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ABSTRACT

Understanding charge collection and trapping mechanisms is crucial for using hexagonal boron nitride (h-BN) as active layers for many
photonic and electronic devices such as deep UV detectors and emitters, neutron detectors, and single photon emitters. Charge collection
and trapping mechanisms in h-BN epilayers have been investigated by probing impurity related optical emissions under an applied electrical
field. Our results suggested that the existence of oxygen impurities affects the charge collection efficiency and results in an additional
emission peak at 3.75 eV, corresponding to a donor-acceptor pair (DAP) recombination involving Oy (oxygen residing on the nitrogen site)
donors and the Vi-H (boron vacancy bonded with hydrogen complex) deep level acceptors. Experimental results further revealed that the
applied electric field induces an anti-correlation between the emission intensity of the DAP transition and the charge collection efficiency
from which it was shown that it is possible to find an expression to quantitatively measure the maximum charge collection efficiency in h-
BN. The results introduce not only a coherent picture for the relationship between common impurities in #-BN and charge collection and
trapping mechanisms but also useful insights into possible approaches to improve the quality, purity, and charge collection of the h-BN

epilayers.
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Hexagonal boron nitride (h-BN) has recently received a lot of
attention because of its extraordinary properties including wide
bandgap (Eg >6eV), ! high thermal neutron capture cross section,”®
high optical absorption and emission efficiency,” """ and excellent
chemical and thermal stability.'” As such, h-BN has been extensively
investigated for technologically important device applications ranging
solid-state neutron detectors,'” * single photon emitters,” >’ and
deep UV emitters'” and detectors'" as well as for probing fundamental
properties of deep UV optoelectronic materials. " °

Due to its ultra-wide bandgap, h-BN possesses an extremely high
electrical resistivity (p > 10" Q.cm),"”"¥ making it difficult to extract
its basic electrical parameters and properties. Measuring the combined
mobility-lifetime product (u7) under photoexcitation has been an
effective method to characterize the purity and quality of the mate-
rial."” >’ Under an above bandgap photoexcitation and applied electric
field, pt can be determined by measuring and analyzing the
photocurrent-voltage characteristics via the classical Many’s equa-
tion.”" Another important transport parameter that can be extracted
from such measurements is the surface recombination field, which is
the ratio of the surface recombination velocity to the carrier mobility

(s/p0).

For any active device using h-BN, especially deep UV detectors
and emitters and neutron detectors, it is important to understand how
charge carriers are being excited, trapped, and collected. It has been
known through the performance of neutron detectors that only part of
neutron generated charge carriers are collected by electrodes, where-
abouts of the remaining uncollected charge carriers are still not exactly
known. Here, we report studies of charge carrier generation, trapping,
and collection by probing impurity optical emissions under different
applied electric fields.

h-BN epilayers (h-BN) employed in this study were synthesized
by metal-organic chemical vapor deposition (MOCVD) using triethyl-
boron (TEB) and ammonia (NH;) as the precursors for B and N,
respectively. Hydrogen was used as a carrier gas. The basic layer of h-
BN epilayers is shown in Fig. 1(a). Due to the lattice constant mis-
match of h-BN and sapphire,”””° a low temperature h-BN buffer layer
of about 20 nm in thickness was first deposited on c-plane sapphire at
800 °C. This was then followed by the growth of a 1 um thick h-BN at
a growth temperature of 1600 °C. A shadow mask was used for metal
deposition to form metal contacts on the two sides of h-BN epilayers.
Ohmic contacts consisting of bilayers of Ni/Au (100/110 nm) were
deposited by e-beam deposition. The dimension of the h-BN layer is
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FIG. 1. Sample used in this study: (a) A schematic of the layer structure of the h-
BN epilayer, (b) top view showing the dimensions of the h-BN layer with Ohmic con-
tacts, and (c) photo images of the h-BN sample and the fabricated structure.

6mm x 2mm with metal contacts of 2mm in width and length, and
the spacing between the metal contacts is 2 mm as shown in Fig. 1(b).
Wire bonding was used to connect the metal contacts to a semicon-
ductor device package as shown in Fig. 1(c). For the photolumines-
cence (PL) measurements, a pulsed excimer laser emitting at 193 nm
was used as an excitation source, and the PL emission spectra were col-
lected using an optical fiber coupled with a monochromator (Ocean
Optics USB2000+). It is well known that the optical absorption length
of the above bandgap photons in 4-BN is only about 14 nm."" Thus,
the PL setup ensured that no excitation photons can penetrate into
sapphire. A source meter was used to supply different bias voltages to
h-BN epilayers corresponding to applied electric fields (E) varying
from 0 to 2.5 kV/cm. A focusing lens and a long wavelength-pass filter
were utilized to focus the pulsed laser beam onto the sample and atten-
uate the laser line intensity as well as the band edge emission on the
spectrometer side, respectively.

Figure 2 plots the normalized room temperature PL spectra mea-
sured with four representative applied voltages. The PL emission spec-
tra plotted in Fig. 2 were normalized to the 3.01 eV emission peak at
zero bias voltage. Two dominant emission lines at 3.01 and 3.75eV
were observed. We also checked PL emission from the sapphire sub-
strate only and no such peaks were present. The intensity of the
3.01 eV emission line is hardly changed when the applied electric field
is increased, while the intensity of the 3.75eV emission line clearly
decreases with an increase in the applied electric field. On the other
hand, when the applied bias voltages approach values close to 500V,
the intensity of the 3.75eV emission line saturates and does not
approach to zero with a further increase in the applied electric field.
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FIG. 2. Room temperature normalized PL spectra (Np) measured at four represen-
tative applied voltages under 193 nm laser excitation. Each emission spectrum is
normalized to the 3.01 €V emission peak at zero bias voltage.

This can be clearly observed from Fig. 2 that the PL spectra acquired
at Vy, = 450 and 500V are almost identical and cannot be distin-
guished. When using h-BN as a detector material, the charge collection
efficiency and hence the detection efficiency are expected to increase
with increasing of the applied bias voltage. The observed systematic
dependence of the emission intensity of the impurity related emission
line at 3.75 eV on the applied bias voltage suggests that it is possible to
establish a relationship between the PL emission intensity and the
charge collection efficiency (11¢) in h-BN.

Under light excitation, the total number of photo-generated car-
riers is Ny. A fraction of these photo-generated carriers, N,, is being col-
lected by the electrodes and contributes to the electrical signal. However,
another portion of these photo-generated carriers, N,, is trapped by
impurities or defects, which contributes to the observed optical emis-
sion. The relationship among N, N, and N,, should follow as:

N; = N, + N,. (1)

The PL intensity (Ien;) of the 3.75 eV impurity emission line is pro-
portional to the number of trapped carriers, which contributed to
the optical channel (N,), Iemi ¢ N, and thus, I, = AN, where A
is a proportionality constant. Under an applied electric field E, we
have I.;n;(E) = A-Ny(E). The normalized emission intensity, Npy is,
thus,

N, (E)

Npp = — 2t
o NO(EZO)

()
On the other hand, the total number of photo-generated charge car-
riers is independent of the applied electric field and depends only on
the excitation light intensity. Therefore, we have
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N = Ne(E) + No(E) = Ne(E = 0) + NO(E = 0) (3)

It is expected that the number of collected charge carriers contributing
to the electrical signal, N(E), increases while the number of charge
carriers trapped by the impurities giving rise to the observe PL emis-
sion line, N, (E), decreases with an increase in the applied electric field,
or equivalentldefT(E) >0, dNé‘ém < 0,and d%(m =— dNT(E). However,
N. = 0 at E=0 since no charge carriers can be collected at zero bias
voltage. In this analysis, we neglected possible variations of exciton

generation and recombination with applied electric fields.
Consequently, we have
No(E =0)= N, (4)
Dividing Eq. (1) by N, we get N(E)/N; + N, (E)/N, = 1 or
N, (E)
=1.
N (5)

Here, n. = N(E)/N, defines the charge collection efficiency.
Combining Egs. (2)-(5) yields that
N, (E)

1_N0(E=o):1_NPL’ (6)

p— 1 No®)
c Nt

Equation (6) establishes that the charge collection efficiency can be
determined via the normalized PL emission intensity, Np;, of an impu-
rity transition.

Figure 3 plots (1-Npy) of the 3.75eV emission line, or equiva-
lently, the charge collection efficiency, 1, as a function of the applied
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FIG. 3. Plot of (1-Np) of the 3.75 eV emission line as a function of the applied elec-
tric field under 193 nm excitation, where Np, is the relative emission intensity after
normalized to the 3.01eV emission peak at zero bias voltage. The solid squares
are measured values of (1-Np(), and the solid curve is the least squares fit of data
with Eq. (7).
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electric field under 193 nm excitation. The values of (1-Npy) of the
3.75eV emission line increase with an increase in the applied electric
field and approach to a saturation value at higher applied electric
fields. From the optical process perspective, when the applied
electric field is increased, more charge carriers can reach the electrodes
for collection and fewer charge carriers can participate in the radiative
optical transition and hence the PL emission intensity is reduced, as
shown in Fig. 2. Since (1-Npy) defines the charge collection efficiency
at an applied electric field E, (1-Np) vs E plot is expected to resemble
the photocurrent-voltage (I-V) characteristics of an h-BN detector”’
and be described by Many’s equation.”* In Fig. 3, the red solid curve is
the least squares fit of measured data (black square) with a modified
Many’s equation”" as described below

12

V,uiri(l —e ‘Wn)

“w) |

vV

where ut and s/u represent the charge carrier mobility-lifetime prod-
uct and the surface recombination field, respectively and 7 (V)
denotes the charge collection efficiency by the electrodes at a bias volt-
age of V (=E'L) with E being the applied electric field and L being the
width of the h-BN device (2 mm in the present case).

With increasing of the applied electric field, from the electrical
transport perspective, the number of charge carriers being collected by
the electrodes will increase, whereas the number of trapped charge car-
riers will decrease. An increase in the number of trapped charge car-
riers will increase the impurity PL emission intensity but will reduce
the number of charge carriers being collected by the electrodes.
Therefore, any decrease in the PL emission intensity of the impurity
transition is, thus, anticorrelated with an increase in the charge collec-
tion efficiency.

The fitting between the experimental data and Eq. (7) yields a
mobility-lifetime product (ut) of 1.3 x 10" *cm?/V for electrons
and s/u (surface recombination field) of 7.3 x 10? V/cm. It should be
noted that not only we find the correlation between the optical emis-
sion intensity involving an impurity transition and charge collection
efficiency, but also we find an effective method to determine the maxi-
mum charge collection efficiency for a given device, which is constant
A in Eq. (7). For the h-BN device studied here, we have A = 46.3 %.
In the past, the I-V characteristics under photoexcitation have been
widely utilized to extract the information concerning the electrical
transport properties, including the charge carrier mobility-lifetime
product (ut) and the surface recombination field (s/u), via the use of
the classical Many’s equation”*

(1 - NPL) = nc,i(v) =A (1 =¢ h)a (7)

2
Vit (1 — e_#ﬂn)

12 (1 + i)
wV

where I, is defined as the saturation current, which depends on multi-
ple factors such as excitation light intensity, charge carrier excitation
efficiency, and mobility of charge carriers (). It is important to note
that while one can extract important transport properties such as ut
and s/p from the photocurrent-voltage characteristics,”””” the critical
device performance parameter of charge collection efficiency (1,.)

I(V) = Io,i[’lc,i] = Io,i (i =¢ h)? (8
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cannot be directly acquired from such measurements because I, in
Eq. (8) has no physical meaning,

The observed emission peak at 3.75 eV is most likely correspond-
ing to a donor-acceptor pair (DAP) transition based on the nature of
its broad emission spectral linewidth and below energy bandgap
emission. A recent theoretical study revealed that oxygen impurities
occupying the nitrogen sites (Oy) act as donors, whereas boron
vacancy-hydrogen complexes (Vg-H) are acceptor-like deep level
defects in h-BN.” Therefore, one of the most probable impurity candi-
dates involved in the 3.75 eV emission line is oxygen impurities, which
were introduced into #-BN during high temperature MOCVD growth
because of the use of the sapphire substrate.” During MOCVD
growth, due to the incorporation of Oy donor impurities, the Fermi
level in h-BN will move toward the conduction band edge. This, in
turn, will reduce the formation energy and enhance the incorporation
of (V-H) acceptor-like defects.” It is, thus, highly plausible that
(Vp-H) acceptors and Oy donors are the physical origins of the
observed DAP emission line at 3.75eV. While the origin of 3.01 eV is
not clear at this point, the same theoretical calculation indicated that
the energy level of oxygen interstitial defects (O,>~2) in h-BN is located
at 3.01 eV below the conduction band.”® Therefore, it is conceivable
that the 3.01 eV emission line is related to O;, which, however, is too
deep to be affected by the applied electric field.

In thick h-BN epilayers (~50 um) grown at lower temperatures
(~1500°C) with long growth times,"” an additional emission peak in
the PL emission spectrum, possibly corresponding to a DAP recombi-
nation involving the Oy donor and the Cy (carbon occupying nitro-
gen sites), has been observed. Carbon impurities have a binding
energy of about 2.3 eV above the valence band, which in conjunction
with Oy may have contributed to a broad emission line in s-BN at
about 3.5¢V."”

Based on the above discussion, it can be envisioned that oxygen
impurities can trap the photoexcited electrons and increase the emis-
sion intensity of the DAP transition at 3.75eV and subsequently
reduce the charge collection efficiency. An applied electric field will
reduce the number of the photoexcited electrons being trapped by the
oxygen impurities; therefore, the emission intensity of the transition
line at 3.75eV involving Oy donors is reduced in favor of increasing
the charge collection efficiency.

The energy level of oxygen impurities (Oy) in h-BN has been
previously calculated to be ~0.61eV below the conduction band
edge.”® The calculated energy level of (V-H) acceptors in h-BN is
~1.65eV above the valence band edge.”” These previous results
together with the observed PL emission peak position at 3.75 eV attrib-
uting to the (Oy) — (V-H) DAP transition enable the construction
of an energy band diagram, including the energy bandgap, E,, Oy
donor energy level, and V-H acceptor energy level in h-BN epilayers,
which is shown in Fig. 4. The results also provide a room temperature
bandgap of 4-BN of ~6.01 eV.

We believe that there is a need for additional studies aimed at
achieving improved understanding of mechanisms of various impurity
transitions in h-BN to provide insights into further improvement of
h-BN materials and devices. However, the present study not only pro-
vides useful insights into the plausible mechanism of the observed
3.75€V transition line but also yields an effective method for deter-
mining the charge collection efficiency, which is critically important
for further advancing h-BN detector development.
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FIG. 4. Energy band diagram including the energy bandgap Eg, O, donor energy
level, and (Va-H) acceptor energy level in h-BN epilayers.

In summary, charge collection and trapping mechanisms have
been investigated in h-BN epilayers grown on the sapphire substrate
by MOCVD. It was found that the emission intensity of an impurity
transition at 3.75eV is anti-correlated with the charge collection effi-
ciency, signifying that increasing the applied electric field leads to an
increase in the charge collection efficiency and a decrease in the emis-
sion intensity of the impurity transition at 3.75 eV. Based on previous
experimental and theoretical studies, we attributed the observed emis-
sion line at 3.75 eV to a DAP recombination, involving the Oy (oxygen
residing on nitrogen sites) donors and the Vg-H (boron vacancy
bonded with hydrogen) deep level acceptors. The presence of oxygen
impurities not only introduces additional emission lines but strongly
affects the charge collection efficiency of h-BN detectors. These results
also provide an improved understanding of the impurity/defect forma-
tion during the growth process and their effects on the electrical and
optical properties of h-BN epilayers. Further improvements in the
material quality of h-BN are required to minimize the concentrations
of dominant defects, including Oy and V-H impurities, and to
enhance the charge collection efficiency of h-BN devices. With the
identification of these common defects, it is feasible to eliminate them
through growth techniques including optimization of the buffer layer
conditions or insertion of multiple intermediate layers prior to the
deposition of high temperature #-BN epilayers.
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