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ABSTRACT

We report on radiation detectors fabricated from boron phosphide (BP) layers. These
devices were fabricated by growing 1 to 10 wm thick layers of BP by chemical vapor
deposition (CVD) on (100) oriented n-type silicon substrates. Ohmic contacts were applied
to the Si (Au-Sb). Schottky barrier contacts (also Au-Sb) were applied to the BP layer. The
devices were tested as radiation detectors and were found to be capable of detecting
individual 5.5 MeV alpha particles. With some improvements we hope to fabricate neutron
detectors from these devices, making use of the very high cross-section of boron for thermal

neutrons.
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INTRODUCTION

Semiconductor detectors are currently the highest performance detectors for most

forms of radiation, including optical and high energy photons as well as charged particles. A
notable exception to this situation, however, is neutron detection. Currently there exist no

semiconductor detectors capable of detecting individual neutrons. Such a detector could be
very useful in a number of applications where conventional neutron detectors are deficient.

In particular, applications utilizing large arrays of small neutron detectors (e.g. neutron
diffraction apparatus) would strongly benefit from semiconductor detector technology due

to its potential for miniaturization.

n this paper we discuss our attempts at fabricating semiconductor neutron detectors
from the compound semiconductor BP. Before we discuss the details of our experimental
efforts we will first review the requirements of a semiconductor neutron detector.

REQUIREMENTS OF A SEMICONDUCTOR NEUTRON DETECTOR

Semiconductor materials for use in neutron detectors must possess three properties to
be useful as detectors. First, they must stop the incoming neutrons. This capacity is largely
determined by the material’s neutron cross-section. Second, the interaction of the neutron
with the material must produce detectable results. Finally, the semiconductor must have

electrical properties appropriate it for use as a semiconductor detector.

There are only two nuclei that simultaneously have a high neutron cross-section and

produce easily detectable secondary radiations when interacting with neutrons.
nuclei are %Liand

semiconductor neutron detector is thus reduced to
semiconductors having suitable electrical properties.

To p
necessary that the bandgap of the semiconductor be greater than = 1.5 eV.

These

10B, Both of these nuclei have a high neutron cross-section and produce
The problem of producing a

easily detectable alpha particles (i.e. helium nucle?. ) ng
inding boron or lithium-containing

roduce a semiconductor detector that operates at room temperature it is
is serves to

prevent excess thermal ionization of carriers which would interfere with the detected signal.
Additionally, the bandgap of the semiconductor should not exceed = 3 eV. Materials with
bandgaps greater than this usually have poor mean charge carrier trapping lifetimes () and
generally do not lead to good detectors. These considerations lead us to conclude that the
ideal semiconductor material for fabricating neutron detectors is a Li or B containing
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semiconductor with a bandgap of between 1.5 and 3 eV. Examination of the literature
indicates that there are 2s't:,vcral compg)und semiconductors that satisfy these criteria.

LilnS, !, LiInSe, %, and LiZnP 2 have the correct properties but little success has been
obtained with these materials in growing crystals with adequate q}1,1ality for detector use.
More promising are the boron containing III-V semiconductors. BP in particular seems to
be an ideal candidate with a bandgap of 2.0 eV # and good quality crystals of this material

have 'beens eg@mdally grown on silicon substrates using chemical vapor deposition
techniques 278,

BP PROPERTIES FOR NEUTRON DETECTORS

To operate effectively as a neutron detector material, BP must posses certain specific
physical properties. In particular, the BP layers must be thick enough to stop a large
fraction of the neutrons passing through it. Figure 1 illustrates the neutron stopping
efficiency of BP crystals as a function of thickness. Depending on the isotopic enrichment,
very efficient detectors can be made with films a few hundred pm thick. Even BP layers as
thin as 10 um, however, could be useful in many detector applications. These thicknesses
are well within the range of cuprent CVD techniques. BP layers ot'eg(,), pm thickness have

been reported in the literature *°, as well as layers enriched 95% in !
There are a few electrical

properties that BP films need to 1.0
facilitate efficient neutron
detection. It is desirable that the
charge carrier concentration in
the films be low enough to allow
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diodes constructed on it to have
sufficiently large charge carrier
depletion  widths. While 0.4} |

calculation of the minimum
acceptable  depletion  width
depends on several as-of-yet
unknown factors, we estimate
that it must be at least = 1 um in - 4 . - '
thickness. Ideally, we would like S0 100 150 200 250 306
the entire BP layer to be BP film thickness (um)
depleted. For a 300 pum thick .

: : Figure 1. Thermal neutron stopping efficiency as a function of
g?a\gc?h?sp ?ri]ap:i?e% E:lt_mltoﬂye r: :;Eé? BP thickness. Natural boron contains 19.6% abundance of 1B,
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concegtration should be less than
=~ 10%% ¢m™3 . 2"y

Two properties, related to the transport of carriers, are critical to the spcc;ssful

operation of a BP neutron detector. These are the mobility u and mean trapping lifetime 7
of the charge carriers in the BP. Using some conservative assumptions regarding detector
operating conditions, we have computed that the product, ur, of either the electrons or

holes in BP should exceed = 10"® cm? V-! in order to obtain pulses of detectable magnitude
from BP neutron detectors.
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EXPERIMENTAL RESULTS

To determine the suitability of BP films for neutron detectors we fabricated radiation
detectors from BP films in our laboratories. Layers of BP between 1 and 10 um were grown
on single crystal silicon substrates using C techniques. Our BP layers were grown by
methods similar to those reported by others 0, The BP depositions were carried out inside
a cold-walled CVD reactor using diborane, BoHg (1% in hydrogen) and phosphine, PH3



(5% in hydrogen) as reactants. A silicon substrate temperature of 950°C was found to give
the best results. Our substrates were (100) oriented phosphorous doped n-type silicon
wafers of 0.1 to 1 {) cm resistivity.

After we had obtained suitable quality BP films, devices were fabricated from these
layers and tested as radiation detectors. e device structure we chose was a Schott
barrier on the BP layer and an Ohmic contact to the silicon. Our BP films were n-type and it
was assumed that the BP-Si interface would also be approximately Ohmic. The Ohmic
contact to the Si was formed by evaporating an alloy of gold and antimony onto the silicon
and heat treating the contact at 650°C for one minute under flowing argon. The Schottky
barrier contact to the BP was formed by evaporating an Au-Sb alloy onto the BP layer.
Current versus bias voltage studies of these devices indicated good quality diodes were
formed by these fabrication techniques.

The BP on silicon devices were tested as radiation detectors by irradiating them with
5.5 MeV alpha particles from an “** Am isotopic source and interrogating the current pulses
arising in the detector with conventional nuclear pulse height analysis electronics. Figure 2
shows pulse height spectra obtained by irradiating a BP-Si device both with and without the
alpha particle source present. Detection of the alpha particles is clearly indicated.

Unfortunately, subseguent testing with thermal neutrons at the MIT research reactor did
not result in neutron detection.

After further analysis of our

devices, we have concluded that 3 g " y "

the reason our devices dctfcted e

alpha particles from a #*!Am @ perticies’\” |  Gontacts
source but did not detect & _ ——
neutrons was ultimately due to 38 21 stlscon

the high carrier concentration in 0 €

the BP films. Although our A e
devices had BP layers = 10 um  © 0 Sorieye
tgick, capacitance studies showed E = 171 ]
that the charge carrier depletion 2 241
region thicknkéss in the gcvices - ::diation rTaeteston rudigled with ™A
were less than 0.5 um lﬁyarrijer 0 source —

concentration n = 1.2 x10"’ cm?). : : : "

Since only the depleted layer ha)s . o 4090 =00 $00 o9
a nonzero electric field, it is the pulse height (relative units)

only region of the device capable ) . . ) " .
of detecting the alpha particles I T R e e wrille source. présent.
g&?;gfigns ‘;Ym tl:il';.crcasgiugl?ll; Inset shows BP-on-silicon device structure used for detection.

neutrons stopped inside and in regions closely adjacent to the depletion region should be
detectable. In order to increase the sensitivity to neutrons, it will be necessary to produce
films with lower carrier concentrations. These films would have the thicker depletion
regions necessary for neutron detection purposes. -

One meghod for reducing the free carrier concentration in BP has been reported in
the literature ” and appears very promising for neutron detector applications. This method
involves heat treating the BP films at high temperatures (1000 to 1100°C) for several hours.
In this process, excess phosphorous is driven from the B resultiélg in huge resistivity gains
in the films. Up to 13 orders of magnitude have been reported . In order to prevent the
decomposition of the BP at elevated temperatures it is necessary to cap it with a SigNy layer
prior to the heat treatment. We are currently investigating the application of this method in
our laboratories. .

Another possible technique for reducing the carrier concentration in BP films is by
diffusing dopants into the films that act as deep acce tors It has been reported that
diffusion of copper into other I1I-V semiconductors (i.e. InP t’) results in the production of
semi-insulating material from low resistivity n-type starting material. This method may
prove to be effective with BP as well. We are investigating the application of this technique
to BP neutron detectors in our laboratories.



SUMMARY

We have fabricated radiation detectors from BP films grown by CVD techniques onto

silicon substrates. Our studies indicate that BP has nearly the ideal properties for the
production of solid state neutron detectors. Currently our detectors are capable of
detecting alpha particles from isotopic sources but are incapable of detecting neutrons. We

believe that neutron detection should be achievable with CVD BP devices if the carrier
concentration can be reduced.

This work was partly supported by an SBIR grant from the DOE (#DE-ACO01-

89ER80818).

REFERENCES

1. T.Kamijoh and K. Kuriyama, Biue-band Emission in LilnS; Crystals, J. Appl. Phys., 51, p. 1827, (1980).

2. C.J. Smith and C.W. Lowe, Stoichiometric Effects on the Optical Properties of LilnSey, J. Appl. Phys., 66, p.
5102, (1989).

3. R. Bacewicz and T.F. Ciszelk, Preparation and Characterization of Some A'BIICY Type Semiconductors,
Appl. Phys. Lett., 52, p. 1150, (1988).

4. R.J. Archer, R. Y. Koyama, E.E. Loebner and R.C. Lucas, Optical Absorption, Electroluminescence and
the Bandgap of BP, Phys. Rev. Lett., 12, p. 538, (1964).

5. Y. Kumashiro, Y. Okada and S. Gonda, Crystal Growth Of Thick Layers of Boron Phosphide, J. Crystal
Growth, 70, p. 538, (1984).

6. Y. Kumashiro and Y. Okada, Schottky Barrier Diodes Using Thick Well-Characterized Boron Phosphide
Wafers, Appl. Phys. Lett., 47, p. 64, (1985).

7. Y. Kumashiro, Y. Okada, S. Misawa and T. Koshiro, The Preparation of 19BP Single Crystals, Proc.
Electrochem. Soc., 87-88, p. 813, (1987).

8. Y. Kumashiro, K. Kudo, K. Matsumoto, Y. Okado and T. Koshiro, Thermal Neutron Irradiation
Experiments on 1°BP Single-Crystal Wafers, J. Less-Common Metals, 143, p. 71, (1988).

9. CJ. Kim and K. Shono, Deviation from Stoichiometry of Boron Monophosphide, J. Electrochem. Soc.:
Solid-State Science and Technology, p. 120, January (1984).

10.

F. Olschner, J.C. Lund, M.R. Squillante and D.L. Kelly Indium Phosphide Particle Detectors, IEEE Trans.
Nuc. Sci., NS-36, p. 210, (1989). :

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.



