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Abstract—Experimental devices using patterns of holes etched thickness is 2.4:m of pure'®B material [7], [8], it is, in fact,
into semiconductor surfaces are under evaluation for use as difficult to achieve such a thickness and maintain high device
neutron detectors. The devices have miniature holes equidistantly yields. This work describes a method to improve film adhesion

spaced so as to completely cover the front surface of a planart the devi f hil tually i ing the th |
semiconductor device. The devices have both electrical contacts'© € device surlaces while actually increasing the therma

and neutron-reactive coatings applied over the surface and within Neutron detection efficiency.
the holes. The tiny via holes assist in thin-film adhesion while

offering a method to increase the thermal-neutron detection Il. BACKGROUND AND THEORETICAL CONSIDERATIONS

effciency. GaAs-based neutron detectors coated with 98% purified
have been under investigation [7]-[11]. The devices are thin
diodes, with either g-i-n configuration or a Schottky diode

|. INTRODUCTION configuration and operate by detecting neutron-induced reac-

. 0 7 . :
HIN-EILM-COATED semiconductor devices have beert1'0n products. Thé®B(n, «)’Li reaction leads to the following

investigated for thermal neutron detection by a variety 6?actlon products and branching ratios [12]:
research groups [1]-[8], all of which have generally uS4s), 6% : "Li(1.015 MeV)+«a(1.777 MeV)
SLi, SLiF, and Gd coatings as the neutron reactive layer. Each olfoB I Q = 2.792 MeV(to ground state)
these neutron-reactive materials listed has advantages and dis- 94% : "Li*(840 keV)+a(1.470 MeV)
advantages. Q = 2.310 MeV(1st excited state)

0B h n he present r rch group for a vari .
as be_e us_ed b_yt e present esearch group for ava et¥he thermal neutrons absorbed BB produce energetic
of reasons, including its generally large microscopic thermal

. : ; . . articles emitted in opposite directions. After absorption, 94%
neutron absorption cross section and its relatively high-ene . T . '
P y g i’g’ﬁ/the reactions leave théL.i ion in its first excited state that

reaction products. The maximum thermal-neutron detection .

efficiency for single-coated planar devices is 3.95%, attalnreleasing a 480-keV gamma ray. The remaining 6% of the

when using alower level discriminator(LLD ing of . ) . ’ ) .
en using alower level disc ator(LLD) setting o reactions result in théLi ion going directly to its ground

300 keV [7], [8]. However, adhesion problems and delamina: . X .
tion of thgl!)B[c]oatings have been Iimliating factors in realizin State. The thermal neutron (0.0259 eV) microscopic absorption

the maximum neutron detection efficiency. Thick films'88 %ross section is 3840 barns. The microscopic thermal neutron

become stressed and often peel off of the device during or af’f‘grs orption cross section increases with decreasing neutron

the evaporation process. Although the theoretical optimu‘?rqe.rgy; thus, the cross—sectlon_ depe_ndence is proportional to
the inverse of the neutron velocity {v) in much of the energy

range [13], [14].
10 ;
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Fig. 1. An example of boron film cracking from thin-film stress. Sample§ig. 3. SEM photogaph showing the via hole matrix used in the present work.
generally began showing signs of boron film cracking at a thickness greafédre substrate is S| GaAs and the via holes arg®i5n diameter, spaced at 9.5
than 1.0pzm. m center-to-center, and are Juvh deep.
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Fig. 4. SEM photograph showing the bottoms of the via holes used in the
Fig. 2. An example of boron film peeling off of a detector contact after thpresent work. The hole bottoms are smooth, an important result for reliable
completed process. Schottky contacts.

Lp m, which causes cra_cking and peeling (see Figs. 1 and 2) s evaporated onto the polished and etched GaAs surfaces.
?/glr lety of multllp:I_(Ie Iay;r_lnlg sctuemes h;vet Z?gn (ajt;temptt:td Wirhe evaporated contacts were subsequently sintered for 1 min at
'tie success. Fims thicker an Am mat did adnere often yopc iy argon to produce a low-resistivity (“ohmic”) contact
peeled later, especially noticeable with temperature chang
T?t h?:]p JgrBeve”t peeti_lmg, tdewc.(taﬁ l:verg Cole‘fg?,émmig% YThe front surfaces were then lapped and polished until the
3 ;ar et' e\_/tz;pgra lon SI ?p],(\;g fil um|sez;1 th ir GaAs wafer thickness was only 2@@n. The front surface was

€1, coating with Fiumiseal Tof" Tiims greaterthan B then cleaned and etched. A matrix of open circles @1 in
was seldom effective and peeling would still occur for OVe€liameter and spaced 9;Bn apart from center-to-center was

0 X ; ;

90% of the devices while the coating cured. Consequeti®y, patterned with photoresist over the entire wafer surface. A short

coatings were generally hel_d atuln_ or less, thereby limiting oxygen plasma clean (2 min) was used to remove the residual
the thermal neutron detection efficiency to only 2.9%. Th hotoresist film from the hole patterns

new method of surface pr_eparati_on described if‘ thi; PaPEjia holes were then etched into the GaAs wafers in a reac-
has allowed for the_: deposition of f||m§ up topn thick with tive ion etching (RIE) system with a plasma composed of Ar

repeatable and reliable results. The films no longer peel evell BCl, gases (Figs. 3 and 4). Various via hole depths were

without the Humiseal application. fabricated; 1.7:m, 4.0pxm, and 5.0um. For comparison, con-
I D E Sr trol samples were also fabricated without undergoing the RIE
- DEVICE FABRICATION STEPS etch. Afterwards, the photoresist was removed in the RIE with

The devices were built from vertical gradient freeze-growan oxygen plasma.
semi-insulating (S1) GaAs wafers 3 in in diameter. The SI GaAs The devices were then photoresist-patterned with 3.5-mm-di-
wafers were lapped and polished to remove @0 of ma- ameter open circles covering the surface, spaced apart by 7 mm
terial as described in the literature [9], [16]. The wafers werfeom center-to-center. A sputtering system was used to coat the
then cleaned and etched to remove residual lapping and polisifer with 200A of Ti followed by 1000A of Au. DC sputtering
damage [9], [16]. A layered combination of Ni, Au, and Gevas used to ensure the formation of a conformal metal coating
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Fig. 5. SEM photograph showing a top view of a device with:dh of

evaporated”B coating. There is no sign of peeling or cracking. ) ) . ) ) )
Fig. 6. SEM photograph showing a cross section view of a device wittn4

. . . . of 1°B coating. The film is adhered well to the substrate with no sign of peeling.
over and into the via holes. Lift-off in acetone was used to reoth via holes are filled with°B.

move excess Ti/Au material between the devices. Smaller pho-

toresist circular pattermns 3 mm in diameter were centered Ohtrol samples during the evaporations did suffer from peeling,

the 3.5-mm metal contacts to define the boron layers. Hen?ﬁueh as shown in Figs. 1 and 2. Indentations are apparent from

the diameter of the boron pads were 0.5 mm smaller than %% top view and the via hole openings are narrower, which is
diameter of the metal Schottky contacts.

. . also shown in the cross-section view of Fig. 6. The via holes
Evaporating boron radiates a tremendous amount of heat 0!

the ti iod ired to d i | mi f mat _thg. 6 are filled with conical-shaped boron plugs, which are
€ ime period required 1o deposit several microns ot materi consequence of the slowly narrowing opening with increased
Excessive substrate heating will cause the photoresist to so

. oron deposition. The mechanical action of cleaving the sample
and reflow, which can cause the pattern to smear and can

o . . A170st likely caused the upper portion of the conical plug to de-
cause difficulty with the liftoff procedure. To prevent excessiv, ch (on the left), yet it is still attached to the bottom of the hole.

heating, the photoresist patterned samples are routinely atta gcleaved slice was not centered through a row of holes, but

to a cooling plate inside the evaporator and cooled with chillef L .
. : . . stead at an angle. Hence, on the right is shown a conical plu
water during thé®B evaporationi®B layers of different thick- 9 9 plug

) X . still attached and encased within the surrounding boron. Also
nesses were deposited, ranging fromm up to 4.m. Lift-off g

dt th 488 material f th ¢ visible in Fig. 6 are the conductive contacts on the sides and bot-
was used to remove the excess material rom the surtace. 4,5 of the via holes. This important result demonstrates that
The devices were cleaved into 7 mm7 mm squares and

X evaporation is a method by which the holes can be filled with
mounted with Ag epoxy upon custom )5 substrate plates ; ;
. -~ neutron reactive material.
for testing. The substrate plates have Au patterns to which the
detectors were bonded for electrical connection.

For reasons explained in the next secti$i® powder with a o ) ] )
particle size distribution ranging from OiBn in diameter upto ~ T1he finished devices were tested in a double-diffracted
1.8u:m in diameter was placed on top of tH#-coated contacts thermal neutron beam at the Ford Nuclear Reactor (FNR) [10],
for several detector samples. The samples were placed intd- - E_ach device was installed in a custom a!umln_um_housmg
beaker within an ultrasonic bath for 15 min so as to shake t( “chimney box”) that allowed for repeatable indexing into the
tiny 1°B particles into the holes. All of the devices were thef@me location of the neutron beam [10], [11]. The double-dif-
coated with Humiseal to prevent the powder from falling out. fracted beam had a calibrated flux of %30" n/cnt o s, the

value used to determine the efficiency for each device. Fig. 7

IV. RESULTS shows a comparison between the via-hole-covered device with
- a 4-um 1°B coating and a flat device with am '°B coating.
A. RIE Etch and®B Film Results Operated as counters, the thermal neutron detection efficiency

Before the devices were coated with conductive contacts, thiethe via-hole-covered device is 3.9% compared to only 2.9%
depth of the etched via holes were determined by profilometer the flat device, demonstrating the advantage of using the
measurements and confirmed with a scanning electron micthicker film. However, as described earlier, the maximum
scope (SEM). The etch rate was determined to bé\88in. achievable single film value for front irradiatédB-coated
Figs. 3 and 4 show the resulting matrix of L deep via holes devices is only 3.95% [7], [8], which occurs at a film thickness
in which straight sidewalls and smooth bottoms are appareof.2.4 ;m.
The smooth surface is important for the manufacture of reliableBoron-10 films thicker than 2.4m cause neutron attenuation
Schottky blocking contacts. Fig. 5 shows a top view of the sartieat decreases the detection efficiency and a device coated with
via holes after depositing Am of 1°B. The SEM photograph 4 .m of1°B should be able to achieve only 3.67% efficiency [7],
clearly shows that the film did not peel, nor did the other devicg8)]. Hence, the observed efficiency is higher than expected but
in the batch. However, many of the planar devices processeckasily explained as an additional benefit of the via-hole-covered

B. Neutron Detection Results
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Fig. 7. Comparisort®B(n, «)"Li reaction product spectra for a flat device

with a 1m *°B coating and a via hole covered device witham '°B coating.  Fig. 9. SEM photograph showing a top view of a device withuth of
The via holes on the etched device are i deep, 3.5:m in diameter and evaporated®B coating with the holes filled with° B powder.
spaced 9.5:m apart center-to-center.
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Fig. 10. Comparison spectra 8tB(n, «)”Li reaction products from a flat
device and from a device with 5/0m-deep via holes. The via holes, 35 in
diameter and covering 10.6% of the surface area, were filled WBhpowder.
The evaporated”B coating was 1.}:m thick for all devices.

Fig. 8. SEM photograph showing a top view of a device withuth of
evaporated’B coating. The holes are still open enough to fill withB  operated with the same bias voltage, gain, and LLD settings.
powder. Furthermore, planar and via hole devices were alternately tested
to remove systematic errors. The planar devices had measured
detector surface. Th¥B material within the via holes allows thermal-neutron detection efficiencies of 3.05%, matching well
for reaction products to enter the sides of the cavity, therelth theory [7], [8]. The devices with 5.@m-deep via holes had
increasing the detection probability above that of a flat deviceneasured efficiencies of 3.34%, an increase of 10% over the flat
From Fig. 6, itis apparent that a portion of the cavity is not filledevices. The total counts (and count rate) are statistically well
with 1°B, indicating the neutron detection efficiency could adseyond 3 (+2c would increase the efficiency to only 3.06%).
tually be increased further. To explore more complete filling dfeutron flux changes amount to no more than approximately
the via-holes, another series of devices were fabricated usB#p of the average flux during normal operations during a day,
the same patterns, but this time comparing planar devices to détich does not explain the observed changes in detection effi-
vices with 5;:m-deep via holes. The boron overcoat was thinnefency. It could also be argued that the via holes have increased
at 1.1.m, giving the appearance shown in Fig. 8 and thereltlye detector surface area, thereby allowing for more boron to
leaving the via hole openings large enough to insert the ficentact the surface. Yet, such a claim is not supported by Fig. 6,
grain'°B powder. Fig. 9 shows the holes filled with the boronwhere it is clear that the boron along the walls is either absent
powder. Fig. 10 shows comparison spectra between devices vatlvery thin. The observed efficiency increase is not adequately
no via holes and devices with 5.0n deep via holes filled with explained to result solely from increased surface area imposed
1B powder. The devices were operated with a reverse biastyf the via holes. In other words, the via holes cover 10.6% of
100 V and a gain of 300. A commercial Ortec 142A preamplthe device area, which, if filled entirely, would give a flat device
fier was used to measure the induced charge. value of only 3.6% efficiency for those regions. Correcting the
Planar and via-hole sample devices processed in parallel froemaining areas such that the 3.05% efficiency is represented
the same original wafer (cleaved in half) were tested withinkey 89.4% coverage, the result would be an increase up to only
time period of a few hours, thereby reducing deviations due 8011% efficiency, not 3.34%. The increase to 3.34% is due to
neutron flux changes from control rod motion in the FNR. Than increased detection probability of neutron interactions within
batch-processed devices had similar characteristics and all wibievia holes. Given the experimentally observed trend, the same
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devices with 5.0sm-deep via holes and 40% coverage will yield Boron-10 7
4.3% thermal neutron detection efficiency. Etching.40 deep ; Film e
holes and filling with'°B should increase the efficiency above
0,
6.0%. Cylindrical . -
Via Hole = /
M f-«' g
V. CONCLUSION oy Contact
Boron expands when it solidifies from the melted liquid. -Region
It is believed that the stress produced by the evaporated film e
as it cools on the substrate is enough to cause it to peel an ’
crack. Peeling has been observed for films that appeared stabl Detector Neutron
until interrupted by an abrupt decrease in temperature. For Interaction
instance, many planar devices with what appear to be stable . ' Location
films are observed to peel within minutes after moving them ~ The probability of a charged particle
. . reaction product entering the device
from a room-temperature environment (&) to a freezing is increased within the cylindrical via hole

environment € 0°C). Attempts to remedy the problem in-
cluded substrate cooling during the evaporation process, blgt 11. Diagram of a single via hole with dimensions similar to the added
vielded only limited success. Morphologically altering thegce I S Pt e ssomem receses e eecn o
detector surface with via holes has thus far proven to solve tz}éer tho covins from many directions. 9 P
problem of peeling of evaporatédB films, even with abrupt
temperature changes. The tiny holes etched over the device
surface are believed to assist in adhesion of the boron fili@served thermal neutron detection efficiency. One such config-
by two methods. First, the pattern of holes relieves the strdg@tion is a system of narrow straight trenches. Straight trenches
produced by the film, thereby allowing the film to remain o¢an be designed to run the entire length of a device and the
the surface. Second, the conical boron plugs act as miniatgkeight trench design also allows for an increase in detection
anchors in the via holes that actually assist in holding the filsensitivity. Unfortunately, particles with trajectories generally
in place. directed parallel to the trench length will not enter the semicon-
Boron films up to 4um thick have not shown signs ofductor detector and will not be detected, a case not found with
peeling after several weeks, even without Humiseal coatinglse via hole design.
The process is straightforward and can be easily transferred té¢dowever, the filled trench area density, the fraction of area
other substrate materials such as Si and SiC. As a result, theeprered by the depressions, can be quite high. Using the cri-
timum film thickness of 2.4:m can be routinely manufacturedteria that the trenches are;3n wide, a 50% area density is
for 1°B-coated neutron detectors. achieved with the trenches spacegr apart center-to-center
The observed increase in efficiency can be explained as a fafd a 60% area density is achieved if the trenches are spaced
tuitous added effect from the filled via holes. Reaction prOdquﬁum apart center-to-center. Using the same criteria errB
from neutrons interacting in t€'B film covering the flat sur- giameter holes, an area density of only 22.67% is achieved with
fage ha\_/e 5|m|I_ar probabilities of entering the .detector as d¢e via holes spaced;én apart center-to-center (hexagonal pat-
scribed in previous work [7], [8]. For a flat device, the probagn) and only 32.64% area density is achieved if the via holes
bility .of a reaction product entering the detecto_r decreaseg & spaced Bm apart center-to-center. As a result, the total area
reactions occur further away from the detector-film/contact i o1cheq regions filled with reactive material is much smaller

terface. However, the same restrictions do not apply for N85+ the circular via hole design than the long-trench design.

actions accuning within the via holes and the probability of 8 The detector mass available between holes to absorb the par-

reaction product entering the device is increased for neutron i L o
) - . icle energy diminishes as the pattern area density increases.
teractions within the via holes.

i 10 7L i i
The reaction products can be emitted in any direction ng;,lng the*"B(n, &) Li reaction as an example and assuming

47 steradians and the probability that a reaction product Wﬁfthogonal trajectories, Bm of GaAs material can absorb all

N
enter the detector is determined by the solid angle that inté_)lr—the Li ion energy, but only about 1.1 MeV of the alpha par-

sects the detector [7]. Fig. 11 depicts a sphere with radius eqlidf energy [17]. Furthermore, 2m of GaAs material can still

to a reaction product particle effective range, showing that tRESCrb aimost all of theLi ion energy, but only about 700 keV
solid angle can intersect the bottom and side of the via hole. (-the alpha particle energy [17]. Different substrates and neu-
creased sensitivity is best if the via hole diameters are less tHE#N-reactive materials are now under investigation. Si and SiC
the summed total effective ranges of both reaction products. B¢ being investigated as alternative semiconductor substrates
the alpha particle anéLi emissions in boron, the summed ef-for the devices anflLiF and 98% puréLi are being studied as

fective ranges [7], [8] equals 3.14n, a length very close to the alternative neutron-reactive films.
via hole diameters in the present work. Research for the optimum design that will yield the highest

possible detection efficiency is ongoing, including patterns that
mix via holes of circular, square, rectangular, and ellipse shapes.
Some via hole patterns intermixing holes and trenches can ex-
New via hole patterns are under development that will preeed 40% area coverage. Calculations using a simple geomet-
vent film cracking and peeling while also increasing the overailcal model project that thermal-neutron detection efficiency can

VI. FUTURE DIRECTIONS
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formed at the Ford Nuclear Reactor, University of Michigan,
Ann Arbor, MI.

(1]
(2]
(3]
(4]

(3]

Modeled efficiency for a device structure using a matrix of trenches

(6]
(71

reach 10% with such changes (see Fig. 12), a 2.5 times increase
in efficiency over the calculated 3.95% efficiency limit for flat [8]

devices [18].

The via hole pattern used in the present work allowed only [g)

10.6% area coverage. The hole diameters (3 are also not

optimized for boron reactions. Next generation devices will us

a hexagonal pattern and an area density of 22% with a matrix

of 3.5-um-diameter holes 10m deep. The powder-fill method

used to fill the holes, although effective, leaves much of th?n]
space unused. For instance, a system of perfect spherea0.5
in diameter will fill less than 73% of the via hole cylinder. Since

the granules actually ranged from Q.8 to 1.8;:m, it becomes

[12]

obvious that the packing fraction will be less than 73%, which
most likely accounts for the lower observed efficiency than thd13]

models predict. A method to completely fill the holes while in-

[14]

creasing the packing fraction must be developed if optimum per-

formance is to be realized.
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