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EXECUTIVE SUMMARY 

OBJECTIVE 
This research and development effort, Film Implementation of a Neutron Detector (FIND), serves 

as proof of concept for a new type of solid-state neutron detector technology, potentially providing 
improvements in sensitivity, size, weight, power consumption, operator safety, transportability, and 
cost compared to current neutron detector technology. The aim of the FIND project is to demonstrate 
the detection of thermal neutrons with a solid-state device based on boron nitride (BN) films. 

RESULTS 
A proof-of-concept FIND device, with a thin bulk BN detecting element, has been successfully 

demonstrated to be sensitive to irradiation by thermal neutrons. The required material properties for a 
BN detecting element and its electrical contacts have been defined and investigated in thin film and 
bulk samples of hexagonal-phase boron nitride. Various characterization methods have been exam-
ined for measuring the critical properties of a number of BN samples, including: 

• Microwave cavity perturbation (carrier lifetime) 
• Time-resolved reflectivity (carrier lifetime) 
• Constant-current corona-discharge-induced surface potential build-up (carrier mobility) 
• Transmission line method (contact resistance) 

RECOMMENDATIONS 
The successful operation of a bulk BN thermal neutron detector affirms the basic concept of the 

FIND device. Further work is needed to make a reproducible and reliable detector, and to incorporate 
and optimize a high-quality BN film detection element that would have the following advantages: 

• Thinner than typical bulk material → low bias voltage (not kilovolts) 
• Fewer structural defects → higher charge carrier lifetime → higher detection efficiency 
• Lower porosity level → more nuclear reactions in given volume → higher detection efficiency 

An alternative to a BN film detection element is very thin, robust, highly oriented bulk BN (including 
single crystal BN, when BN crystal growth is at an advanced enough stage). 

In any case, successful implementation of a FIND device will require the continued refinement and 
use of methods for measuring the carrier mobility µ and lifetime τ (or the lifetime-mobility product 
µτ) of the BN detecting element. Measurement of the specific resistivity and chemical/ structural 
properties of the device electrical contacts is also crucial. Characterization of these BN and contact 
properties will be essential for screening and improving FIND devices, and ultimately for quality 
control. 
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INTRODUCTION AND BACKGROUND 

PROBLEM ADDRESSED AND INVESTIGATED SOLUTION 
This research addresses the problem of efficient and convenient inspection of buildings, vehicles, 

persons, and other places for concealed nuclear materials (such as uranium or plutonium) that are 
being used, or capable of being used, in nuclear weapons. One way to determine the presence of 
nuclear materials is to detect the neutrons that are emitted from the atomic nucleus of these materials 
in the radioactive decay process. To overcome the problems encountered with conventional detec-
tors, a solid-state analog of the gas proportional counter based on films or thin bulk pieces of boron 
nitride (BN) has been investigated. This new type of detector1 is known as a Film Implementation of 
a Neutron Detector (FIND). For purposes of this report, both films and thin bulk pieces will be 
referred to as “films.” 

SOLID BORON NITRIDE FOR NEUTRON DETECTION 
Neutrons can be detected by measurement of the secondary charged particles that result from nu-

clear reactions such as 

  (1) γ    Li   Li     ;    α  Li   B n  7*7*710 +→+→+
The 2.3 MeV alpha particles from this reaction create electron-hole pairs in the material. Detection of 
these charge carriers before they recombine indicates the presence of the incident neutrons. The 
isotope boron-10, with its relatively large cross section for thermal neutrons (3837 barns), is particu-
larly well suited for neutron detection, and is commonly used in gas-type counter detectors in the 
form of boron trifluoride gas, BF3. Due to its greater density, a boron-containing solid detector would 
have a greatly enhanced total cross section for neutrons, and thus far better detector sensitivity. For 
example, the total cross section increases by a factor of about 3000 in going from BF3 gas (at room 
temperature and atmospheric pressure) to solid boron nitride, BN. In addition, the wide bandgap of 
BN (around 5 to 6 eV) means better room temperature operation than semiconductor solid-state 
nuclear particle detectors because of reduced thermally induced recombination of electrons and 
holes. Finally, pure BN is a very stable compound that can withstand large variations in temperature 
and humidity without degradation, and thus is suitable for use in a portable detector unit that could be 
deployed in varied environments. 

ADVANTAGES OVER EXISTING DETECTORS 
Compared to commonly used neutron detectors, such as gas proportional counters and scintillation 

counters, the FIND device is much more compact, and therefore portable. The detecting element 
consists of a substrate that supports a boron nitride film sandwiched by electrode layers. The total 
thickness of the detector element is typically less than 1 mm. The area of a single detector element is 
1 cm2 or smaller (depending on the BN thickness and resistivity). Large area detectors would consist 
of an array, or mosaic, of single detector elements. Because the voltage applied across the BN film is 
on the order of a few volts, compared to kilovolts for standard detectors, problems associated with 
high voltage (arcing, and the extra space or insulation needed to prevent arcing) are avoided. Opera-
tion at low voltage also means that the electronics used to apply the electrode voltage and to measure 
the detector current can be simpler, more compact, safer to the user, and much less power consum-
ing. Additionally, the FIND device does not use exotic high-purity gases (or the special means to 
contain the gases at high pressure) required by gas proportional counter detectors. Solid-state neutron 
detectors based on silicon or germanium photodiodes and phototransistors have been designed also, 

1 



 

but they are much smaller in area than the FIND device, and therefore less sensitive. They also 
typically require a neutron converter foil, such as gadolinium, in front of the semiconductor device. 

PRACTICAL CONSIDERATIONS 
There are a number of issues to consider in using solid BN for neutron detection, including: 

• Charge carrier recombination 
• Neutron capture efficiency 
• Electrode contact resistance 
• Conductivity of the BN 

Charge Carrier Recombination 
The BN must be sufficiently defect-free for this type of detector to work. Otherwise, the free carri-

ers produced by the nuclear reaction will be captured at defect sites before they can reach the detec-
tor electrodes. Electron-hole recombination (by this or other mechanisms) will be minimized if the 
carrier transit time through the material thickness, τt, is much less than the recombination time, or 
carrier lifetime, τ. The transit time, determined by the BN thickness, the carrier mobility µ, and the 
applied electric field E, is equal to 

 
V

d
E
d 2

t µ
=

µ
=τ  . (2)  

where d is the BN thickness, and V is the voltage across this thickness. The carrier lifetime and 
mobility are not well known for BN, and both likely depend on crystal phase (hexagonal or cubic), 
purity, carrier concentration, etc. Of fundamental interest is the mobility-lifetime product µτ, which is 
the average distance traveled by a free carrier, per unit electric field, before recombination occurs. 
Recombination will not be a problem if τ ≥ τt , or equivalently, if 

 Vd2≥µτ , (3) 

For a practical working device, µτ should be several times the minimum value given by Equation 3. 

Neutron Capture Efficiency 
The BN thickness also directly influences the neutron capture efficiency. For example, to absorb 

close to 100% of normally incident neutrons, a cubic-phase BN (cBN) detecting element would have 
to be about 150 µm thick (based on a BN density of 3.5 g/cm3, and the thermal neutron reaction cross 
section and 19.6% natural abundance of 10B). Depending on the values of µ and τ in BN, there will 
be a thickness trade-off between carrier recombination time and neutron capture efficiency. 

Electrode Contact Resistance 
The electrical contact between the BN detecting element and the electrodes must be conducting 

enough that the free carrier current generated by the nuclear reaction is not blocked from flowing in 
the external measurement circuit. If the resistance of the contacts is small compared to that of the BN 
film, then essentially all of the electric field produced will be across the BN, as needed to sweep out 
any free charge. One of the largest hurdles to a solid-state BN neutron detector is the ability to make 
low-resistance contacts to the material. Such low-resistance contacts are needed so that the potential 
applied between the top and bottom electrodes on the detecting element gives a voltage drop mainly 
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across the BN and not across the BN/electrode interfaces. An ohmic contact (linear current-voltage 
characteristic) would ensure that this condition is met, and is preferable to a Schottky-barrier contact 
(non-linear current-voltage characteristic and typically higher contact resistance). The FIND device 
would work with either type of contact, however, as long as the contact resistance is small compared 
to that of the BN film. 

BN Conductivity 
Another important consideration is the electrical conductivity of BN. The material must be con-

ducting enough to permit the signal current (due to free carriers generated by the nuclear reaction) to 
flow to the detector electrodes. But it must also be insulating enough that (1) the voltage difference 
between the detector electrodes required to attract the free carriers to the electrodes is of the order of 
a few volts, and (2) the dark current is low enough that it does not interfere with measurement of the 
signal current. The BN conductivity presumably can be adjusted if necessary by controlled impurity 
doping during manufacture. 

BULK BORON NITRIDE AS A DETECTOR ELEMENT 
A thin plate of bulk boron nitride may be used as the neutron-sensitive material in the FIND  

device. Only polycrystalline, hexagonal-phase BN (hBN), typically formed from pressed powder, is 
made commercially in sizes large enough for this application. The purest material readily available 
(> 99.29% pure) is Combat® AX05 grade manufactured by the Saint-Gobain Advanced Ceramics 
Corporation (formerly The Carborundum Company). Using this bulk material has serious drawbacks, 
however, compared to high-quality vapor-deposited films, including: 

• Small grain size and high porosity level → high density of carrier traps → low carrier lifetime 
• High porosity level → fewer reactions in given volume → decreased detection efficiency 
• Low mechanical strength → must be thicker than films → high bias voltage required 

But because bulk hBN can be purchased with a reasonably high purity and high resistivity 
(> 1014 Ω-cm), it is useful as a FIND detector element, at least for testing and demonstration of the 
concept. Combat® AX05 grade hBN was therefore used for the bulk samples of this report. 

BORON NITRIDE FILM AS A DETECTOR ELEMENT 
To use solid boron nitride as a neutron detector, one must be able to collect the free electrons that 

are created by the above reaction. An electric field applied across the BN can be used to sweep up 
these charge carriers. Because of the relatively small distances involved (the film thickness), applied 
voltages on the order of a few volts will suffice (rather than the kilovolts needed for bulk samples). 
However, the electrons must reach the electrodes that produce the field before they recombine with 
the simultaneously generated holes or with charge-trapping crystal defects. Solid BN, usually 
sintered from powder, contains many defects, including boron or nitrogen vacancies, impurities, 
grain boundaries, and porosity. Materials grown as films, deposited under the right conditions, can 
have better crystalline perfection and purity, and therefore fewer defects, than bulk polycrystalline 
solids. In the case of BN, growth as a film allows the choice of two different crystal phases, a 
hexagonal structure (hBN) analogous to graphite, and a cubic form (cBN) analogous to diamond (see 
Figure 1). Large bulk pieces of boron nitride are available only in the hexagonal phase. The two 
phases have different densities, electrical resistivities, and carrier mobilities. Based on these proper-
ties, one BN phase may be better suited for neutron detection than the other. 

3 



 

Hexagonal Cubic

B

N

B

N

 

Figure 1. Two common crystal phases of boron nitride. 
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FIND DESCRIPTION AND MODELING 

GENERAL DESCRIPTION 
A schematic representation of the FIND detector circuit is shown in Figure 2. Current is measured 

with the ammeter, and the resistor value controls the voltage drop across the BN film. This circuit is 
most useful for neutron flux levels high enough to generate a steady current that flows in addition to 
the background, or dark, current. The total measured current is the sum of the dark current and this 
additional, or excess, current. 

 

Figure 2. Steady-current FIND detection circuit. 

For low neutron flux levels, the excess current is in the form of current pulses. In this case, a 
charge pulse amplifier circuit can be used to detect these pulses. The amplified pulses can then be 
counted with a standard pulse counting instrument. For both measurement methods, the excess 
current is due to the free charge carriers produced by the interaction of thermal neutrons with the BN 
film in the detector element. The amplitude of a continuous excess current, or the signal rate of 
charge pulses, is therefore proportional to the neutron flux at the detector. A block diagram of the 
charge pulse amplifier circuit is shown in Figure 3. The details of this circuit are in Appendix A: 
CHARGE PULSE AMPLIFIER CIRCUIT. The charge sensitive preamplifier is an Amptek A250. 

 

Figure 3. Block diagram of charge pulse amplifier circuit. 
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CARRIER LIFETIME AND MOBILITY CALCULATIONS 
As discussed under PRACTICAL CONSIDERATIONS, the BN film properties must be such that 

electrical carriers generated after the nuclear reaction of Equation 1 are able to reach the device 
electrodes (see Figure 2). The minimum value of the mobility-lifetime product µτ for which the 
FIND device will work is that for which the carrier lifetime τ is equal to the carrier transit time τt 
across the BN film thickness. The voltage V across the BN film is given by 

 
A

dIV ρ
=  , (4) 

where I is the current flowing across the film thickness and ρ is the electrical resistivity of the film. 
Combining Equations 2 and 4, the carrier transit time I given by 

 
ρµ

=τ
I

dA
t  . (5) 

This minimum value of µτ, calculated from Equation 2, is shown in Figure 4 for a BN film 1µm thick 
and 1 cm2 in area, and a dark current of 1 nA. 
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Figure 4. Minimum acceptable mobility-lifetime product versus BN film resistivity  
(with a dark current of 1 nA, film thickness d = 1 µm, and film area A = 1cm2 ). 
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EXPECTED DETECTOR PERFORMANCE 
Expressions for the expected amplitude Vp of the output pulses from the Amptek A250 charge 

sensitive preamplifier (see Figure 3), the measured nuclear reaction rate ν, and the sensitivity S are 
given below in terms of the variables and parameters listed in Tables 1 and 2. 

Table 1. Variable symbols. 

Symbol Quantity 

µ carrier mobility 

τ carrier lifetime 

E applied electric field 

V applied voltage 

d BN thickness 

A electrode area 

V BN volume between electrodes 

ζ charge collection efficiency 

S sensitivity 

Φ neutron flux density 

Σ detector total cross section 
for thermal neutrons 

r distance to neutron point source 

 
Table 2. Parameter symbols and values.

Symbol Quantity Value 

ρBN BN mass density 2.28 g/cm3

MB boron molecular weight 10.811 g/mole 

MN nitrogen molecular weight 14.0067 g/mole 

MBN BN molecular weight 24.8177 g/mole 

NA Avagadro’s number 6.02 × 1023 /mole 

nB boron atom number density 5.53 × 1022 /cm3

σB-10
10B cross section for thermal neutrons 3837 × 10-24 cm2

σB
effective thermal neutron cross section of B 
in natural BN 764 × 10-24 cm2

εα α-particle energy for reaction of Equation 1 1.47 MeV 

εe-h electron-hole creation energy for BN ~ 14.5 eV 

Samp
sensitivity of Amptek A250 
charge pulse preamplifier 0.16 µV/electron 

Λ total neutron generation rate of AmBe 
source 105 / s 
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The number N of free carriers generated in each reaction (Equation 1) is 5
he 1022 ×≈εε −α . 

The expected amplitude Vp of an output pulse from the Amptek A250 charge sensitive preamplifier 
is then 

 
⎪⎩

⎪
⎨
⎧

≈⋅

≈⋅
=

  h) or (e   V  

h) and (e   V   

m16S
2
N

m32SN
V

amp

amp
p   . (6) 

 
The upper value in Equation 6 corresponds to the case where both the free electrons and holes reach 
the device electrodes, while the lower value corresponds to the case where only electrons or only 
holes reach one of the device electrodes. In general, Vp will depend on the relative values of the 
electron and hole mobilities and lifetimes in BN. For a given reaction, Vp will depend on the thick-
ness of the BN and the exact location of the reaction within the BN. 

For a detector not limited by the carrier mobility-lifetime product (i.e., Equation 3 is easily satis-
fied), the expected nuclear reaction rate νo, in terms of the detector’s total cross section for thermal 
neutrons Σ and the neutron flux density Φ, is given by 
 ΦΣ=ν  o   . (7) 

The measured nuclear reaction rate ν is given by 

 

Φ=ν

ΦΣζ=

νζ=ν

 S

  

 o

  (8) 

where ζ is the charge collection efficiency (a mobility-lifetime limitation factor; 10 ≤ζ≤ ) and 
Φν=Σζ=  S is the sensitivity (an effective cross section for thermal neutrons). Other factors that 

might reduce ν compared to νo, such as absorption by air, are ignored here because, in this case, they 
should have little effect compared to ζ. For a point neutron source at a distance r from the detector, 

)r4( 2πΛ=Φ , and the reaction rate is 

 2r4
S
π

Λ
=ν  , (9) 

where Λ , the total neutron generation rate of the source, is given in Table 2 for the 241Am-Be sealed 
source used in this research. 

The detector sensitivity S can also be expressed in terms of the BN material properties nB, σB, µ, 
and τ, and the detector parameters A, V, and d. First, the mean free path x of a free charge carrier in 
BN is given by 

 

d
V  x

 E 

vx

τµ
=

τµ=

τ=

 (10) 
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where v is the carrier drift velocity reached in the applied electric field E (due to the application of 
voltage difference V across BN thickness d).† The total charge collection distance is 2x. 

The charge collection efficiency ζ can be written, for d ≥ 2x, as 

 
2d

V  2
d
x2 τµ

==ζ   . (11) 

The total cross section for thermal neutrons Σ is given by 

 Adnn BBBB σ=σ=Σ V  (12) 

where BNABNB MNn ρ= and NBBN MMM += . From Equations 8, 11, and 12, the sensitiv-
ity S is then ‡

 ( ) ⎟
⎠
⎞

⎜
⎝
⎛⋅µτσ=

d
AV n 2S BB   . (13) 

Note that the first quantity in parentheses in Equation 13 contains only material property parameters, 
while the second quantity contains only experimental parameters (detector geometry and applied 
voltage). 

SUBSTRATE SELECTION FOR FILM GROWTH 
A crystal visualization software package, LATUSE,2 has been used to determine which single-

crystal substrates are best suited for the growth of the hBN films. This determination was directed 
toward the hexagonal phase, rather than the cubic phase, because of the relative ease of growing 
high-resistivity hBN films compared to cBN films. This computer program enabled the comparison 
of hBN lattice spacings (see Figure 5 for two common BN growth surfaces) with those of commonly 
available insulating substrates (e.g., sapphire, magnesium oxide, quartz, etc.), and thus the selection 
of substrates favorable to epitaxial growth, if possible, of BN films. Note that the three columns of 
atoms in the A-plane correspond to three C-plane layers that have been rotated 90°, left to right. The 
right-hand column of atoms in the C-plane therefore matches the left-hand column of atoms in the 
A-plane. Only atoms and bonds on the crystal surface are shown in this and subsequent figures. 

                                                   
† Here, and in subsequent equations, µτ is understood to represent an average of the mobility-lifetime products for 
free electrons and holes. That is, ( ) 2hhee τµ+τµ=µτ . If he τ=τ=τ , then ( 2/he µ+µ )=µ  represents 
the average mobility of electrons and holes. 
‡ Note that if , for example, then hhee τµ>>τµ ( ) ( )dAV n S eeBB ⋅τµσ=  and 2

ee dVτµ=ζ . 
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Figure 5. Two common growth planes of hexagonal boron nitride. 

Example comparisons between the hBN C-plane surface and two common substrate materials, 
sapphire (Al2O3) and magnesium oxide (MgO), are shown in Figure 6 and Figure 7, respectively. As 
seen in these figures, MgO seems to be a somewhat better match to this hBN surface structure than 
sapphire. 
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Figure 6. Comparison of the sapphire and hBN (0001), or C-plane, surfaces. 

 

Figure 7. Comparison of the MgO (100) and hBN (0001), or C-plane, surfaces.
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APPROACH AND METHODS 

BORON NITRIDE FILM GROWTH AND STRUCTURAL CHARACTERIZATION 
The BN films were deposited at UMich by magnetron sputtering of a hexagonal boron nitride 

target in an ultrahigh vacuum (UHV) chamber. Energetic nitrogen ions generated by a Tectra Elec-
tron Cyclotron Resonance (ECR) source were directed at the growing films. The ion energy was 
controlled by a D.C. bias applied to the substrate. This bias voltage is crucial in determining if the 
BN films are grown in the hexagonal phase or in the cubic phase. A reduced bias growth process is 
used in some cases.3 The substrates used for this research were either single crystal (100) silicon or 
(100) magnesium oxide. The substrate temperature during film growth of 1000°C is believed to 
facilitate the heteroepitaxial formation of the boron nitride film on the substrate surface. The growth 
chamber is shown in Figures 8 and 9. 

 

Figure 8. Schematic drawing of UHV BN film growth chamber at UMich. 

The crystal structure of the BN films was studied by in-situ Reflection High-Energy Electron Dif-
fraction (RHEED) and by X-Ray Diffraction (XRD, using a 16 keV synchrotron radiation beam line 
of the Advanced Photon Source at Argonne National Laboratory). The crystal phase composition of 
the films was characterized with Fourier Transform Infrared (FTIR) spectroscopy. Film morphology 
was examined by Scanning Electron Microscopy (SEM). 
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Figure 9. UHV BN film growth chamber and system at UMich. 

CARRIER LIFETIME MEASUREMENTS 

Microwave Cavity Perturbation 
The carrier lifetime in thin films and bulk pieces of hexagonal boron nitride has been investigated 

at VCU using a Microwave Cavity Perturbation (MCP) technique. Figure 10 is a schematic diagram 
illustrating the basic experimental configuration of this technique. As shown in Figure 11, a tunable 
solid-state YIG oscillator provides the microwave energy with a frequency range of 4 to 8 GHz and a 
maximum power output of 100 mW. The microwave energy is directed through a waveguide and 
enters through an adjustable aperture into a TM010 cylindrical resonant cavity containing the sample. 
The resonant frequency of the cavity is determined by its size and by the dielectric constant of the 
sample material, and is approximately 5 GHz for the experiments reported here. The TM010 resonant 
mode provides a maximum electric field at the center of the cavity. The electric field magnitude can 
be estimated by balancing the cavity input power with the cavity loss under equilibrium conditions. 

The change in the quality factor (Q) of the microwave cavity upon photoexcitation of the sample is 
the basis for the technique. A 1-mm-diameter circular aperture was machined into the side of the 
cavity for the laser illumination. The sample is inserted axially into the center of the cavity using a 
cylindrical beryllium oxide (BeO) cold-finger. BeO is an electrical insulator and creates negligible 
load to the cavity in comparison to the BN sample. However, the thermal conductivity of BeO is 
quite high, and the sample temperature can be controlled by adjusting the temperature of the external 
end of the BeO rod without introducing coolant directly into the cavity. Condensation inside the 
cavity is avoided by keeping the cavity under a constant positive pressure of inert gas. The BeO rod 
allows the evaluation of lifetime measurements at room temperature and at liquid nitrogen tempera-
ture (77 K). 
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Figure 10. Microwave cavity perturbation technique. 

 

Figure 11. Microwave cavity perturbation apparatus at VCU. 

After the photoexcitation is removed, the conductivity of the sample and quality factor of the cav-
ity return to the equilibrium values at a rate dependent on the electronic decay process in the sample. 
The change in the cavity quality factor is detected through the corresponding change in the reflected 
microwave power. Thus, the decay time is determined by observing the time dependence of the 
reflected microwave power immediately following the sample excitation,4 as shown in Figure 12. In 
the figure, the carrier density in the sample increases from no to (no + τG) when irradiated with light 
of frequency ν. When the light is turned off at t = 0, the carrier density decays back to its “dark” 
value with a characteristic decay time defined as the carrier lifetime, τ. The generation rate of carriers 
during photoexcitation is given by the constant G. The carrier lifetime τ can be determined from the 
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initial (linear) part of the decay curve, where )]t(1[Gn)t(n o τ−τ+≈ , in which case  when 
t =  τ. 

onn =

 

 

Figure 12. Carrier lifetime determination from MCP data. 

Time-Resolved Reflectivity 
The time-resolved reflectivity (TRR) method, shown schematically in Figure 13, can be used to 

measure carrier lifetimes shorter than those that can be determined by the MCP technique. In the 
TRR method, the intensity of a laser beam reflected from the sample surface is measured as a 
function of time. This time-resolved intensity is proportional to the free charge carrier density at the 
sample surface, enabling determination of the carrier lifetime using the type of analysis shown in 
Figure 12. A pulsed Ti-sapphire laser, with a repetition rate of 82 MHz and a pulse width of 40 fs, 
provides a pulsed laser beam that is split into pump and probe beams in a 10:1 intensity ratio, 
respectively. Figure 14 shows the optics needed to bring the pump and probe laser beams into spatial 
and temporal coincidence at the surface of the sample. Both beams are focused onto the sample with 
respective spot diameters of 100 and 50 µm. The pump beam is s-polarized, while the probe is 
p-polarized. The pump and the probe beams are modulated with a photoelastic modulator at 50 kHz, 
and a mechanical chopper at 60 Hz, respectively. The reflectivity signal is measured by a lock-in 
amplifier/photodiode combination. The probe beam is delayed with respect to the pump beam by 
means of a translation stage delay rail, with a delay range of 0 to 600 ps. The time-resolution of the 
measurement is approximately 200 fs. 
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Figure 13. Schematic drawing of ultrafast time-resolved reflectivity system at UMich. 
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Figure 14. Ultrafast time-resolved reflectivity measurement system at UMich. 

CARRIER MOBILITY MEASUREMENTS 
A corona discharge method of determining the carrier drift mobility of highly insulating BN from 

the time decay of a surface voltage was investigated. In this technique, the sample is prepared with a 
grounded metallic electrode on its bottom surface (see Figure 15). A high voltage (around 7 to 
10 kV) is applied, relative to ground, to a needle-shaped electrode positioned a few centimeters 
above the free surface of the film (i.e., the non-electroded surface). The film’s free surface is also 
surrounded by a grounded metal shield. The high voltage produces a so-called corona discharge (a 
plasma consisting of electrons and ionized air or water molecules) at the tip of the needle. The ions 
follow the electric field lines to the metal shield and to the film’s free surface. The film surface 
charges up, thus producing a potential difference V between the surface and the grounded back side 
of the film. An electron (or hole) current I flows through the film thickness due to this potential 
difference and neutralizes the arriving ions. In the steady state, this current is equal to the current 
arriving at the surface from the corona discharge. If the discharge is turned off, the surface potential 
Vs will decay with time. Under space-charge-limited5 constant current conditions, this decay has 
been shown to depend in a simple way on the sample thickness and the carrier drift mobility µ.6,7 The 
mobility can be determined from the time decay of the surface voltage. Under space-charge-limited 
(SCL) conditions, for a trap-free insulator, the current will be related to the voltage by8

 3

2

L
AV

8
9I µε=  , (14) 

where ε  is the boron nitride dielectric constant. In the absence of SCL conditions, the current will be 
related to the voltage by Ohm’s law: 
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where n is the carrier density and e is the electron charge. Ohmic current-voltage characteristics can 
be due to dominance of surface conduction (leakage current) around the sample surface over bulk 
conduction through the sample.9

So-called time-of-flight techniques, in which the transit time needed for an injected sheet of free 
charge carriers to traverse the sample thickness under constant voltage conditions is measured, have 
also been used to determine µ.10 In this case, the sheet of charge is generated (in a time short com-
pared to the transit time) by various means, including pulsed irradiation by intense light (exciting 
carriers across the bandgap),10 α-particles,11 and high-energy electrons.12,13

 

Figure 15. Corona discharge surface voltage measurement method. 

ELECTRODE DEPOSITION AND PATTERNING 

Electrode Deposition 
The conducting electrodes for the FIND device (see Figure 2) consist of multilayer metal films 

deposited using the UHV ion beam sputtering system shown in Figures 16 and 17. The BN electrical 
contact method used here is similar to that developed at SSC San Diego to make contact to semicon-
ducting diamond.14 In that case, a metal such as Mo is deposited onto the diamond substrate or film 
and then furnace annealed, reacting with carbon to form conducting molybdenum carbide. The 
semiconducting-diamond/carbide combination forms an ohmic contact. For the case of boron nitride, 
titanium metal (followed by diffusion barrier and contacting layers) is used to coat semiconducting  
c-BN, and the sample is then heated in an inert-atmosphere. Ti reacts with BN to form titanium 
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nitride and titanium borides, both of which are conducting. A barrier layer of W prevents formation 
of titanium oxides (during atmospheric transfer of the samples) and their subsequent diffusion 
through a Au or Ag contacting layer (to which wire bonds may be formed). The deposition sequence 
of the multilayer electrode is shown in Figure 18. Titanium-based contacts have recently been 
evaluated by the author in a project to characterize the electronic properties of cBN films.15

 
Figure 16. Schematic drawing of UHV ion beam sputtering system.  
Only two of the three Kaufman sputter ion sources are shown. 

 

Figure 17. UHV ion beam sputtering system. 
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Figure 18. Deposition sequence of multilayer metal electrode. 

A titanium nitride (TiN) layer was used in some cases as a combination diffu-
sion-barrier/contacting layer in place of the tungsten-silver bilayer. The TiN layer was reactively 
sputtered in a partial pressure of N2 gas immediately after the Ti layer deposition, using the same 
sputtering target. This approach has the following advantages: 

• Fewer deposition steps (two electrode films instead of three) 
• Reduced deposition system requirements (one sputtering target instead of three) 
• Better film stability in subsequent furnace annealing step (Ag films agglomerate above 300ºC) 

Electrode Patterning 
The FIND device configuration shown in Figure 2 requires minimal or no patterning of the contact 

electrodes. However, to measure the contact properties, and for other possible electrode configura-
tions (such as interdigitized top electrodes without a bottom electrode), a way of patterning the 
electrode metals is required. The approach used here is wet chemical etching after photolithographic 
pattern definition of the metal film trilayer or bilayer. See ELECTRODE ETCH RATES for the 
specific etchants used and their etch rates. The thickness of the FIND device electrodes was meas-
ured with a Veeco Dektak3 ST profilometer after patterning. 

ELECTRICAL PROPERTIES CHARACTERIZATION 

Electrodes 
The current-voltage and contact resistance properties of the multilayer metal film electrodes (see 

Electrode Deposition) were measured on electrodes patterned in various configurations. Fine silver 
wires were attached to the patterned electrodes using silver paint, as shown in Figure 19. Some 
electrical measurements were made in-situ as a function of temperature in a tube furnace in flowing 
argon gas. Figure 20 shows sample OUT77 mounted in the furnace test fixture (ready to be placed 
into the furnace). 
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Figure 19. Silver wires connected to Ag/W/Ti electrodes on BN film sample OUT80. 

 

Figure 20. BN film sample OUT77 mounted for in-situ furnace measurements. 

BN Films 
The electrical resistance and current-voltage characteristics of the BN films provided by UMich 

were measured using the techniques described above. For the hBN film deposited on single crystal 
(100) MgO (sample OUT86), the current-voltage data were measured between two 0.5-mm-diameter 
Ag/W/Ti circular contacts, with 1.5 mm between contact centers. The BN film resistivity ρ was then 
extracted from these data using an expression for the measured resistance R of thin layers dominated 
by lateral current flow:16

 ⎟
⎠
⎞

⎜
⎝
⎛

π
ρ

=
a
sln

d
R  , (16) 

where d is the BN film thickness, s is the center-to-center separation distance between two circular 
contacts of radius a. 
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For hBN films deposited on semiconducting Si substrates, the BN resistivity was studied by 
four-probe van der Pauw measurements17,18 of the film/substrate combination. For these measure-
ments, small spots of indium were soldered to the corners on the back of the Si substrate. The 
resistivity of the BN film alone could not be measured directly because the conducting substrate can 
electrically short out the film (depending on the relative resistance of the film and the substrate). The 
resistivity of bulk hBN samples was determined from the current-voltage characteristic obtained 
using the corona discharge methods described above in CARRIER MOBILITY MEASUREMENTS. 

THERMAL NEUTRON DETECTION METHODS 
The detecting element of the FIND device consists of a thin plate or film of boron nitride sand-

wiched between conducting electrode layers (that is, a capacitor structure). The electric field within 
the BN, due to the voltage applied across the device electrodes, collects any free charge generated by 
the nuclear reaction of Equation 1 that can reach the electrodes before being trapped or undergoing 
recombination. Each nuclear event (Equation 1) will therefore cause a sudden increase in the charge 
residing on the device electrodes. For low neutron flux densities, each increase will be discernable as 
a distinct charge pulse. An Amptek A250 charge sensitive preamplifier (see Figure 3) converts this 
charge pulse into a voltage pulse for subsequent display and processing.19 The basic idea and advan-
tages of a charge sensitive preamplifier are described in references 19 and 20. 

The nuclear reaction rate ν (Equation 8) is measured by counting the voltage pulses from the 
charge sensitive preamplifier. The pulses may be counted directly from the preamplifier (if large 
enough in amplitude and not overlapping), or from the output of a shaping circuit that amplifies and 
shapes the pulses to avoid “pile-up.”19 The details of the amplifier circuit used here are given in 
Appendix A: CHARGE PULSE AMPLIFIER CIRCUIT. A photograph of the circuit, with cover 
removed, connected to the detector module (with sample OUT86 mounted in the center as a test 
neutron detection element) is shown in Figure 21. 

 

Figure 21. Charge pulse amplifier with neutron detector module.
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RESULTS 

BORON NITRIDE FILM GROWTH AND STRUCTURAL CHARACTERIZATION 
The following results were obtained by UMich using the methods described earlier. A number of 

hBN films were deposited under various growth conditions, mostly related to the grid voltage 
settings and N2 gas flow rate for the Tectra ECR ion source. The initial films were grown with an N2 
flow rate of about 90 sccm, and ion source grid voltages on the order of 1 kV. Later films, grown 
after installing a gas-flow-limiting grid to the ion source, were deposited with an N2 flow rate of 
10 sccm and ion source grid voltages less than 100 V. 

Figure 22 shows the RHEED images of a sample before and after growth of BN film SN021007. 
The growth conditions are listed in Table 3. A series of rings may be discerned in the RHEED image 
of the film after growth, indicative of the presence of polycrystalline BN. 

 

Figure 22. RHEED images before and after BN film SN021007 growth on (100) Si. 
 

Table 3. BN film SN021007 deposition parameters. 

Chamber pressure 5mTorr 
Sputtering gun power 500 W Forward, 2 W Reflected 
Substrate bias -100 V 
Substrate temperature 1000°C 
ECR source anode voltage 1.2 kV 
ECR source extractor voltage -0.6 kV 
ECR source magnetron current 55 mA 
Growth Time 4.05 hrs 
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Figure 23 (background subtracted) was used to help identify the phase composition of the BN film. 
Transverse Optical (TO) phonon peaks were observed at 1384 cm-1 and 767 cm-1 (nominal values), 
indicative of the hexagonal phase. 
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Figure 23. FTIR spectrum of BN film SN021007 deposited on (100) Si. 

The x-ray diffraction spectrum of rather thick BN film (SN021118) deposited on (100) Si is shown 
in Figure 24. The growth conditions are listed in Table 4. From the θ-2θ data of Figure 24, a corre-
spondence was found between the theoretically calculated values and the experimentally obtained 
values for three diffraction peaks as listed in Table 5. 

Table 4. BN film SN02118 deposition parameters. 

Chamber pressure 5mTorr 
Sputtering gun power 500 W Forward, 2 W Reflected 
Substrate bias -56 V 
Substrate temperature 1000°C 
ECR source anode voltage 1.2 kV 
ECR source extractor voltage -0.6 kV 
ECR source magnetron current 55 mA 
Growth Time 36 hrs 
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Figure 24. XRD spectrum of BN film SN021118 deposited on (100) Si. 

 

Table 5. XRD peak comparison. 

Peak 
Theoretical Value 

2θ (degrees) 
Experimental Value 

2θ (degrees) 
Si (400) 33.21002 33.30191 

h-BN (100) 17.82588 17.99931 
c-BN (111) 21.42565 21.19911 

 

Thus, from the XRD data, the boron nitride film contains crystalline cBN and hBN phases. The 
size of the domains may be estimated by considering the width of the diffraction peaks of Figure 24. 
Based on this analysis, the grain size of (100) hBN is about 20 nm, and that of (111) cBN is ap-
proximately 7 nm. Scanning electron micrographs of the BN film are shown in Figure 25, with the Si 
substrate positioned above the BN film. The photograph on the right, showing a BN film thickness of 
about 3.6 µm, is at a much higher magnification than that on the left.  
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Figure 25. SEM photographs of BN film SN021118 deposited on (100) Si. 

Another thick BN film (SN030125), grown under the conditions given in Table 4, was deposited 
on a (100) MgO substrate. A photograph of one portion of this film is shown in Figure 26. The FTIR 
spectrum of another portion of the film is shown in Figure 27. Only the hBN peak at 1390 cm-1 is 
observed, not the cBN peak at 1076 cm-1. 

 

Figure 26. Hexagonal BN film sample OUT81 on (100) MgO.  
This sample was cut from parent sample SN030125. 
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Figure 27. FTIR spectrum of BN film SN030125 on (100) MgO. 

After modifying the ECR ion source to reduce the N2 gas flow, a series of BN films were depos-
ited on (100)-oriented high-resistivity (5000 Ω-cm) Si. These films were deposited at reduced 
nitrogen ion energies. The FTIR spectrum of one of these films (SN030813), shown in Figure 28, 
indicates that the crystalline phase of the film is purely hexagonal (no cubic phase). The growth 
conditions for this film are given in Table 6. 

Table 6. Reduced gas glow sample deposition parameters. 

Chamber pressure 5mTorr 
Sputtering gun power 502 W Forward, 2 W Reflected 
Substrate bias -96.6 V 
Substrate temperature 1000°C 
ECR source anode voltage 80 V 
ECR source extractor voltage -40 V 
ECR source magnetron current 65 mA 
Growth Time 8.33 hrs 
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Figure 28. FTIR spectrum of BN film SN030813 on (100) high-resistivity Si. 

CARRIER LIFETIME MEASUREMENTS 

Microwave Cavity Perturbation 
The following results were obtained by VCU using the microwave cavity perturbation (MCP) 

technique. Three hBN film samples, grown on single crystal (100) MgO substrates and with a band-
gap of roughly 5.8 eV, 21 were provided by UMich as cut from film sample SN030125. A bare (100) 
MgO sample was also supplied by UMich for comparison purposes. Bulk hBN samples (BLK10 and 
BLK11), manufactured as Combat® AX05 grade by The Carborundum Company (now the Saint-
Gobain Advanced Ceramics Corporation) , were also provided to VCU by SSC San Diego. Both sets 
of samples were evaluated as received; no sample preparation of any kind was performed. 

For all samples, the laser excitation wavelength was varied from the fundamental of a Nd:YAG 
laser (1064 nm) to the three harmonics (532, 355, and 266 nm). All incident wavelengths are sub-
band to the BN bandgap for all samples (that is, the laser energy is less than the sample bandgap 
energy). A bare MgO substrate showed no response at all wavelengths at room temperature or at 
liquid nitrogen temperature. One of the hBN films grown on MgO produced the room temperature 
response shown in Figure 29. 
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Figure 29. Response of hBN film SN030125 on MgO using the MCP technique. 

These data were generated with a laser wavelength of 532 nm, laser energy of 25 mJ/pulse, pulse 
width of 6 nS, and a pulse repetition rate of 10 Hz. Ablation of the sample was apparent after the 
experiment. The remaining samples of hBN on MgO showed no response when placed under similar 
conditions. These very aggressive lasing conditions were necessary to obtain the signal shown in 
Figure 29, but the results were not reproducible. Assuming that the Figure 29 data are valid, how-
ever, analysis of the type shown in Figure 10 gives a carrier lifetime of 360 ns for this hBN film on 
MgO. 

The bulk hBN samples received from SSC San Diego were also examined under the room tem-
perature lasing conditions described above, as well as at liquid nitrogen temperature. No response 
was observed for these samples, but surface ablation did occur. 

Both the film and bulk hBN samples are essentially insulating materials with very large bandgaps. 
For a high-purity sample, or one with deep-level impurities, the above results may be due to an 
excitation wavelength that is too large to excite electrons (or holes) into the conduction (or valence) 
band. The results may also be due to a high number of impurities or lattice defects, both of which can 
act as charge carrier traps, leading to low carrier lifetime. If the carrier lifetime is below about 100 
ns, it cannot be accurately measured using this microwave technique. 

It is therefore possible that higher energy photons are necessary for measuring the carrier lifetime. 
This assertion can be supported by the identification of defect levels in hBN at 3.40, 3.84, 4.40, 4.90, 
5.31, and 5.50 eV. The nature of these defects is unclear, but their existence is shown by UV emis-
sion in reference 21. It may be necessary to use photons with energies of at least 5.6 eV (~225 nm 
wavelength), beyond the deepest reported defect energy level.21 
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Time-Resolved Reflectivity 
Initial time-resolved reflectivity (TRR) measurements at UMich on hBN/MgO sample SN030125 

gave a null result using a laser wavelength of 800 nm. Higher energy illumination may be needed 
because of the high-energy bandgap of BN, or because any traps may be too deep in the bandgap for 
this wavelength. A new reflectivity apparatus is being set up at UMich that is capable of using 
frequency doubling or tripling crystals (corresponding to wavelengths of 400 and 266 nm, respec-
tively) to obtain higher laser energy. 

CARRIER MOBILITY MEASUREMENTS 
Using the corona discharge method described in CARRIER MOBILITY MEASUREMENTS and 

illustrated in Figure 15, current versus voltage measurements were made on a thinned piece of bulk 
hBN with a thickness of 0.4 mm. The sample surface was exposed to the discharge through a circular 
opening (with an area of 0.85 cm2) in the ground shield. A multilayer metal electrode, as shown 
schematically in Figure 18, had been deposited on the opposite side of the sample and grounded. The 
results of this measurement on sample BLK12 are shown in Figure 30. 

0

2

4

6

8

10

12

0 200 400 600 800 1000

Bias Voltage (V)

C
ur

re
nt

 (n
A

)

linear fit

 

Figure 30. Sample current versus bias voltage for hBN bulk sample BLK12. 

The linear current-voltage characteristic observed here, described by Equation 15, indicates that 
charge conduction in this sample is not space charge limited. Therefore, the carrier mobility µ cannot 
be determined from Equation 14. Equation 15 could be used to calculate µ, but the carrier density n 
of this sample is not known. Measurement of the carrier density (using, for example, a Hall effect 
method) in very high-resistance, wide-bandgap materials such as BN is extremely difficult. Films of 
BN will likely be more amenable to corona discharge methods of determining the mobility (just as 
for polymer films) because higher electric fields can be achieved (for a given surface potential) due 
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to the smaller thickness of films compared to bulk samples. Thinned bulk hBN samples are limited to 
a thickness of about 400 µm, below which they tend to lose structural integrity (i.e., they crumble). 

ELECTRODE ETCH RATES 
As discussed in Electrode Patterning, the electrode metals for the FIND device were patterned 

using wet chemical etching. Different etching solutions are needed for different metals, and the 
etchant must not attack (dissolve) the photoresist (Shipley S1813) during the etching process. A 
number of possible etchants, listed in Table 7, were tested. The first chemical listed in etch 7 is 
ethylenediaminetetraacetic acid (EDTA). 

Table 7. Electrode metal wet etchants. 

Metals Etchant 
number Etchant chemicals Amounts Etch rate 

(µm/min) Comments 

Ag, W 1 
ammonium hydroxide 

hydrogen peroxide 
methanol 

1 ml 
1 ml 
4 ml 

not 
measured 

dissolved 
photoresist 

Ag 2 
ammonium hydroxide 

hydrogen peroxide 
water 

1 ml 
1 ml 
4 ml 

15.4  

W 3 

potassium hydroxide 
potassium phosphate monobasic 

potassium ferricyanide 
water 

340 mg 
134 mg 
330 mg 
10 ml 

not 
measured 

dissolved 
photoresist 

W 2 
ammonium hydroxide 

hydrogen peroxide 
water 

1 ml 
1 ml 
4 ml 

5.3  

Ti 4 
hydrofluoric acid 

hydrogen peroxide 
water 

1 ml 
1 ml 

20 ml 
8.9 

lifted BN film 
from MgO 
substrate 

Ti 5 hydrofluoric acid 
glycerine 

1 ml 
20 ml 0.033 stir well 

TiN 6 
ammonium hydroxide 

hydrogen peroxide 
water 

1 ml 
6.6 ml 
21.9 ml 

0.005 heated to 35°C;
Ref. 22

TiN 7 
EDTA 

hydrogen peroxide 
water 

15 mg 
16.6 ml 
33.4 ml 

0.005 heated to 65°C 

 

Etchant 5 was used for sample SN030125 (BN film on MgO substrate; see Figure 26) because it 
was found that etchant 4 (specifically, the water in the etchant) caused the BN film of this sample to 
separate from the substrate. This separation may be due to the possible formation of water-soluble 
boric oxide, B2O3, or similar compounds at the film-substrate interface during film growth at 1000ºC, 
perhaps because of a reaction of BN with MgO at this elevated temperature. 
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ELECTRICAL PROPERTIES 

Electrodes 
As described in ELECTRICAL PROPERTIES CHARACTERIZATION/Electrodes, the tempera-

ture-dependent resistance and current-voltage characteristics of Ag/W/Ti electrodes (see Figure 18), 
deposited on either cBN or hBN films on silicon substrates, were measured. The time dependence of 
the resistance between two such contacts on cBN/Si sample OUT71, as well as that of the sample 
temperature during furnace processing, is shown in Figure 31. 
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Figure 31. Furnace cycle for Ag/W/Ti contacts on cBN-Si sample OUT71. 
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Figure 32. Resistance between contacts versus temperature for cBN-Si sample OUT71.  
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The resistance data of Figure 31 are also shown in Figure 32 as a function of temperature. Note 
that the resistance measured during the cooling cycle is lower than that during the heating cycle. 
Because the measured resistance is a combination of contact and film resistances, and the film 
resistance is not expected to change significantly by processing in this temperature range (for that 
part of the film not close to the contact/film boundary), this resistance drop can be attributed to a 
lowering of the contact resistance, presumably due to Ti-B and Ti-N reaction at the Ti/BN interface. 
The gap in the cooling data is most likely due to one of the silver wires being temporarily pulled 
away from the sample because of thermal stresses on the wires. 

BN Films 
Using the techniques described in ELECTRICAL PROPERTIES CHARACTERIZATION/BN 

Films, resistance and current-voltage (I-V) measurements were made between two multilayer metal 
electrodes deposited on either cBN or hBN films. The room temperature I-V characteristics for hBN 
film OUT86 (cut from sample SN030125) is shown in Figure 33. The film resistance (including any 
contact resistance) and resistivity derived from these data are shown in the figure. For the resistivity 
calculation, the contact resistance is assumed to be small compared to the film resistance. 
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linear fit → R = 5.6 x 1015 Ω 

Equation 16 → ρ = 3.4 x 1011 Ω-cm
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Figure 33. I-V characteristic between circular contacts on hBN/MgO sample OUT86. 
 

For hBN bulk sample BLK12, a linear fit to the data of Figure 30 gives a sample resistance of 
1.1 × 1011 Ω. Using the geometric parameters given above for this sample in CARRIER MOBILITY 
MEASUREMENTS, the resistivity of BLK12 is 2.3 × 1012 Ω-cm. 
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THERMAL NEUTRON DETECTION RESULTS 
A test detector using bulk hBN sample BLK13 sputter-coated with top and bottom TiN/Ti elec-

trodes is shown in Figure 34. The average thickness of this sample is 0.2 mm, and the detection area 
(top electrode area) is 56 mm2. The current pulse count rate of this test device was measured as a 
function of bias voltage across the sample (see Figure 35) using the charge pulse amplifier circuit and 
instrumentation described earlier in THERMAL NEUTRON DETECTION METHODS. The 
readings were taken both with and without the Am-Be neutron source near the sample. Low-density  
polyethylene, 2.0 cm thick, and lead sheet, 1.3 cm thick, were placed between the detector and the 
source. The polyethylene thermalizes any fast neutrons going toward the detector from the source 
(increasing the flux of thermal neutrons, which are more likely to interact with the BN than more 
energetic neutrons). The lead shields the detector from gamma rays coming from the source (in order 
to see only the effect of the neutrons on the detector). Note that this result, clear and unambiguous at 
the time, could not be repeated in measurements performed several weeks later, perhaps due to 
oxidation of the titanium electrodes. 

Although high-resistivity BN films, required for a film-based FIND device, have been produced in 
this effort (see Figure 33), such films have not yet been deposited with a bottom metallic electrode 
(required for the desired capacitor device structure). An alternate electrode configuration using 
interdigitized top-only electrodes on hBN film sample OUT86 (cut from parent sample SN030125; 
deposited on an insulating MgO substrate) was tried in the interim, as shown in Figure 36. Note that 
this is a far from optimal electrode configuration because the electric field produced with this 
arrangement is mainly at the BN film surface; the full field does not completely penetrate through the 
film thickness as it would in a capacitor configuration. It is not surprising, therefore, that neutron 
detection measurements (as described above for the bulk hBN test detector) yielded a null result. 

 

 

Figure 34. Bulk hBN sample BLK13 in FIND configuration. 
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Figure 35. Charge pulse count rate for bulk hBN sample BLK13. 

 

Figure 36. Hexagonal BN film sample OUT86 on MgO 
with interdigitized electrodes. 
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SUMMARY AND CONCLUSIONS 

A proof-of-concept FIND device with a thin bulk BN detecting element has been demonstrated to 
be sensitive to irradiation by thermal neutrons. The neutron reaction count rate was seen to increase 
linearly with the bias voltage applied across the BN thickness. This dependence indicates that the 
fraction of the BN participating in the detection process is limited by the mobility-lifetime product µτ 
of the free carriers generated in the neutron-boron reaction. Measurement of µ and τ (or the µτ 
product) is therefore critical both as a sample evaluation tool (i.e., will a given sample work as a 
detecting element?) and as an indicator of sample properties and characteristics that need improve-
ment (e.g., grain boundary density, impurity doping level, etc.). 

Various methods for measuring these key BN properties, as well as ways of characterizing the 
electrical contacts to the material, have been investigated for both thin film and bulk samples of 
hexagonal-phase boron nitride. The structural properties of cBN and hBN films grown by magnetron 
sputtering in a UHV system have been examined using reflection high-energy electron diffraction, 
scanning electron microscopy, Fourier transform infrared spectroscopy, and x-ray diffraction. Most 
of the films were deposited on Si substrates; one hBN film was grown on MgO. 

A non-contact technique, microwave cavity perturbation, was used to measure the carrier lifetime τ 
of the hBN film on MgO and of bulk hBN. For the most part, no response was seen after laser 
excitation of the samples. In one case, extreme illumination of the hBN film sample produced a 
response that gives a carrier lifetime value of 360 ns. For the measured film resistivity of 
3.4 × 1011 Ω-cm, a minimum carrier mobility of about 1 V/(cm-s) would be required for this sample 
to work as the detecting element in a FIND device. This film, however, was deposited on an insulat-
ing substrate, and so could not be configured with a bottom conducting electrode, the preferred FIND 
configuration. Neutron detection measurements with interdigitized electrodes on the film’s top 
surface gave a null result. 

Because of the low carrier lifetimes of currently available samples indicated by the microwave 
cavity perturbation technique, another method of measuring the lifetime was investigated. The time-
resolved reflectivity method has a time-resolution of approximately 200 fs. Initial measurements of 
the hBN on MgO film indicated that the excitation laser energy is not high enough to promote 
carriers (whose lifetime is to be measured) into the hBN conduction band. Higher energies will be 
obtained using doubling or tripling crystals. 

Because of the difficulty of measuring the carrier mobility of high-resistivity samples using stan-
dard techniques (such as Hall effect measurements), a corona discharge method of determining the 
carrier drift mobility from the time-dependent build-up or decay of a surface voltage was investi-
gated. Under constant-current space-charge-limited conditions, the mobility is related in a simple 
way to the initial time rate of change of the surface voltage, the steady-state surface voltage, and the 
sample geometry. Initial measurements of the current-voltage characteristics of bulk hBN samples 
show, however, that charge conduction in this relatively thick sample is not space charge limited in 
the voltage range used. BN films, or thinner bulk samples, will be more amenable to this method of 
determining the mobility because higher electric fields can be achieved for a given surface potential. 
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In order to perform the key materials property measurements described above, and to configure the 
BN detecting element as a FIND device, a number of sample preparation and characterization steps 
have also been studied and implemented, including: 

• hBN film growth conditions 
• Highly visual approach for substrate selection for epitaxial film growth 
• Deposition of reactive/diffusion-barrier/contacting multilayer metal electrodes 
• Wet etching techniques for multilayer metal electrode patterning 
• In-situ furnace measurements of resistance between contacts 
• Transmission line methods for specific contact resistivity measurements 
• Current pulse amplifier design and construction for neutron detection testing 
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RECOMMENDATIONS FOR FURTHER DEVELOPMENT 

The successful operation of a bulk BN thermal neutron detector affirms the basic concept of the 
FIND device. Further work is needed to make a reproducible and reliable detector, and to incorporate 
and optimize a high quality BN film detection element that would have the following advantages: 

• Thinner than typical bulk material → low bias voltage (not kilovolts) 
• Fewer structural defects → higher charge carrier lifetime → higher detection efficiency 
• Lower porosity level → more nuclear reactions in given volume → higher detection efficiency 

An alternative to a BN film detection element is very thin, robust, highly oriented bulk BN  
(including single crystal BN, when BN crystal growth is at an advanced enough stage). 

In any case, successful implementation of a FIND device will require the continued refinement and 
use of methods for measuring the carrier mobility µ and lifetime τ (or the lifetime-mobility product 
µτ) of the BN detecting element. Measurement of the specific resistivity and chemical/ structural 
properties of the device electrical contacts is also crucial. Characterization of these BN and contact 
properties will be essential for screening and improving FIND devices, and ultimately for quality 
control. 
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APPENDIX A: CHARGE PULSE AMPLIFIER CIRCUIT 

The details of the charge pulse amplifier of Figure 3 are shown in Figures A-1 and A-2. 

 

Figure A-1. Charge pulse amplifier circuit. 
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Figure A-2. Power supply circuit for charge pulse amplifier of Figure A-1. 

The Amptek A250 charge sensitive preamplifier of Figure A-1 converts the charge pulse produced 
in the FIND device (detector) by the neutron-boron nuclear reaction (Equation 1) into a voltage pulse 
for subsequent display and processing. Note that the 50 Ω resistors and 47 nF capacitors (A250 pins 
4 and 11) shown in the figure, along with the 300 MΩ resistor and 1 pF capacitor (A250 feedback 
loop), are internal to the A250 metal 14-pin dip package. The basic idea and advantages of a charge 
sensitive preamplifier are described in references 19 and 20. The high current gain factor of the field 
effect transistor (FET) reduces drift in the preamplifier output voltage caused by integration of the 
A250 operational amplifier input bias current by the feedback capacitor.  As built (see Figure 21), the 
charge pulse amplifier circuit uses an Amptek PC250 test board for mounting the A250 preamplifier, 
with another circuit board to accommodate multiple FETs in parallel (if needed to more closely 
match the detector capacitance). The data shown in Figure 35 and Figure A-3 (described below) were 
obtained using a single 2SK152 FET. 

The shaping circuit amplifies the pulses coming from the preamplifier and shapes them to avoid 
pulse overlap, or “pile-up.”19 A Texas Instruments THS4031 broad-bandwidth, low-noise, high-
speed amplifier is used for this purpose. The shaping is done by the differentiator (1.6 MHz high-
pass filter) and integrator (1.6 MHz low-pass filter). The differentiator includes a 3 MΩ resistor, in 
parallel with the 100 pF capacitor, that eliminates undershoot of the pulse tail (pole-zero cancella-
tion).The 13 MHz low-pass filter, 100 pF feedback capacitor, and 68 Ω output resistor shown in 
Figure A-1 are included to prevent amplifier feedback oscillations. 

The sensitivity of the charge pulse amplifier circuit is demonstrated in Figure A-3, where the input 
is a long square pulse with a nominal amplitude of 1.8 mV. The input pulse length or period is much 
longer than 10 µs, so that only the leading edge of the pulse is evident in the figure. Note that the 
minimum expected amplitude of actual charge pulses coming from the Amptek A250 preamplifier is 
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8 mV (see Equation 6). This circuit can therefore detect pulses at least a factor of four smaller in 
amplitude than those expected when used with a FIND device as the detector. 
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Figure A-3. Charge pulse amplifier circuit response to 1.8 mV square pulse input. 
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