
evidenced in the left-most trench and the crack along the 
upper-part of the backfilled trenches, which was created dur­
ing the cleaving of the microstructured substrate to facilitate 
viewing of the backfill material. 

Referring to FIG. 26, there is shown the result of centrifu­
gal backfilling with 1:5 ratio of stabilized aqueous hydrogen 
peroxide 35 wt. % to methyl alcohol as the nano-sized LiF 
dispersion solution, with aqueous hydrogen peroxide acting 

Referring to FIG. 29, shown is a scanning electron micro-
scope (SEM) photograph of a top view of cavities of a pre­
ferred embodiment of invention 100 of FIG. 21, each cavity 
being, approximately, 20 microns wide. The cavities were 
centrifugally backfilled with LiF nanoparticles as described 
as a preferred embodiment of this invention. It can be seen 
that there are no voids present in the backfilled cavities, a 
clear improvement over the backfilled cavities shown in FIG. 

25 1, FIG. 2 and FIG. 3. 
Referring to FIG. 30, shown is a substrate 101 of an 

embodiment of the present neutron detector invention 100 
after having neutron reactive nanoparticles 104 forced into 
cavities 124. The nanoparticle 104 material may be LiF or 

30 boron. A final deposition of neutron reactive material! 05 has 
been deposited upon the front of the substrate 101. The final 
deposition of neutron reactive material may be deposited with 
physical vapor deposition. Examples including electron­
beam evaporation and RF sputtering. The final deposited 

35 material may be LiF or boron. 
While exemplary embodiments are described above, it is 

not intended that these embodiments describe all possible 
forms of the invention. Rather, the words used in the specifi­
cation are words of description rather than limitation, and it is 

40 understood that various changes may be made without depart­
ing from the spirit and scope of the invention. Additionally, 
the features of various implementing embodiments may be 
combined to form further embodiments of the invention. 

45 

What is claimed is: 
1. A method of making a neutron detector, the method 

comprising: 
providing a particle-detecting substrate having a surface 

and a plurality of cavities extending into the substrate 
from the surface; and 

as the weak-solvent. The substrate backfill material was dried 50 

at 150° C. Notice that the powder is in solid-form, but, there 
are expansion-voids formed from the dispersion solution 
evaporating too quickly. 

filling the plurality of cavities with a neutron-responsive 
material, the step of filling including the step of centri­
fuging nanoparticles of the neutron-responsive material 
with the substrate for a time and at a rotational velocity 
sufficient to backfill the cavities with the nanoparticles, 
the material being responsive to neutrons absorbed 
thereby for releasing ionizing radiation reaction prod-

To ensure complete and uniform fill of the microstructure 
voids, excess neutron reactive powder is used beyond the 55 

amount required to fill the voids. Consequently, a film is left 
on the top surface of the wafer. Because the film is composed 
of fused powder, it is somewhat easily removed by polishing 
or scraping with a razorblade. Once the film is removed, the 
wafer is coated with an epoxy spray coating to hermetically 60 

seal the microstructures and prevent the dicing solution from 
penetrating the backfilled microstructures during the dicing 
process. 

ucts. 
2. The method of claim 1, wherein the step of providing 

includes a step of forming a dielectric layer and a patterned 
hard mask layer sequentially on the substrate. 

3. The method of claim 2, wherein the step of providing 
includes a step of removing a portion of the dielectric layer 
with an etch to form an opening to expose the substrate. 

Referring to FIG. 27, shown is a scanning electron micro­
scope (SEM) photograph of cavities of a cross section of a 
preferred embodiment of invention 100 of FIG. 21, each 
cavity being, approximately, 35 microns wide and, approxi-

4. The method of claim 3, wherein the step of providing 
65 includes a step of submerging the substrate into a direction­

ally orientated, semiconductor etching solution to produce 
the cavities. 



US 8,778,715 B2 
21 

5. The method as claimed in claim 4, wherein the step of 
providing includes a step of introducing dopant impurities 
into the cavities to produce a rectifYing junction in the cavi­
ties. 

6. The method as claimed in claim 5, wherein the junction 
is a pnjunction. 

7. The method as claimed in claim 3, wherein the step of 
providing includes a step of introducing metallic materials or 
metallic alloys into the cavities to produce a Schottky barrier 
rectifYing junction in the cavities. 10 

8. The method as claimed in claim 3, wherein the step of 
providing includes a step of introducing dopant impurities 
into the cavities to produce an ohmic contact in the cavities. 

9. The method as claimed in claim 1, wherein the substrate 
is a semiconductor substrate. 15 

10. The method as claimed in claim 9, wherein the detector 
is a micro structured semiconductor neutron detector. 

11. The method as claimed in claim 1, wherein the nano­
particles are suspended in a colloidal solution during the step 
of centrifuging. 20 

12. The method as claimed in claim 1, wherein the cavities 
are deep anisotropic cavities. 

13. The method of making a neutron detector, the method 
including providing a particle-detecting substrate having a 
surface and a plurality of cavities extending into the substrate 25 

from the surface, and filling the plurality of cavities with a 
neutron-responsive material, the material being responsive to 
neutrons absorbed thereby for releasing ionizing radiation 
reaction products, an improvement comprising: 

the step of filling includes the step of centrifuging nano- 30 

particles of the neutron-responsive material with the 
substrate for a time and at a rotational velocity sufficient 
to backfill the cavities with the nanoparticles. 

22 
. 14. The method of claim 13, wherein the step of providing 
mcludes a step of forming a dielectric layer and a patterned 
hard mask layer sequentially on the substrate. 
. 15. The method of claim 14, wherein the step of providing 
mcludes a step of removing a portion of the dielectric layer 
with an etch to form an opening to expose the substrate. 

16. The method of claim 15, wherein the step of providing 
includes a step of submerging the substrate into a direction­
ally orientated, semiconductor etching solution to produce 
the cavities. 

1 ~· ~e ~ethod as claimed in claim 16, wherein the step of 
prov1dmg mcludes a step of introducing dopant impurities 
into the cavities to produce a rectifYing junction in the cavi­
ties. 

18. The method as claimed in claim 17, wherein the junc­
tion is a pnjunction. 

19. The method as claimed in claim 16, wherein the step of 
providing includes a step of introducing metallic materials or 
metallic alloys into the cavities to produce a Schottky barrier 
rectifying junction in the cavities. 

20. The method as claimed in claim 16, wherein the step of 
providing includes a step of introducing dopant impurities 
into the cavities to produce an ohmic contact in the cavities. 

21. The method as claimed in claim 13, wherein the sub­
strate is a semiconductor substrate. 

22. The method as claimed in claim 21, wherein the detec­
tor is a microstructured semiconductor neutron detector. 

23. The method as claimed in claim 13, wherein the nano­
particles are suspended in a colloidal solution during the step 
of centrifuging. 

24. The method as claimed in claim 13, wherein the cavi­
ties are deep anisotropic cavities. 

* * * * * 


