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ABSTRACT 
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the radiation - detecting particles . In one embodiment , the 
providing can include electrochemically etching the semi 
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ing into the semiconductor substrate . In addition , the pro 
viding can further include patterning the surface of the 
semiconductor substrate with a plurality of surface defect 
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FABRICATING RADIATION - DETECTING For example , the electrochemically etching allows the plu 
STRUCTURES rality of cavities to be formed with uniform dimensions , e . g . , 

without bottlenecks , facilitating deposition of radiation 
CROSS - REFERENCE TO RELATED detecting particles therein . 

APPLICATION 5 In another embodiment , the method includes connecting 
the semiconductor substrate to an electrode of an electrolytic 

This application is a $ 371 U . S . National Phase application apparatus , and using the electrolytic apparatus for both the 
which claims priority from International Application Serial electrochemically etching and the electrophoretically depos 
No . PCT / US2015 / 036921 , filed Jun . 22 , 2015 , which pub - iting . For example , using a combined electrolytic apparatus 
lished Apr . 7 , 2016 as PCT Publication No . WO 2016 / 10 can improve process efficiency . 
053413 A1 , and which claims the benefit of U . S . Provisional In a further embodiment , the providing further includes 
Patent Application No . 62 / 015 , 573 , filed Jun . 23 , 2014 , each patterning the surface of the semiconductor substrate with a 
of which is hereby incorporated herein by reference in its plurality of surface defect areas , and the electrochemically 
entirety . etching includes using the plurality of surface defect areas to 

facilitate electrochemically etching into the semiconductor STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT substrate through the plurality of surface defect areas to 

form the plurality of cavities extending into the semicon 
This invention was made with United States Government ductor substrate . For example , the patterning allows for the 

support under contract number ECCS1348269 . awarded by 20 after - formed cavities to have any desired configuration , 
the National Science Foundation ( NSF ) . The United States including dimensions and spacing . 
Government has certain rights in the invention . In one embodiment , the surface of the semiconductor 

substrate comprises a ( 111 ) surface , and the electrochemi 
BACKGROUND cally etching facilitates forming the plurality of cavities 

25 through the ( 111 ) surface of the semiconductor substrate . 
Solid state radiation detectors , such as neutron detectors For example , the electrochemically etching can be used to 

and gamma ray detectors , have been proposed as alternatives form uniform cavities regardless of the orientation of the 
to gas - tube based detectors . For example , a solid state semiconductor substrate , because the etching rate is deter 
radiation detector can include a radiation - detecting hetero mined by the electrochemistry rather than the crystal orien 
structure having a radiation - detecting material embedded 30 tati 
within a semiconductor substrate . When radiation impinges In another embodiment , the electrophoretically depositing upon such a radiation detector , the radiation - detecting mate includes overfilling the plurality of cavities of the semicon rial can respond to the radiation by releasing charged reac ductor substrate with the radiation - detecting particles , and tion products . In such a case , the semiconductor substrate 35 moving overfilled radiation - detecting particles above the can be used to collect the charged reaction products and 35 
indicate a radiation detection event . plurality of cavities down into the plurality of cavities 
For instance , radiation - detecting hetero - structures may be extending into the semiconductor substrate to further 

formed by using physical etching processes , such as reactive increase an amount of the radiation - detecting particles dis 
ion etching ( RIE ) to form trenches in a semiconductor posed therein . For example , increasing the amount of radia 
substrate , followed by using chemical vapor deposition 40 tion - detecting materials can be used to increase the sensi 
( CVD ) to deposit radiation - detecting material within the tivity of a radiation - detecting structure because a greater 
formed trenches . However , RIE and CVD processes are amount of material can interact with incoming radiation . 
quite complicated , requiring expensive specialized equip - Additional features and advantages are realized through 
ment , and can lead to poor fill ratios of radiation - detecting the techniques of the present invention . Other embodiments 
material . Therefore a need exists for enhanced methods for 45 and aspects of the invention are described in detail herein 
fabricating radiation - detecting structures at reduced cost and and are considered a part of the claimed invention . 
complexity , to overcome the limitations of existing methods . 

BRIEF DESCRIPTION OF THE SEVERAL 
BRIEF SUMMARY VIEWS OF THE DRAWINGS 

50 

The shortcomings of the prior art are overcome , and One or more aspects of the present invention are particu 
additional advantages are provided , through the provision , in larly pointed out and distinctly claimed as examples in the 
one aspect , of a method for fabricating a radiation - detecting claims at the conclusion of the specification . The foregoing 
structure . The method includes : providing a semiconductor and other objects , features , and advantages of the invention 
substrate comprising a plurality of cavities extending into 55 are apparent from the following detailed description taken in 
the semiconductor substrate from a surface thereof ; and conjunction with the accompanying drawings in which : 
electrophoretically depositing radiation - detecting particles FIG . 1 depicts embodiments of a process for fabricating 
of a radiation - detecting material into the plurality of cavities a radiation - detecting structure , in accordance with one or 
extending into the semiconductor substrate , where the elec - more aspects of the present invention ; 
trophoretically depositing fills the plurality of cavities with 60 FIG . 2A is a cross - sectional elevational view of a structure 
the radiation - detecting particles . For example , the method found in a radiation - detecting structure fabrication process , 
can allow the radiation - detecting particles to reach deeply in accordance with one or more aspects of the present 
into and completely fill cavities , including closely spaced invention ; 
cavities with large aspect ratios . FIG . 2B is a plan view of the structure of FIG . 2A , after 

In one embodiment , the providing includes electrochemi - 65 patterning a surface of a semiconductor substrate thereof 
cally etching the semiconductor substrate to form the plu - with a plurality of surface defect areas , in accordance with 
rality of cavities extending into the semiconductor substrate . one or more aspects of the present invention ; 



US 9 , 810 , 794 B2 

FIG . 2C is a cross - sectional elevational view of one within the spirit and / or scope of the underlying inventive 
embodiment of the structure of FIG . 2B , in accordance with concepts will be apparent to those skilled in the art from this 
one or more aspects of the present invention ; disclosure . 

FIG . 2D depicts the structure of FIG . 2C after electro The present disclosure provides , in part , methods for 
chemically etching the semiconductor substrate thereof to 5 fabricating solid - state radiation - detecting structures for use , 
form a plurality of cavities extending into the semiconductor for example , in radiation detectors for detecting neutrons or 
substrate , in accordance with one or more aspects of the gamma radiation . Such radiation detectors could be used , for 
present invention ; instance , to monitor illicit nuclear activities at ports , high 

ways , business centers , etc . , wherever deployment may be FIG . 2E depicts the structure of FIG . 2D , after provision 
of a conformal layer of material over the structure , including 10 desirable to help promote national security . Widespread 

deployment of radiation detectors has been hampered by within the cavities thereof , in accordance with one or more fabrication costs and excessive size of existing radiation aspects of the present invention ; detectors , such as gas tube radiation detectors . Enhanced FIG . 2F depicts the structure of FIG . 2E , after a continu solid - state radiation detectors can address at least some of ous p - n junction has been formed within the semiconductor onductor 15 these concerns and facilitate their widespread deployment . 
substrate thereof , in accordance with one or more aspects of By way of example , solid - state radiation detectors can 
the present invention ; make use of solid - state radiation - detecting structures , such 

FIG . 2G depicts the structure of FIG . 2F , after optional as hetero - structures having semiconductor materials and 
removal of the conformal layer of material from the plurality radiation - detecting materials . One way to fabricate such 
of cavities thereof , in accordance with one or more aspects 20 structures is to form cavities , such as holes or trenches , in a 
of the present invention ; semiconductor substrate and provide radiation - detecting 

FIG . 2H depicts an electrophoretic deposition apparatus material within the formed cavities . In particular , reactive 
being used to electrophoretically deposit radiation - detecting ion etching ( RIE ) could be used to form cavities within 
particles into the plurality of cavities of the structure of FIG . semiconductor substrates and chemical vapor deposition 
2G , in accordance with one or more aspects of the present 25 ( CVD ) might be used to provide the radiation - detecting 
invention ; material within the formed cavities . Unfortunately , both RIE 

FIG . 21 depicts the structure of FIG . 2G , after partially and CVD processes are expensive and time consuming , 
electrophoretically depositing radiation - detecting particles require specialized equipment , and are not readily scalable . 
into the plurality of cavities extending into the semiconduc Advantageously , the methods disclosed herein provide 
tor substrate thereof , in accordance with one or more aspects 30 lower - cost , scalable approaches to forming radiation - detect 
of the present invention ; ing structures , which allow for high throughput formation of 

FIG . 2J depicts the structure of FIG . 2G , after an over the radiation - detecting structures . In addition , methods dis 
filling of the plurality of cavities of the semiconductor closed herein result in enhanced radiation detectors that 
substrate thereof with radiation - detecting particles , in accor - contain a greater proportion of radiation - detecting material 
dance with one or more aspects of the present invention ; 35 within the cavities . Further , the methods disclosed can 

FIG . 2K depicts the structure of FIG . 2 ) , after moving any simplify fabrication processing and improve yields by 
overfilling radiation - detecting particles into the plurality of allowing room - temperature fabrication of the radiation - de 
cavities extending into the semiconductor substrate , in tecting structures , and avoid the use of toxic process gases . 
accordance with one or more aspects of the present inven - Reference is made below to the drawings , which are not 
tion ; 40 drawn to scale for ease of understanding , wherein the same 

FIG . 2L is a plan view of the structure of FIG . 2K , in reference numbers used throughout different figures desig 
accordance with one or more aspects of the present inven - nate the same or similar components . 
tion ; and FIG . 1 depicts an embodiment of a process for fabricating 

FIG . 3A depicts one embodiment of a structure obtained a radiation - detecting structure , in accordance with one or 
using an alternate radiation - detecting structure fabrication 45 more aspects of the present invention . 
process , and which is to be filled , in accordance with one or The fabricating of a radiation - detecting structure 100 
more aspects of the present invention ; includes , for instance : providing a semiconductor substrate , 

FIG . 3B depicts the structure of FIG . 3A , after filling the the semiconductor substrate having a plurality of cavities 
plurality of cavities of the semiconductor substrate with extending into the semiconductor substrate from a surface 
radiation - detecting particles , in accordance with one or more 50 thereof 110 ; and electrophoretically depositing radiation 
aspects of the present invention ; and detecting particles of a radiation - detecting material into the 

FIG . 4 depicts a radiation - detecting structure , in accor plurality of cavities extending into the semiconductor sub 
dance with one or more aspects of the present invention . strate , where the electrophoretically depositing fills the 

plurality of cavities with the radiation - detecting particles 
DETAILED DESCRIPTION 55 120 . 

In one example , the providing 110 includes electrochemi 
Aspects of the present invention and certain features , cally ( or chemically ) etching the semiconductor substrate to 

advantages , and details thereof , are explained more fully form the plurality of cavities extending into the semicon 
below with reference to the non - limiting examples illus - ductor substrate . In such a case , the providing may further 
trated in the accompanying drawings . Descriptions of well - 60 include patterning the surface of the semiconductor substrate 
known materials , fabrication tools , processing techniques , with a plurality of surface defect areas , and the electro 
etc . , are omitted so as not to unnecessarily obscure the chemically etching may include using the plurality of sur 
invention in detail . It should be understood , however , that face defect areas to facilitate electrochemically etching into 
the detailed description and the specific examples , while the semiconductor substrate through the plurality of surface 
indicating aspects of the invention , are given by way of 65 defect areas to form the plurality of cavities extending into 
illustration only , and not by way of limitation . Various the semiconductor substrate . In another example , the method 
substitutions , modifications , additions , and / or arrangements , can further include connecting the semiconductor substrate 
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to an electrode of an electrolytic apparatus , and using the semiconductor substrate and in spaced opposing relation to 
electrolytic apparatus for both the etching and the electro inner cavity walls of the semiconductor substrate defining 
phoretically depositing . the plurality of cavities therein , where the continuous p - n 

In one implementation , the electrochemically ( or chemi junction is spaced from the surface of the semiconductor 
cally ) etching can include forming the plurality of cavities 5 substrate a greater distance than the continuous p - n junction 
with a width that is approximately constant for a length of is spaced in opposing relation to the inner cavity walls of the 
the plurality of cavities from an upper surface of the semi - semiconductor substrate . 
conductor substrate , where the approximately constant In certain implementations , the radiation - detecting mate 
width of the plurality of cavities facilitates electrophoreti - rial is chosen to respond to radiation by releasing charged 
cally depositing the radiation - detecting material into the 10 reaction products , and the radiation - detecting structure 
plurality of cavities . In another implementation , the electro senses the charged reaction products to detect the radiation . 
chemically etching includes using the semiconductor sub In one or more embodiments , the radiation - detecting 
strate as an electrode during the electrochemically etching structure may be a neutron - detecting structure , and the 
In a further implementation , the surface of the semiconduc - radiation - detecting material may comprise boron . In another 
tor substrate is or includes a ( 111 ) surface , and the etching 15 embodiment , the radiation - detecting structure may be a 
facilitates forming the plurality of cavities through the ( 111 ) gamma radiation detecting structure , and the radiation 
surface of the semiconductor substrate . detecting material comprises one of CdTe , or CdZnTe . In a 

In one embodiment , the electrophoretically depositing further process embodiment , the providing may provide a 
120 includes : dispersing the radiation - detecting particles plurality of cavities with bottlenecks at openings thereof , 
within a liquid to which the plurality of cavities of the 20 and the electrophoretically depositing may include using an 
semiconductor substrate are exposed ; and applying an elec - electromagnetic field to drive the radiation - detecting par 
tromagnetic field , the electromagnetic field being substan - ticles through the bottlenecks at the openings of the cavities 
tially oriented along a direction in which the plurality of to fill the plurality of cavities with the radiation - detecting 
cavities extend into the semiconductor substrate , where the particles . 
electromagnetic field facilitates depositing the radiation - 25 FIGS . 2A - 2L illustrate , by way of example , various 
detecting particles within the plurality of cavities of the aspects of the above - summarized methods of fabrication . 
semiconductor substrate . In another embodiment , the Referring to FIG . 2A , a cross - sectional elevational view 
strength of the electromagnetic field is selected to achieve a of a structure 200 is shown obtained during a radiation 
target packing ratio of the radiation - detecting particles detecting structure fabrication process , in accordance with 
within the plurality of cavities of the semiconductor sub - 30 one or more aspects of the present invention . In the embodi 
strate . ment of FIG . 2A , structure 200 includes a substrate 202 . By 

In one embodiment , the electrophoretically depositing way of example , substrate 202 may be a crystalline semi 
120 includes : overfilling the plurality of cavities of the conductor material , such as silicon ( Si ) , germanium ( Ge ) , 
semiconductor substrate with the radiation - detecting par gallium arsenide ( GaAs ) , gallium nitride ( GaN ) , aluminum 
ticles ; and then moving or forcing overfilled radiation - 35 nitride ( AIN ) , silicon carbide ( SiC ) , or any combination 
detecting particles into the plurality of cavities extending thereof . In addition , substrate 202 may have a specific 
into the semiconductor substrate to increase an amount of crystallographic orientation , such that an upper surface of 
the radiation - detecting particles disposed therein . In such a substrate 202 is one of a ( 100 ) surface , a ( 110 ) surface , or a 
case , the moving may include mechanically forcing the ( 111 ) surface . Further , substrate 202 may include multiple 
overfilled radiation - detecting particles into the plurality of 40 regions with different doping types , such as n - type or p - type 
cavities of the semiconductor substrate . In another embodi - dopants of varying concentrations . 
ment , the disposing can include annealing the radiation - In the illustrated embodiment , substrate 202 has been 
detecting structure to compact the overfilled radiation - de - implanted with n - type dopants to create a high - conducting 
tecting particles down into the plurality of cavities of the n region 204 , as well as an n region 206 . A semiconductor 
semiconductor substrate . 45 region with an n - type dopant refers to the addition of 

In one example , the electrophoretically depositing 120 impurities to , for instance , intrinsic ( un - doped ) semiconduc 
may include disposing different sized radiation - detecting tor substrate material , which contribute more electrons to the 
particles of the radiation - detecting material , for instance , in intrinsic material , and may include ( for instance ) phospho 
a range of 1 nm to 3 um into the plurality of cavities of the rus , arsenic or antimony . In one example , nt region 204 and 
semiconductor substrate , where the combination of the dif - 50 n region 206 of the substrate may be formed using con 
ferent sized radiation - detecting particles facilitates dense ventional ion implantation or diffusion processing tech 
filling of the plurality of the cavities with the radiation - niques . The në region 204 may have a thickness in the range 
detecting material . of about 100 to 1 , 000 microns , and nº region may have a 

In another example , the providing 110 may include pro thickness of about 40 um to 50 um . Additionally , the 
viding the plurality of cavities of the semiconductor sub - 55 resistivity of n region may be in the range of about 10 - 50 
strate with a characteristic opening in a range of 3 um to 5 2 - cm . In one particular example , nt region 204 of substrate 
um , and the electrophoretically depositing facilitates driving 202 may be heavily - doped with n - type dopants compared 
radiation - detecting particles in a range of , for instance , 1 nm with n region 206 of substrate 202 . 
to 3 um down into the plurality of cavities . In a further Substrate 202 of structure 200 is shown to also include a 
example , the electrophoretically depositing 120 may include 60 highly conducting pt region 208 disposed over n region 
using the semiconductor substrate as an electrode during the 206 . For example , pt region 208 may be obtained by 
electrophoretically depositing . addition of impurities to , for instance , intrinsic ( un - doped ) 

In one or more implementations , the method may include substrate material to create deficiencies of valence electrons 
forming , before the electrophoretically depositing , a con - in the intrinsic material . Examples of appropriate p - type 
tinuous p - n junction within the semiconductor substrate and 65 dopant include boron , aluminum , gallium , or indium . In one 
disposed , in part , parallel to the surface of the semiconductor example , pt region 208 of substrate 202 may be formed 
substrate from which the plurality of cavities extend into the using conventional ion implantation or diffusion processing 
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techniques and may have thickness of about 1 to 3 um . In In one etch embodiment , a platinum wire may serve as a 
another example , the substrate may be a lightly doped p - type counter - electrode in an electrochemical etching cell or 
substrate , and a heavily - doped n + contact layer may be chamber . In such a case , for example , the two electrodes 
disposed above the substrate . ( i . e . , the wire and the substrate ) may be biased in such a way 
FIGS . 2B - 2C depicts structure 200 , after patterning the 5 that minority carriers ( electron - holes ) generated by the elec 

upper surface of substrate 202 with a plurality of surface tromagnetic radiation will be diffused to regions below 
defect areas 201 , in accordance with one or more aspects of surface defect areas 201 , where the electromagnetic field is 
the present invention . As depicted in the plan view of FIG . higher , leading to portions of substrate 202 located below 
2B , surface defect areas 201 may be configured as parallel , surface defect areas 201 being etched away , as discussed . 
evenly spaced lines or areas , which can subsequently be 10 In another embodiment , the etching may proceed into 

substrate 202 in a direction normal to the upper surface used , as described below , in the formation of a plurality of thereof , and the etching is prevented between surface defect parallel , evenly spaced cavities or trenches . In other areas 201 due to formation of a depletion layer within the examples , different surface defect areas may be patterned to substrate by the electromagnetic field . In such a manner , the achieve different configurations . Reference in this regard , 15 ele e in this regard , 15 electrochemical etching process uses the surface defect areas 
the structure of FIG . 4 . 201 to facilitate the electrochemically etching of substrate 

In one or more embodiments , surface defect areas 201 202 to form the cavities 216 . 
may be regions in which the regular crystal lattice of As noted , in one or more embodiments , HF may be used 
substrate 202 has been disturbed to facilitate an electro as the electrolyte , and substrate 202 may include Si or SiC . 
chemical etching process such as described below . These 20 In such a case , the Si or SiC of substrate 202 will be oxidized 
defects are areas through which etching can be advanta and dissolved in the HF electrolyte , with the etching pro 
geously directed . In particular , by patterning substrate 202 ceeding until cavities 216 reach the desired depth into 
with a desired defect area pattern , subsequent electrochemi substrate 202 . Indeed , the etching can reach all the way 
cal etching can be directed through the pattern to form through substrate 202 , if desired . In one specific example , 
trenches with desired spacing and dimensions . 25 cavities 216 may have a width of approximately 3 um to 5 

In one embodiment , substrate 202 may be patterned with um and a depth of approximately 40 um to 50 um . 
surface defect areas 201 using electron beam lithography to In another embodiment , the depth can be extended to 200 
form the surface defects . In another example , substrate 202 um or more , and the effective density of after - formed 
may be patterned using photolithographic masking and radiation - detecting material , such as boron nano - particles 
chemical etching techniques to form the surface defects . 30 deposited within cavities 216 , may be a relatively low 

In the cross - sectional elevational view of FIG . 2C , surface density . In such a case , the lower density may allow for a 
defect areas 201 are depicted as extending a short distance greater absorption path for detecting thermal neutrons . 
into substrate structure 202 . For example , surface defect Advantageously , using an electrochemical etching pro 
areas may be microscopic disturbances of the single crystal cess as described herein may be achieved at low cost and 
structure of substrate 202 at its surface which are not visible 35 with low system complexity as compared with , for instance , 
without magnification . Surface defect areas may only extend reactive ion etching ( RIE ) processes , because no expensive 
a few atomic layers into substrate structure 202 , depending tools are required and no toxic gases are released . In 
on the patterning process employed . In one or more embodi - addition , the above - described electrochemical etching pro 
ments , surface defect areas 201 may be lithographically cess may be readily scaled up . For example , the process can 
defined and wet - etched to form groove type defects on the 40 include first simultaneously patterning many semiconductor 
surface of substrate structure 202 . substrates ( e . g . , wafers ) , followed by using a single electro 

FIG . 2D depicts structure 200 after electrochemically chemical etching chamber or cell with a larger beaker size 
etching substrate 202 to form the cavities 216 extending into and liquid volume . Such a process can form cavities in all 
substrate 202 , in accordance with one or more aspects of the the substrates at the same time , further reducing fabrication 
present invention . 45 costs . 

In one embodiment , after patterning the surface of sub - As another advantage , electrochemical etching as 
strate 202 with the defects of surface defect areas 201 ( FIG . described herein forms bottleneck free cavities , helping the 
2C ) , substrate 202 may be coupled to be a working electrode subsequent material deposition processing in which radia 
in an electrochemical etching process . In such a case , tion - detecting material is deposited within the cavities to 
substrate 202 could be exposed to an electrolyte , such as 50 form the radiation - detecting structure . For example , electro 
hydrofluoric ( HF ) acid , for the timed electrochemical etch - chemical etching can be used to form cavities 216 with a 
ing . characteristic width that is approximately constant along a 

By way of explanation , in an electrochemical etching length thereof from the substrate surface into the substrate . 
process , electromagnetic radiation may be directed from a This advantageously allows after - deposited radiation - detect 
back side of substrate 202 to create electron - holes , which 55 ing material to reach deeply into and fully fill cavities 216 . 
drift to portions of substrate 202 extending vertically under By contrast , RIE processes tend to lead to formation of 
surface defect areas 201 , due to the increased electromag - cavities with bottlenecks at their openings , potentially 
netic field resulting from interaction of the electromagnetic blocking the deposition of radiation - detecting material 
field with the crystal defects in surface defect areas 201 . In within such cavities , leading to voids without radiation 
addition , regions of substrate 202 extending vertically under 60 detecting material . If radiation impinges upon a void in a 
un - patterned portions will be depleted of charge carriers . In radiation - detecting structure , there will not be a reaction , 
such a process , substrate etching will tend to be promoted in and the radiation will not be detected . 
the regions of substrate 202 extending vertically under As a further advantage , electrochemical etching as 
surface defect areas 201 due to the concentration of electron - described herein may be used with any orientation of 
holes in those regions , and inhibited in other regions of 65 substrate 202 . For example , regardless of whether substrate 
substrate 202 due to charge - carrier depletion , leading to the 202 is oriented with a ( 100 ) upper surface , a ( 110 ) upper 
formation of cavities 216 by the electrochemical etching . surface , or a ( 111 ) upper surface , the above - described elec 



US 9 , 810 , 794 B2 
10 

trochemical etching process described for the formation of about 700° C . , for 10 to 30 minutes , to promote diffusion of 
cavities having an approximately continuous width or depth , p - type dopant ( such as , for example , boron ) from the con 
because the process is not based on the different chemical formal layer into the underlying n ' region 206 of the 
etching rates for different crystal orientations of semicon substrate . In another embodiment , the thickness of p - region 
ductors . 5 224 may be controlled by controlling process parameters 
By way of explanation , FIGS . 2E - 2G illustrate details of such as , for instance , temperature and time , at which the 

fabrication processing steps for providing a continuous p - n annealing is performed . For example , the thickness of p - re 
junction within the semiconductor substrate . In one or more gion 224 may be in the range of about 20 nm to 200 nm . 
embodiments , formation of a continuous p - n junction may In the embodiment of FIG . 2F , continuous p - n junction 
allow for a radiation - detecting structure to efficiently collect 10 225 is , in part , in spaced opposing relation to surface 218 of 
charges generated when radiation reacts with radiation the substrate , and is , in part , in spaced opposing relation to 
detecting material of the radiation detecting structure , in the inner walls of substrate 202 defining cavities 216 . As 
order to detect the radiation . illustrated , continuous p - n junction 225 is spaced from 

Referring to FIG . 2E , the structure of FIG . 2D is depicted , surface 218 of the substrate 202 a greater distance than it is 
after provision of a conformal layer 222 over structure 200 , 15 spaced from the inner cavity walls of the substrate . In one 
including within cavities 216 , in accordance with one or embodiment , conformal layer 222 may be polished back 
more aspects of the present invention . In one embodiment , from upper surface of structure 200 using , for instance , by 
conformal layer 222 may be deposited using a modified chemical mechanical polishing stopping on pt region 208 of 
chemical vapor deposition ( CVD ) process . For example , the the substrate . Note that the conformal layer of p - type dopant 
CVD process may be modified by varying parameters such 20 material disposed within cavities 216 would remain unaf 
as , temperature and pressure , to obtain the desired conformal fected , during this etch - back polishing processing . 
layer thickness . In another embodiment , conformal layer FIG . 26 depicts structure 200 , after optional removal of 
222 may include p - type dopant material , and may be depos - conformal layer 222 from cavities 216 thereof , in accor 
ited at a first temperature in the range of about 450° C . to dance with one or more aspects of the present invention . In 
550° C . 25 one embodiment , conformal layer 222 may be selectively 

In a further embodiment , conformal layer 222 may be or removed using a plasma treatment process , for example 
include neutron - responsive material , and / or may be or using plasma formed from a mixture of oxygen ( 0 ) and a 
include a p - type dopant . Examples of appropriate p - type fluorine - containing gas , such as , carbon tetrafluoride ( CF2 ) . 
dopants include boron , aluminum , gallium , or indium . In In another embodiment , conformal layer 222 may remain 
one specific example , conformal layer 222 may include at 30 within the plurality of cavities without affecting operation of 
least one of enriched boron ( 1°B ) or a compound of enriched the resultant radiation - detecting structure . For example , con 
boron such as , for example , boron carbide ( ' ' B C , " B , C ) or formal layer 222 may be selected to include enriched boron 
boron nitride ( 1°BN ) . ( 1°B ) or compounds of enriched boron , so that removal of 

In another specific example , conformal layer 222 may be conformal layer 222 is not necessary in the fabrication of a 
deposited using a conventional CVD process , by employing 35 neutron - detecting structure . 
enriched boron precursors such as , for example , diborane FIG . 2H depicts an electrophoretic deposition apparatus 
( B2H ) , deca - borane ( B10H14 ) or other metal organoborane 230 , in accordance with one or more aspects of the present 
precursors such as , triethylborane ( C2H3 ) 3B or trimethylbo - invention . Electrophoresis is the motion of dispersed par 
rane ( CH3 ) 3B , at about 500° C . Note that the enriched boron ticles within a liquid under the influence of an electromag 
precursors employed may contain more than 95 % of 40 netic field , and as described herein , an electrophoresis 
enriched boron ( °B ) isotope . In one embodiment , thickness process may be used to deposit radiation - detecting particles 
of the conformal layer along the inner walls of the cavities into cavities of a semiconductor substrate as part of forming 
216 may be , for example , in the range of about 10 to 20 nm . the radiation - detecting structure . 

FIG . 2F depicts the structure of FIG . 2E , after a continu - By way of example , in the embodiment of FIG . 2H , an 
ous p - n junction has been formed within the substrate 45 electrophoretic deposition apparatus 230 is shown , which 
thereof , in accordance with one or more aspects of the includes a first electrode 232 , a second electrode 234 , and a 
present invention . In one embodiment , conformal layer 222 DC power source 236 . Within this apparatus , radiation 
( of p - type dopant material ) is subjected to a controlled detecting particles 226 may be dispersed within a liquid 231 , 
annealing process to diffuse p - type dopants from conformal such as , for example , acetone , water , or isopropyl alcohol . In 
layer 222 into substrate 202 to provide a p - region 224 within 50 one or more embodiments , upon application of an appro 
substrate 202 , including along inner walls of the cavities priate DC voltage , an electromagnetic field is generated in 
216 . In such a case , a continuous p - n junction 225 is formed the depicted apparatus in a horizontal direction between first 
within substrate 202 at interfaces between pt region 208 and electrode 232 and second electrode 234 . As illustrated , 
nº region 206 , and between p - region 224 and nº region 206 . structure 200 may be , in one or more embodiments , con 

In one embodiment , the controlled annealing to produce 55 nected to first electrode 232 with the cavities 216 therein 
p - region 224 may be performed at a second temperature , aligned along the horizontal direction . The applied electro 
higher than the first temperature used to deposit conformal magnetic field exerts force on radiation - detecting particles 
layer 222 . In such a case , a higher temperature anneal results 226 , with the force being directed horizontally towards the 
in a portion of the p - type dopant from conformal layer 222 cavities 216 , thereby facilitating transport of the radiation 
diffusing into the underlying nº region 206 of the substrate , 60 detecting particles into the cavities 216 . 
thereby facilitating formation of the continuous p - n junction Advantageously , the above - noted process may be per 
225 within the substrate . formed at room temperature , and the electromagnetic field 

In one specific example , annealing temperature is at least strength may be regulated so that the radiation - detecting 
about 100° C . to 300° C . higher than the conformal layer particles 226 gradually fill cavities 216 , allowing for 
deposition temperature . As another specific example , con - 65 achievement of a desired target packing ratio of radiation 
tinuous p - n junction 225 may be formed within substrate detecting particles , without excessive stress being generated 
202 , by increasing the process temperature from 500° C . to by the particles that could cause one or more sidewalls of 
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cavities 216 to lose structural integrity and collapse . This is FIGS . 2K - 2L depict structure 200 after moving any 
due , at least in part , to the low - temperature , gradual nature overfilled radiation - detecting particles down into the cavi 
of the filling process . ties . As illustrated in FIG . 2K , in one embodiment , the 

In one or more embodiments , differently - sized radiation overfilled radiation - detecting particles may be mechanically 
detecting particles 226 , for instance , within a range of 1 nm 5 forced into cavities 216 of substrate 202 . In another embodi 
to 3 um , may be dispersed within liquid 231 . The provision ment , structure 200 , including overfilled radiation - detecting 
of differently - sized radiation - detecting particles 226 advan particles 226 , may be annealed to compact the overfilled 
tageously facilitates filling cavities 216 within the substrate , radiation - detecting particles into cavities 216 . In one spe 

since the differently - sized particles may more closely or cific example , the overfilled radiation - detecting particles 
10 may extend several micrometers above the surface of sub densely accumulate within the cavities during deposition . strate 202 . In such a case , very flat plates may be mechani For example , smaller radiation - detecting particles may pack cally applied with a specific force against substrate 202 to within the interstices of larger radiation - detecting particles compact radiation - detecting particles into cavities 216 . to achieve a higher fill ratio than might be achieved using As illustrated in the plan view of FIG . 2L , structure 200 only the larger radiation - detection particles . In another detection particles , In another 15 may include radiation - detecting material 226 disposed example , radiation - detecting particles may be approxi within parallel trench cavities within substrate 202 . Advan mately spherical in shape , potentially leading to a greater fill tageously , this resultant structure comprises a plurality of 

ratio . In another embodiment , radiation - detecting particles evenly spaced trenches filled with radiation - detecting mate 
may have irregular shapes , or a mixture of irregular shapes rial . In subsequent operation , if radiation impacts the detec 
and spherical shapes . In a further example , the electrodes of 20 tor , it reacts with the radiation - detecting material to produce 
electrophoretic deposition apparatus 230 may be rotated byproducts that will lead to charge carrier creation within 
counterclockwise 90° , compared to these in the embodiment substrate 202 . Appropriate contact to , and biasing of , struc 
of FIG . 2H , so that in addition to the electromagnetic field , ture 200 , may be used to collect the charge carriers , and 
gravitational forces may be used to act on radiation - detect - thereby identify the radiation detection event . 
ing particles 226 during the filling of cavities 216 . 25 FIGS . 3A - 3B illustrate embodiments of another process 

In another implementation , electrophoretic deposition for fabricating a radiation - detecting structure , in which 
apparatus 230 can be a combined electrolytic apparatus , bottlenecked cavities may be completely filled with radia 
with the above - described electrochemical etching also being tion - detecting material to form the radiation - detecting struc 
accomplished using the combined electrolytic apparatus . For tures . 
instance , the apparatus could be initially employed with an 30 In particular , FIG . 3A , depicts one embodiment of a 
electrochemical etching fluid , such as HF , followed by the structure 300 obtained using an alternate radiation - detector 
electrophoretic deposition , using a radiation - detecting par - fabrication process , which is to be filled , in accordance with 
ticle containing fluid . In one specific example , a 0 . 05 molar one or more aspects of the present invention . In the embodi 
solution of boron carbide radiation - detecting nanoparticles ment of FIG . 3A , a plurality of cavities 316 have been 
could be dispersed in isopropyl alcohol , the electrodes could 35 provided in substrate structure 202 . For example , substrate 
be spaced by approximately 1 centimeter , and a 50 - 200V structure 202 may be patterned and etched using a reactive 
bias could be applied to the electrodes electrophoretically ion etching ( RIE ) process , to form cavities 316 . In one 
deposit the radiation - detecting nanoparticles into cavities specific example , deep reactive ion etching ( DRIE ) may be 
216 . performed using fluorine - based chemistry to form cavities 

FIG . 21 depicts structure 200 of FIG . 2H after partially 40 316 . In the example illustrated , the cavity formation process 
electrophoretically depositing radiation - detecting particles has result in cavities 316 having bottlenecks near the upper 
226 within cavities 216 extending into substrate 202 , in substrate surface . Bottlenecks are typically undesirable 
accordance with one or more aspects of the present inven - because they can become blocked in the early stages of a 
tion . In the illustrated figure , cavities 216 have been filled radiation - detecting material filling process , potentially lead 
( by way of example ) approximately half - way with radiation 45 ing to formation of voids within structure 200 , e . g . , below 
detecting particles 226 . the bottlenecks . The presence of any void disadvantageously 
Depending on the configuration desired , the electropho - decreases the radiation - detecting efficiency of the resultant 

retic deposition process can proceed for a time duration structure . However , FIG . 3B depicts structure 300 after 
sufficient to completely fill cavities 216 . In one example , filling cavities 316 with radiation - detecting particles 226 , in 
after 10 minutes , cavities 216 with a width of approximately 50 accordance with the electrophoretic deposition ( EPD ) pro 
3 um to 5 um and a depth of approximately 40 um to 200 um , cesses described herein . Advantageously , the EPD process 
may be filled with a combination of nano - sized particles and will force the radiation - detecting particles past the bottle 
micro - sized particles , such as in a range of 1 nm to 3 um . necks , completely filling the cavities 316 . 

FIG . 2J depicts structure 200 after an overfilling of In one or more embodiments , electrophoretic deposition 
cavities 216 with radiation - detecting particles 226 , in accor - 55 makes use of an electromagnetic field to move the radiation 
dance with one or more aspects of the present invention detecting particles suspended in the liquid , and this process 

In particular , as noted , the electrophoretic deposition may be carried out at a low temperature , such as room 
process described above may be used to selectively draw temperature . In such a case , radiation - detecting particles will 
particles towards cavities 216 , and not towards other por - not collect and block the cavities at the bottlenecks , but 
tions of substrate 202 , such as between cavities 216 . There - 60 instead will be pushed or forced along by the electromag 
fore , radiation - detecting particles 226 may be overfilled netic field deeper into cavities 316 , past the bottleneck . 
above the level of the surface of substrate 202 , forming ( for Since the electromagnetic field continues to exert force on 
instance ) a mound of radiation - detecting particles above the radiation - detecting particles deep into substrate 202 , past 
cavities 216 . Advantageously , these overfilled radiation the bottlenecks of the cavities , the radiation - detecting par 
detecting particles may subsequently be moved or forced 65 ticles will reach the bottom of cavities 316 , and thus 
down into cavities 216 to further increase the amount of completely fill cavities 316 . By contrast , in a physical or 
radiation - detecting material within the cavities . chemical deposition process , particles are directed toward 
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the cavities with an initial force only , and are not continu tion . In the EPD process with HF as the electrolyte , for 
ously acted upon , as in an electrophoretic deposition pro example , Sic , or Si is oxidized and dissolved in HF , and the 
cess . etching proceeds until the cavities reach the desired depth . 

FIG . 4 depicts a further variation of a radiation - detecting Note that the etching process is limited by the depletion 
structure 400 , in accordance with one or more aspects of the 5 width formation within the substrate . Further , the patterned 
present invention . In the illustrated embodiment , structure substrate may be used as a working electrode , and the 400 includes a plurality of hexagonal - shaped cavities which charged nano - and / or micro - particles in the liquid are 
extend into substrate structure 202 , and are arrayed in a inserted in between the electrodes , with the electric field honeycomb pattern , and which are filled with radiation lines normal to the electrodes , and with the particles being detecting particles 226 . Advantageously , such a honeycomb 10 deposited within the cavities , since the other areas of the pattern can provide radiation - detecting structure 400 with substrate are protected by the insulating material . In one or enhanced mechanical rigidity , and may be an advantageous 
configuration for certain radiation - detecting materials . more implementations , the patterned substrate can be placed 

Those skilled in the art will note from the above descrip in between two parallel plate electrodes within the electro 
tion that there is a need for inexpensive and scalable 15 lyte solution so that the parallel electric fields direct the 
processes for fabricating solid - state radiation - detecting charged particles towards the cavities within which the 
structures , and particularly for manufacturing large area material is to be deposited . Once the filling of the cavities is 
detector modules at competitive costs . Two principle areas complete , the deposition process may continue to overfill the 
of existing solid - state detector fabrication processes where cavity , and hence , in certain applications , where higher 
costs can be further reduced are : ( 1 ) patterning of deep 20 density radiation - detecting material is desired within the 
cavities , such as holes or trenches , within the semiconductor cavities , a normal force can be uniformly applied to the 
substrate ; and ( 2 ) filling of the cavities with a converter or overfilled radiation - detecting particles so that the particles 
radiation - detecting material , such as boron . The widely used further compress into the cavities , and thereby , are more 
technologies are deep reactive ion etching for patterning , densely deposited . 
and CVD for boron filling . As noted above , alternative 25 Advantageously , the fabrication approaches described 
approaches are described herein which facilitate fabrication herein are a green technology , which greatly reduce the cost 
of solid - state radiation detectors at low cost . of fabrication compared with existing technologies , and 

In particular , the alternative cavity formation approach which are scalable to large sized wafers , or batches of 
disclosed is to use selective electrochemical processing wafers , without significant capital investment and process 
( SECE ) , in which “ defect areas ” or “ defect points ” are 30 ing equipment . Besides low cost and scalability , highly 
patterned on a main surface of the substrate in any desired ordered arrays of trenches or holes of any desired depth can 
pattern . This patterned substrate is then used as a working be patterned in a semiconductor substrate of any crystalline 
electrode in , for instance , an HF electrolyte . The structure is orientation , and the patterned deep trenches or holes of very 
exposed to electromagnetic radiation from the back side of high aspect ratio can be filled with nano - scaled particles 
the substrate wafer to create " electron holes ” , which are 35 and / or micro - scaled particles completely to fabricate the 
drifted to defect points where the electric field is higher , and hetero - composite of different materials . The fabricated het 
the wafer is then etched selectively to any desired depth . ero - composite substrate using SECE and EPD has numerous 
Advantageously , this SECE process is less complex than a applications for a highly efficient neutron detector and 
deep reactive ion etching process that involves very gamma detector fabrication . 
advanced and expensive tools and toxic gasses . Also , the 40 Further , in contrast to a CVD process , where the fill 
number of wafers that may be patterned is limited by the material exerts significant stress in the patterned substrates , 
chamber size in a deep reactive ion etch approach , but with and depending upon wall thickness , substrate breaks may 
SECE , many wafers may be simultaneously processed . occur , the EPD process does not exert stress on the substrate , 
Further , the SECE process described herein works for any as the deposition is carried out selectively at room tempera 
wafer of any orientation , such as with Si ( 100 ) , ( 110 ) , ( 111 ) 45 ture . Further , using the approaches described herein , no 
wafers . toxic gases or high - temperature processing is needed , which 
As a further advantage , electrophoretic deposition ( EPD ) again lowers the manufacturing costs . 

is used for filling of the deep cavities formed by ECSE , or The terminology used herein is for the purpose of describ 
by other means . The radiation - detecting material may com - ing particular embodiments only and is not intended to be 
prise Boron or a compound of Boron , using a range of 50 limiting of the invention . As used herein , the singular forms 
nano - particles , micro - particle , or a combination of nano - “ a , " " an , ” and “ the ” are intended to include the plural forms 
and micro - scaled particles . In the electrophoretic deposition as well , unless the context clearly indicates otherwise . It will 
process , charged radiation - detecting particles are dispersed be further understood that the terms “ comprise ” ( and any 
in a liquid ( such as acetone , water , or isopropyl alcohol ) in form of comprise , such as “ comprises ” and “ comprising ' ) , 
a container , and two electrodes are inserted into the solution . 55 “ have ” ( and any form of have , such as " has ” and “ having ” ) , 
The patterned wafer is inserted between the electrode plates “ include ” ( and any form of include , such as “ includes ” and 
so that the particles are directed towards the trenches or " including ” ) , and " contain ” ( and any form of contain , such 
holes by an applied electric field . as " contains " and " containing ” ) are open - ended linking 

The concepts disclosed herein may be employed for verbs . As a result , a method or device that " comprises , " 
selective etching of various semiconductor substrates ( such 60 " has , " " includes , " or " contains ” one or more steps or ele 
as Si , Ge , GaAs , GaN , AIN , SIC ) to pattern arrays of deep ments possesses those one or more steps or elements , but is 
cavities , such as trenches or holes , using SECE processing , not limited to possessing only those one or more steps or 
and filling of the cavities , for instance , with boron or a elements . Likewise , a step of a method or an element of a 
compound of boron ( or CdTe , or CdZnTe ) , nano - scaled or device that “ comprises , " " has , " " includes , ” or “ contains ” 
micro - scaled particles using EPD processing for fabrication 65 one or more features possesses those one or more features , 
of a hetero - composite of radiation sensitive material and but is not limited to possessing only those one or more 
semiconductor for a neutron or gamma detection applica features . Furthermore , a device or structure that is config 
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ured in a certain way is configured in at least that way , but 8 . The method of claim 1 , wherein the electrophoretically 
may also be configured in ways that are not listed . depositing comprises : 

The corresponding structures , materials , acts , and equiva dispersing the radiation - detecting particles within a liquid 
lents of all means or step plus function elements in the to which the plurality of cavities of the semiconductor 
claims below , if any , are intended to include any structure , 5 substrate are exposed ; and 
material , or act for performing the function in combination applying an electromagnetic field , the electromagnetic 
with other claimed elements as specifically claimed . The field being substantially oriented along a direction in 
description of the present invention has been presented for which the plurality of cavities extend into the semicon 
purposes of illustration and description , but is not intended ductor substrate , wherein the electromagnetic field 
to be exhaustive or limited to the invention in the form 10 facilitates depositing the radiation - detecting particles 
disclosed . Many modifications and variations will be appar within the plurality of cavities of the semiconductor 
ent to those of ordinary skill in the art without departing substrate . 
from the scope and spirit of the invention . The embodiment 9 . The method of claim 8 , wherein a strength of the 
was chosen and described in order to best explain the electromagnetic field is selected to achieve a target packing 
principles of one or more aspects of the invention and the 15 ratio of the radiation - detecting particles within the plurality 
practical application , and to enable others of ordinary skill of cavities of the semiconductor substrate . 
in the art to understand one or more aspects of the invention 10 . The method of claim 1 , wherein the electrophoreti 
for various embodiments with various modifications as are cally depositing comprises : 
suited to the particular use contemplated . overfilling the plurality of cavities of the semiconductor 

substrate with the radiation - detecting particles ; and 
What is claimed is : moving overfilled radiation - detecting particles above the 
1 . A method comprising : plurality of cavities down into the plurality of cavities 
fabricating a radiation - detecting structure , the fabricating extending into the semiconductor substrate to further 
comprising : increase an amount of the radiation - detecting particles 
providing a semiconductor substrate , the semiconduc - 25 disposed therein . 

tor substrate comprising a plurality of cavities 11 . The method of claim 10 , wherein the moving com 
extending into the semiconductor substrate from a prises mechanically forcing the overfilled radiation - detect 
surface thereof ; and ing particles into the plurality of cavities of the semicon 

electrophoretically depositing radiation - detecting par - ductor substrate . 
ticles of a radiation - detecting material into the plu - 30 12 . The method of claim 10 , wherein the moving com 
rality of cavities extending into the semiconductor prises annealing the radiation - detecting structure to diffuse 
substrate , wherein the electrophoretically depositing the overfilled radiation - detecting particles into the plurality 
fills the plurality of cavities with the radiation of cavities of the semiconductor substrate . 
detecting particles . 13 . The method of claim 1 , wherein the electrophoreti 

2 . The method of claim 1 , wherein the providing com - 35 cally depositing comprises disposing different sized radia 
prises electrochemically etching the semiconductor sub - tion - detecting particles of the radiation detecting material in 
strate to form the plurality of cavities extending into the a range of 1 nm to 3 um into the plurality of cavities of the 
semiconductor substrate . semiconductor substrate , wherein the combination of the 

3 . The method of claim 2 , wherein the providing further different sized radiation - detecting particles facilitates filling 
comprises patterning the surface of the semiconductor sub - 40 the plurality of the cavities of the semiconductor substrate 
strate with a plurality of surface defect areas , and the with the radiation - detecting material . 
electrochemically etching comprises using the plurality of 14 . The method of claim 1 , wherein the providing com 
surface defect areas to facilitate electrochemically etching prises providing the plurality of cavities of the semiconduc 
into the semiconductor substrate through the plurality of tor substrate with a characteristic opening in a range of 3 um 
surface defect areas to form the plurality of cavities extend - 45 to 5 um , wherein the electrophoretically depositing facili 
ing into the semiconductor substrate . tates driving the radiation - detecting particles in a range of 1 

4 . The method of claim 2 , further comprising connecting nm to 3 um into the plurality of cavities . 
the semiconductor substrate to an electrode of an electrolytic 1 5 . The method of claim 1 , wherein the electrophoreti 
apparatus , and using the electrolytic apparatus for both the cally depositing comprises using the semiconductor sub 
electrochemically etching and the electrophoretically depos - 50 strate as an electrode during the electrophoretically depos 
iting . iting . 

5 . The method of claim 2 , wherein the electrochemically 16 . The method of claim 1 , further comprising forming , 
etching comprises forming the plurality of cavities with a before the electrophoretically depositing , a continuous p - n 
width that is approximately constant for a length of the junction within the semiconductor substrate and disposed , in 
plurality of cavities beginning from the surface of the 55 part , parallel to the surface of the semiconductor substrate 
semiconductor substrate , wherein the approximately con - from which the plurality of cavities extend into the semi 
stant width of the plurality of cavities of the semiconductor conductor substrate and in spaced opposing relation to inner 
substrate facilitates electrophoretically depositing the radia cavity walls of the semiconductor substrate defining the 
tion - detecting material into the plurality of cavities . plurality of cavities therein , wherein the continuous p - n 

6 . The method of claim 2 , wherein the surface of the 60 junction is spaced from the surface of the semiconductor 
semiconductor substrate comprises a ( 111 ) surface , and the substrate a greater distance than the continuous p - n junction 
electrochemically etching facilitates forming the plurality of is spaced in opposing relation to the inner cavity walls of the 
cavities through the ( 111 ) surface of the semiconductor semiconductor substrate . 
substrate . 17 . The method of claim 1 , wherein the radiation - detect 

7 . The method of claim 2 , wherein the electrochemically 65 ing material responds to radiation by releasing charged 
etching comprises using the semiconductor substrate as an reaction products , and the radiation - detecting structure 
electrode during the electrochemically etching . senses the charged reaction products to detect the radiation . 
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18 . The method of claim 1 , wherein the radiation - detect 
ing structure is a neutron - detecting structure , and the radia 
tion - detecting material comprises boron . 

19 . The method of claim 1 , wherein the radiation - detect 
ing structure is a gamma radiation detecting structure , and 5 
the radiation - detecting material comprises a one of CdTe , or 
CdZnTe . 

20 . The method of claim 1 , wherein the providing com 
prises forming the plurality of cavities with bottlenecks at 
openings thereof within the surface of the semiconductor 10 
substrate , and the electrophoretically depositing comprises 
using an electromagnetic field to drive the radiation - detect 
ing particles through the bottlenecks at the openings of the 
plurality of cavities to fill the plurality of cavities with the 
radiation - detecting particles . 15 

* * * * 


