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Probing carbon impurities in hexagonal boron nitride epilayers
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Carbon doped hexagonal boron nitride epilayers have been grown by metal organic chemical vapor
deposition. Photocurrent excitation spectroscopy has been utilized to probe the energy levels
associated with carbon impurities in hexagonal boron nitride (2-BN). The observed transition peaks
in photocurrent excitation spectra correspond well to the energy positions of the bandgap,
substitutional donors (Cg, carbon impurities occupying boron sites), and substitutional acceptors
(Cn;, carbon impurities occupying nitrogen sites). From the observed transition peak positions, the
derived energy level of Cg donors in 4-BN is Ep ~0.45¢eV, which agrees well with the value
deduced from the temperature dependent electrical resistivity. The present study further confirms
that the room temperature bandgap of #-BN is about 6.42-6.45 eV, and the Cy deep acceptors have
an energy level of about 2.2-2.3eV. The results also infer that carbon doping introduces both
shallow donors (Cg) and deep acceptors (Cy) via self-compensation, and the energy level of carbon
donors appears to be too deep to enable carbon as a viable candidate as an n-type dopant in #-BN
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epilayers. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4982647]

As a member of the III-nitride wide bandgap semiconduc-
tor family, boron nitride (BN) is a much less matured material
in comparison to GaN and AIN. Hexagonal boron nitride (/-
BN) is highly promising as a deep-ultraviolet (DUV) photonic
material exhibiting extremely high optical absorption and
emission,l_8 as an ideal material for the exploration of two-
dimensional heterojunction devices,g’*ll and as a solid-state
neutron detector material.'*'? Previous theoretical and experi-
mental studies have revealed that the energy bandgap and the
free exciton binding energy of this material are very large and
are around 6.4-6.5eV and 0.7-0.75¢eV, re:spe:ctive:ly.H;’l‘F21
Recent realization of wafer-scale semiconducting 4#-BN epi-
layers with high crystalline and optical qualities has opened up
opportunities for the exploration of fundamental properties
and emerging applications of this ultra-wide bandgap semi-
conductor. For instance, by employing photocurrent spectros-
copy studies, the room temperature bandgap (E,), binding
energy of excitons (Ey), and binding energy of acceptor-
bound-excitons (E,x) in #-BN epilayers have been directly
determined from the observed transition peak positions to be
E,~6.42¢eV, E,~0.73eV, and Ey,~0.2¢V, respectively.*
Neutron detectors fabricated from B-10 enriched 4-BN epi-
layers have demonstrated the highest thermal neutron detec-
tion efficiency to date among solid-state neutron detectors of
51.4%."

More comprehensive studies on the impurity properties
for ~A-BN produced under controlled growth conditions are
still needed to provide input for approaches towards material
quality improvement, to eliminate undesired defects, and to
understand issues concerning possible doping approaches.
Nitrogen vacancies (Vy) and carbon impurities occupying
nitrogen sites (Cy) are known to be two of the most common
defects in A-BN.>*7! Based on the photoluminescence (PL)
emission spectroscopy studies performed on unintentionally
doped A-BN epilayers grown under varying NH; flow rates
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(hence with controlled Vy concentrations)*>>* and theoretical

insights,z‘F28 it is now understood that Vy are shallow donors
with an activation energy of about 0.1eV, whereas Cy are
deep acceptors having two activation energies of about 2.3
and 1.1eV.*>*3 On the other hand, experimental studies on
the properties of intentional doped impurities have been
limited for 4-BN.*>**73¢ Prior studies seem to indicate that
p-type conductivity is easier to realize in 4-BN than in AIN
via Mg doping, revealing the potential of #-BN to extending
p-type I-nitride materials all the way up to 6eV.*>* The
suitability of Si as an n-type dopant in 4-BN has also been
investigated,”>® however, yielding controversial results with
its activation energy, in one case of about 1.2eV (Ref. 35)
and of about 180meV in another.”® A more recent theoretical
study has indicated that substitutional carbon, carbon occupy-
ing boron site (Cg), is a donor in monolayer h-BN.*” The cal-
culated activation energy (Ep) of Cg donors in monolayer /-
BN is about 0.94eV.’” However, the binding energy of
donors (and acceptors) is expected to increase as the dimen-
sionality of 4#-BN scales from the bulk to the monolayer due
to the enhanced in-plane overlap among carriers and impuri-
ties, as well as the reduced screening. In theory, Ep will
increase by a factor of 4 as the dimensionality of a semicon-
ductor scales from the bulk to 2D, which implies that Ep
could be as low as 0.24eV in bulk #-BN. This argument
makes carbon a possible viable candidate for n-type doping
in A-BN. In this work, we have conducted a preliminary
investigation on intentional carbon doping by metal-organic
chemical vapor deposition (MOCVD) growth and determined
the energy levels of substitutional carbon impurities in 4#-BN
epilayers via photocurrent excitation spectroscopy.

Epitaxial layers of carbon doped /4-BN epilayers (4-BN:C)
employed in this study were synthesized by MOCVD using
triethylboron (TEB) and ammonia (NH3) as the precursors
for B and N, respectively. Propane (C3Hg) was used as the
precursor for carbon doping. The basic layer structures of
h-BN epilayers used in this study are shown in Fig. 1(a). A
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low temperature BN buffer layer of about 5 nm in thickness
grown at 600 °C was first deposited on c-plane single crystal
sapphire prior to the growth of the #-BN epilayer. The major
benefits of this low temperature buffer layer include reducing
the lattice mismatch between sapphire and 4#-BN, protecting
the integrity of the sapphire surface at higher growth temper-
atures, and enhancing the adhesion of the subsequent epi-
layers. An undoped A-BN epilayer of about 30nm in
thickness was then deposited on the buffer layer at 1300 °C
to serve as a template. This was then followed by the growth
of a 30 nm thick #-BN:C epilayer at the same growth temper-
ature. All layers were grown using hydrogen as a carrier gas.
Similar to previous studies,*®*° high resolution x-ray photo-
electron spectroscopy (XPS) measurements were employed
to estimate the carbon doping concentration (N¢) and N is
around 1 x 10> cm™> as determined from XPS tight scans
after removing surface contaminants by Ar+ ion sputtering.
Undoped h-BN epilayers with a thickness of about 60nm
were also grown at the same growth conditions for compari-
son measurements.

For the photocurrent excitation spectroscopy measure-
ments, photodetectors based on a metal-semiconductor-metal
(MSM) architecture with micro-strip interdigital fingers were
fabricated from 4-BN and 4-BN:C epilayers.”** The photoli-
thography technique was used to pattern the interdigital fin-
gers on the surface of #-BN and 4-BN:C epilayers. Contacts
consisting of bi-layers of Ti/Al (20 nm/30 nm) were deposited
by e-beam evaporation for the application of bias voltages and
the collection of the charge carriers (or photocurrent). The
MSM detector has a device size of 0.5mm x 0.5 mm with
metal strips of 6 um in width and spacing between the metal
strips of 9 um. A broad light source covering the wavelength
range between 170 and 2100nm [model E-99 laser-driven
light source (LDLS) by Energetiq] coupled with a triple grat-
ing monochromator (Pro 2300 I of Acton by Research
Corporation Spectra) was used as a variable wavelength exci-
tation source. A source meter was used to apply voltages, and
an electrometer was used to record the currents. The measure-
ment system provides an overall spectral resolution of about
0.04 eV near the spectral region of 250 nm.

Figure 1(b) shows the room temperature photocurrent
excitation spectra of #-BN:C and h-BN epilayers measured at
a bias voltage of 100V corresponding to an applied electric
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FIG. 1. (a) Schematic layer structures of samples used in this study. (b)
Room temperature photocurrent excitation spectra of 2-BN and 4-BN:C epi-
layers measured at a bias voltage of Vi, =100V.
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field of 1.1 x 10° V/cm. The results clearly show that carbon
doping introduces additional spectroscopic features in the
spectrum of 4-BN:C compared to that of undoped 4#-BN. The
transition peaks in a photocurrent excitation spectrum is a
result of carriers making transitions from different energy lev-
els to the conduction or the valence band. For instance, one
can directly excite electrons from the valence band to the con-
duction band. In such a context, the transition peak corre-
sponds to the bandgap and the photocurrent is resulted from
both electron conduction and hole conduction. On the other
hand, in doped semiconductors, one can directly excite elec-
trons from neutral donors (D°) to the conduction band, in
which case the transition peak corresponds to the energy level
of donors and the photocurrent is contributed by electron con-
duction. If a large number of ionized donors (D) are present,
it is also possible to excite electrons from the valence band to
be captured by D' and leave behind an equal number of
holes. In this case, the transition peak is the measure of the
energy difference between the donor level and the valence
band, and the photocurrent is contributed by hole conduction.
Figure 2 shows a replot of the photocurrent excitation
spectrum of the #-BN:C sample shown in Fig. 1(b) with the
energy positions marked for the dominant transitions.
Transition peaks observed at about 4.2, 6.0, and 6.45eV are
clearly resolved in the spectrum of the #2-BN:C sample, while
the spectrum of the undoped /#-BN sample shown in the bot-
tom panel of Fig. 1(b) exhibits primarily one transition peak
at about 6.45eV. The 6.45 eV transition peak can be assigned
to the direct band-to-band excitation in #-BN epilayers and
corresponds well to the previously observed optical absorp-
tion edge at around 6.4 eV (Refs. 17 and 18) and is also con-
sistent with the room temperature energy bandgap of 6.42 eV
obtained from a previous photocurrent excitation spectros-
copy measurement.>” The transition lines at about 4.2 eV and
6.0eV are absent in undoped /#-BN and are only associated
with carbon doping. However, the difference between the
observed bandgap energy at 6.45 eV and the transition line at
4.2eV corresponds well to the previously measured energy
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FIG. 2. Replot of the room temperature photocurrent excitation spectrum of
the 7-BN:C epilayer measured at V, =100V with energy peak positions
marked.
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level of Cy deep level acceptors (carbon impurities occupy
nitrogen sites) of about 2.3 eV within our spectral resolution
limit. Therefore, it is highly plausible that the peak at 4.2eV
is due to the direct excitation of electrons from ionized Cy
acceptors (A7) to the conduction band. This assignment cor-
roborates previous PL emission spectroscopy studies which
revealed that the donor-acceptor pair (DAP) transition involv-
ing nitrogen vacancy (Vy) shallow donors and Cy deep
acceptors possesses a spectral peak positon at ~4.1eV. >3
The 0.1eV difference between the observed 4.2eV peak in
the photocurrent excitation spectrum shown in Fig. 2 and the
PL emission peak of the DAP transition at 4.1eV can be
account for precisely by the activation energy of Vy shallow
donors, which is about 0.1 eV.**? Although the photocurrent
excitation spectra shown in Figs. 1 and 2 did not cover beyond
500nm, an emission line around 2.2eV has been observed
and considered as a room-temperature single photon emission
source in a previous study.*' It is interesting to note that the
4.1-4.2eV emission related to Cy acceptors was also shown
to exhibit single photon emission characteristics.*”

The observation of the transition peak near 4.2 eV implies
that a concomitant effect of substitutional carbon doping is
self-compensation. In our case with a carbon concentration of
about 102! cm ™3, the formation of carbon clusters is unlikely
based on our previous studies performed on hexagonal boron
nitride carbon alloys, 4-(BN);_(C,)s, which suggested that
h—(BN);_<(Cy)x epilayers with x < 0.032 or x> 0.95 are not
phase separated at a growth temperature of 1300 °C (Refs. 39
and 40), in agreement with a theoretical calculation.®?
Although most incorporated carbon atoms tend to form C-C
pairs in ~2-BN due to the relatively large C-C bond energy of
about 3.71eV.,* the presence of a fraction of isolated neutral
donors (D% of carbon impurities occupying boron sites (Cg)
is expected. However, self-compensation induces a fraction of
ionized Cy acceptors (A™) and an equal number of ionized
donors (DT). This observation is also consistent with the fact
that C is a group IV element and can substitute either B acting
as a donor or N acting as an acceptor. We believe that the
observed transition peak at about 6.0eV is due to the direct
excitation of electrons from the valence band to ionized Cg
donors (D). In such a context, the energy difference between
the band-to-band transition at 6.45 and the 6.0eV transition
provides a direct measure of the energy level of Cg donors in
h-BN epilayers, which is about Ep ~ 0.45¢eV. This value is
about a factor of 2 smaller than the calculated value of
0.94 eV in monolayer 4#-BN but larger than the expected theo-
retical limit of ~0.24eV in bulk #-BN. This is reasonable
since other factors such as quasi-2D nature of #-BN epilayers
and strain, as well as central-cell correction, would also mod-
ify the value of Ep in #-BN epilayers. With the assignments
of the observed dominant transition peaks in 4-BN:C, we
have constructed an energy diagram in Fig. 3 illustrating the
energy bandgap and the energy levels of substitutional carbon
impurities in #-BN epilayers.

We have also attempted to determine the energy level of
Cp donors via the temperature dependent electrical resistivity.
However, the measurements have to be carried out at above
600K due to the high resistive nature of these samples. Figure
4(a) shows the temperature dependence of the resistivity (p),
measured from 600 to 850 K. In order to determine the donor
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FIG. 3. Energy band diagram including the room temperature energy
bandgap (E,), Cg donor energy level, and Cy acceptor energy level in 2-BN
epilayers, directly obtained from the photocurrent excitation spectrum
shown in Fig. 2.

energy level, an Arrhenius plot of the measured resistivity is
plotted in Fig. 4(b). The temperature dependent resistivity was
fitted by the equation p(T)= poexp(Ep/KT), where Ep
denotes the energy level of Cy donors in #2-BN epilayers. The
fitted Ep value is about 0.45eV, corroborating well with the
Ep value of about 0.45eV determined from the photocurrent
excitation spectrum shown in Figs. 2 and 3. The results shown
in Fig. 4(b) further support our assignments of the transition
peaks and the energy band diagram shown in Fig. 3. The pre-
sent results have implications on intentional carbon doping in
h-BN. Since the Cy deep level acceptor concentration is
directly related to the presence of nitrogen vacancies, we spec-
ulate that growing A-BN:C in a nitrogen-rich growth environ-
ment could help to reduce the self-compensation effect.
However, other than self-compensation, our results suggest
that carbon donor is still too deep to be a viable candidate as
an n-type dopant in 4-BN epilayers.

In summary, photocurrent excitation spectroscopy has
been utilized as an effective means to probe important
parameters in h-BN epilayers. Transitions corresponding to
the direct excitation of band-to-band, from the valence band
to the Cg donor level, and from the Cy acceptor level to the
conduction band have been directly observed. From the
observed transition peak positions, the determined energy
level of Cg donors in #-BN is ~0.45eV, which agrees well
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FIG. 4. The temperature dependence of the electrical resistivity, p, of an
h-BN:C epilayer.
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with the value deduced from the temperature dependent
resistivity. The present study further confirms that the room
temperature bandgap of 4-BN is somewhere in between 6.42
and 6.45 eV, and the Cy deep acceptors have an energy level
of about 2.2-2.3eV. The determination of these parameters
has important consequences on the basic understanding and
potential applications of #-BN epilayers.
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