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Chapter 1
The origin of deep-level impurity transitions in hexagonal boron nitride
Deep ultraviolet photoluminescence (PL) emission spectroscopy has been employed to investigate
the origin of the widely observed deep level impurity related donor-acceptor pair (DAP) transition
with an emission peak near 4.1 eV in hexagonal boron nitride (h-BN). A set of h-BN epilayers
were grown by metal-organic chemical vapor deposition (MOCVD) under different ammonia
(NH3) flow rates to explore the role of nitrogen vacancies (VN) in the deep-level transitions. The
emission intensity of the DAP transition near 4.1 eV was found to decrease exponentially with an
increase of the NH3 flow rate employed during the MOCVD growth, implying that impurities
involved are VN. The temperature-dependent PL spectra were measured from 10 K up to 800 K,
which provided activation energies of ~ 0.1 eV for the shallow impurity. Based on the measured
energy level of the shallow impurity (0.1 eV) and previously estimated bandgap value of about
6.5 eV for h-BN, we deduce a value of ~ 2.3 eV for the deep impurity involved in this DAP
transition. The measured energy levels together with calculation results and formation energies of
the impurities and defects in h-BN suggest that VN and carbon impurities occupying the nitrogen
vacancy sites (CN), respectively, are the most probable shallow donor and deep acceptor impurities
involved in this DAP transition.
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Hexagonal boron nitride (h-BN) has been under intensive investigation in recent years due
to its unique physical properties including wide bandgap energy (~ 6.5 eV), high emission
efficiency, large thermal conductivity, high chemical and temperature stability, as well as large
neutron capture cross-section of the isotope boron-10 [1-15]. It is a very promising material for
deep ultraviolet photonic devices [1-12] and neutron detector applications [13-15]. However, the
development of epitaxial growth of wafer-scale semiconducting h-BN, which is a prerequisite for
practical device fabrication, is still in the early stage and will benefit from a better understanding
of its fundamental properties. The physical origins of various commonly observed deep level
impurity related emission lines in h-BN are not yet fully understood due to the lack of tunability
in growth parameters in synthesizing bulk and powder-like h-BN in the past. A comprehensive
study on the properties of the impurity transitions in h-BN grown under controlled conditions is
necessary to provide not only a better understanding of its optical properties, but also input for
approaches towards the improvement of material quality and elimination of undesired impurities
or defects as well as the design of particular device structures.
There have been several studies focusing on the optical transitions in h-BN. A series of
sharp emission peaks above 5.77 eV corresponding to the free exciton (or quasi Frenkel exciton)
transitions in h-BN have been observed in high crystalline quality bulk crystals of very small size,
from which a large exciton binding energy (EB ≈ 740 meV) has been deduced [1, 2, 16-18]. In
other h-BN materials (powder-like h-BN, pyrolytic h-BN, h-BN thin films, and deformed h-BN
bulk crystals), the dominant emission bands are near 5.5 and 5.3 eV, which were ascribed to bound
exciton (or trapped excitons) and quasi-donor-acceptor pair (q-DAP) transitions [4, 9, 16, 17],
respectively. Another widely observed emission line is near 4.1 eV [4, 19-21] and there are solid
evidences supporting that this is a donor-acceptor-pair (DAP) type of transition [4, 19, 20].

2

Texas Tech University, Xiaozhang DU, August 2018

However, the nature of the impurities or defects involved in the DAP transition as well as their
energy levels have not been experimentally determined.
In this work, a set of h-BN epilayers were grown by metal organic chemical vapor
deposition (MOCVD) under different ammonia (NH3) flow rates to allow the investigation of the
role of nitrogen vacancies (VN) in the deep impurity level related DAP transition in h-BN. Based
on our experimental results and theoretical insights on the formation energies and the calculated
energy levels of the nitrogen vacancy (VN) related impurities including VN and carbon impurities
occupying the nitrogen vacancy sites (CN) in h-BN, we attribute VN as the shallow donor and CN
as the possible deep acceptor.
The h-BN epilayers employed in this study were synthesized on c-plane sapphire substrates
using MOCVD. Triethylboron (TEB) and ammonia (NH3) were serving as B and N sources,
respectively [8-12]. The excitation source in the PL measurement system is a frequency-quadruped
Ti-sapphire laser (197 nm lasing wavelength, 76 MHz repetition rate, 100 fs pulse width, and
average optical power of ~ 1 mW). A monochromator (1.3 meters) collects and disperses the PL
signal, which was then detected by a microchannel plate photomultiplier tube [9, 12].
Figure 1 shows the room temperature PL spectra of h-BN epilayer samples grown under
varying NH3 flow rates from 0.2 to 1.5 standard liters per minute (SLM) during the MOCVD
growth. All other growth conditions of these samples were identical. The PL spectra of the samples
were measured side-by-side. Three emission peaks around 4.1 eV region are clearly resolved at
4.12, 3.92, and 3.72 eV from the PL spectrum of the h-BN sample grown under an NH3 flow rate
of 0.2 SLM. These three peaks are equally spaced with an energy separation of 200 meV. We
attribute the three peaks to the same impurity related zero-phonon emission line at 4.12 eV and its
phonon replicas. The phonons involved in these transitions are ascribed to the longitudinal optical
(LO) phonon mode based on the observed energy separation of ~200 meV, which is close to the
3
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known value of LO phonons (200 meV) in h-BN [22]. A similar feature has been observed in hBN polycrystalline samples, in which four emission peaks were detected near 4.1 eV with an
identical energy separation of ~ 186 meV [20], attributed to the impurity related main peak at ~
4.10 eV and its phonon replicas, where the energy of the involved phonons was ~ 186 meV, which
lies between the E2g (169 meV) and LO phonon (200 meV) modes at the Γ point in h-BN [22].
The phonon involved in the optical emission lines was suggested to be a local phonon mode around
the involved impurities [20]. It is interesting to note that the phonons involved in the impurity
transition observed in h-BN epilayers here are LO phonons, while those in h-BN polycrystalline
samples were local phonon mode around the impurities. This may be due to the fact that our hBN epilayers are single crystals as confirmed by the x-ray diffraction measurements [8, 11].
The most striking feature exhibited in Figure 1 is that the intensity of the 4.1 eV emission
line decreases rapidly with an increase of the NH3 flow rate. The integrated emission intensity
decreased by a factor of 50 as the NH3 flow rate was increased from 0.2 to 1.5 SLM. During
MOCVD growth, NH3 serves as the source of nitrogen atoms during the formation of h-BN
epilayers. As the NH3 flow rate increases, more N atoms are supplied to the reaction zone and
hence the concentrations of nitrogen vacancies (VN) and its related defects in the samples are
decreased. The results shown in Fig. 1 provide a clear evidence that the DAP transition near 4.1
eV is associated with the presence of VN or its related defects. Other emission lines shown near
5.3 - 5.5 eV have been attributed to q-DAP and bound (or trapped) exciton transitions in h-BN [4,
9, 16, 17]. The emission intensity of these transitions depends weakly on the NH3 flow rate.
The optical processes of the DAP emission line near 4.1 eV can be described by the
following equation
A0 + D0 → A- + D+ + hνDAP (~ 4.1 eV).

4
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Its emission intensity is proportional to the product of the concentrations of the donors [D0] and
acceptors [A0] according

Iemi (DAP) ∝ [D0] [A0].

(2)

If the chemical species of D0 is nitrogen vacancies, then we have [D0] = [VN] and the donor
concentration ([D0] or [VN]) as well as the DAP emission intensity is expected to decrease with an
increase of the NH3 flow rate. On the other hand, to the first order the rate of decrease in [VN] with
increasing the NH3 flow rate is also proportional to the total number of available VN, or
equivalently,

d[VN]  - [VN] d(

where

),

(3)

is the NH3 flow rate employed during the MOCVD growth. Note that for simplicity

Eq. (3) does not take into account of other processes during the material growth, such as interface
chemistry, species adsorption, etc. Deduced from Eq. 3, the concentration of VN is expected to
decrease exponentially with increasing the NH3 flow rate,

∝

,

(4)

where, R0 is a proportionality constant. Figure 2 plots the integrated emission intensity of the 4.1
eV transition line, Iemi (~ 4.1 eV), as a function the NH3 flow rate (RNH3), which clearly
5
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demonstrates that the measured emission intensity decreases exponentially with increasing

.

The solid line is a least squares fit of data with Eq. (4) with the fitted value of R0 of around 0.28
SLM. The results shown in Fig. 2 thus strongly support the assignment that VN is the impurities
involved in the DAP transition at ~ 4.1 eV. Previous theoretical and experimental studies suggested
that the formation energies of VN and carbon impurities occupying the nitrogen vacancy sites (CN)
in h-BN are relatively low [19, 23-27] and hence they are relatively easy to incorporate during the
crystal growth of h-BN.
To determine the energy levels of the impurities involved in the DAP transition near 4.1
eV, the temperature-dependent PL spectra of the h-BN epilayer sample grown under a 1.5 SLM
NH3 flow rate were measured from 10 K to 800 K and the results are shown in Fig. 3. As shown
in Fig. 3, the integrated PL emission intensity near 4.1 eV, Iemi (~ 4.1 eV), decreases continuously
with an increase of temperature and Iemi (4.1 eV) at room temperature is about 1/5 of that at 10 K.
Figure 4 is an Arrhenius plot of Iemi (4.1 eV), from which an activation energy of ~ 0.1 eV can be
extracted. This energy corresponds to the shallow impurity involved in this DAP transition. Note
that the energy level ( 0.1 eV) of the shallow impurity measured from the thermal dissociation of
bound impurity states alone (Arrhenius plot) may be slightly underestimated. The energy level of
the deep impurity involved in this DAP transition can be deduced from Eg - Eshallow - hνemi = 6.5 0.1 - 4.1 = 2.3 eV. In deriving this value, Coulomb interaction between ionized donors and
acceptors has been neglected and Eg = 6.5 eV is used [1,18].
The results shown in Figs. 1 and 2 provide direct evidence that VN is the impurity involved
in the DAP transition near 4.1 eV. LDA and G0W0 calculation methods have provided the energy
level of VN in h-BN of around 0.15 eV and 0.4 eV below the conduction band, respectively [28].
Other calculations also indicated that VN is a shallow donor in h-BN [27, 29]. We therefore assign
VN to be the shallow donor involved in the DAP transition near 4.1 eV with an activation energy
6
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of ~ 0.1 eV. Our measured energy level of VN agrees reasonably with those calculated values
considering a large uncertainty among the calculated values. Among the impurities and defects in
h-BN, CN is the most probable acceptor [27, 29]. Its calculated energy levels are around 1.1 eV
and 3.2 eV obtained by LDA and G0W0 methods, respectively [28], which are in reasonable
agreement with our measured value of ~ 2.3 eV for the deep impurity level involved in the DAP
transition. Therefore the assignment of the acceptor involved in the DAP transition near 4.1 eV to
CN is very plausible. The low formation energies of VN and CN in h-BN agrees with the fact that
the transition near 4.1 eV is widely observed in h-BN. Most likely, carbon impurities were
originated from the boron precursor (TEB source). Both the VN and CN concentrations are related
with the nitrogen atom supply (the NH3 flow rate) since the concentration of CN directly correlates
with the available VN sites. Our results suggest that both VN and CN impurities can be eliminated
(or minimized) by growing h-BN in N-rich conditions.
It is interesting to note that the behavior of VN in h-BN bears some similarity with VN in
AlN [30], GaN [30, 31], and InN [32, 33]. The DAP impurity transition in h-BN also resembles
the widely-observed deep-level transitions in other III-nitride semiconductors [34], such as the
yellow line (YL) at ~ 2.2 eV in GaN [35] and the violet line (VL) in AlN at ~ 3.4 eV [36, 37],
which are also due to DAP transitions between shallow donors and deep acceptors and the
elimination of these deep level impurity related transitions normally translates to enhanced
material quality [34]. With the assignment of the involved impurities and determination of their
energy levels, we are able to construct the energy diagram of the DAP transition with emission
peak near 4.1 eV in h-BN, as shown in Fig. 5. In Fig. 5, VN and CN are attributed to the shallow
donor and deep acceptor involved in this DAP transition, respectively.
In summary, we have studied the deep level impurity related DAP transition near 4.1 eV
in h-BN epilayers. By comparing the PL emission spectra of a set of h-BN epilayers grown under
7
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different NH3 flow rates during MOCVD growth, it was evident that nitrogen vacancies (VN) are
the impurities involved in this transition. The temperature dependent PL spectra revealed an
activation energy of the shallow impurity of ~ 0.1 eV. The energy level of the deep acceptor
impurity was deduced to be ~ 2.3 eV. Based on the energy levels and theoretical insights on most
probable impurities and defects in h-BN, we tentatively assign the shallow and deep impurities
involved in this DAP transition, respectively, to the nitrogen vacancies and carbon impurities
occupying the nitrogen vacancy sites. Our results indicate that by monitoring the impurity related
emission peaks in h-BN while varying the growth conditions, epilayers with improved optical
qualities can be obtained.
The effort on the fundamental optical studies of h-BN is supported by DOE (grant #FG0209ER46552) and the h-BN growth is supported by DHS (grant #2011-DN-077-ARI048-03). Jiang
and Lin are grateful to the AT&T Foundation for the support of Ed Whitacre and Linda Whitacre
endowed chairs.

8

Texas Tech University, Xiaozhang DU, August 2018

References:
[1] B. Arnaud, S. Lebe`gue, P. Rabiller, and M. Alouani, Phys. Rev. Lett. 96, 026402 (2006).
[2] B. Arnaud, S. Lebe`gue, P. Rabiller, and M. Alouani, Phys. Rev. Lett. 100, 189702 (2008).
[3] L. Wirtz, A. Marini, and A. Rubio, Phys. Rev. Lett. 96, 126104 (2006).
[4] L. Museur, and A. Kanaev, J. Appl. Phys. 103, 103520 (2008).
[5] Y. Kubota, K. Watanabe, O. Tsuda, and T. Taniguchi, Science 317, 932 (2007).
[6] B. Huang, X. K. Cao, H. X. Jiang, J. Y. Lin, and S. H. Wei, Phys Rev. B 86, 155202 (2012).
[7] K. Watanabe, T. Taniguchi, and H. Kanda, Nature Photonics 3, 591 (2009).
[8] R. Dahal, J. Li, S. Majety, B. N. Pantha, X. K. Cao, J. Y. Lin, and H. X. Jiang, Appl. Phys.
Lett. 98, 211110, (2011).
[9] S. Majety, X. K. Cao, J. Li, R. Dahal, J. Y. Lin and H. X. Jiang, Appl. Phys. Lett. 101,
051110 (2012).
[10] S. Majety, J. Li, X. K. Cao, R. Dahal, B. N. Pantha, J. Y. Lin, and H. X. Jiang, Appl. Phys.
Lett. 100, 061121 (2012).
[11] J. Li, S. Majety, R. Dahal, W. P. Zhao, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett. 101,
171112 (2012).
[12] X. Z. Du, C. D. Frye, J. H. Edgar, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett. 115, 053503
(2014).
[13] J. Li, R. Dahal, S. Majety, J.Y. Lin, and H.X. Jiang, Nuclear Instruments and Methods in
Physics Research A 654, 417 (2011).
[14] T. C. Doan, S. Majety, S. Grendadier, J. Li, J. Y. Lin, and H. X. Jiang, Nuclear Inst. and
Methods in Physics Research Section A 748, 84 (2014).
[15] S. Majety, J. Li, X. K. Cao, R. Dahal, J. Y. Lin, and H. X. Jiang, Proc. SPIE 8507, 85070R
(2012).
[16] K. Watanabe and T. Tanniguchi, Phys. Rev. B 79, 193104 (2009).
[17] L. Museur, G. Brasse, A. Pierret, S. Maine, B. Attal-Tretout, F. Ducastelle, A. Loiseau, J.
Barjon, K. Watanabe, T. Taniguchi, and A. Kanaev, Physica Status Solidi (RRL), 5, 214
(2011).

9

Texas Tech University, Xiaozhang DU, August 2018

[18] X. K. Cao, B. Clubine, J. H. Edgar, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett. 103,
191106 (2013).
[19] M. G. Silly, P. Jaffrennou, J. Barjon, J.-S. Lauret, F. Ducastelle, A. Loiseau, E. Obraztsova,
B. Attal-Tretout, and E. Rosencher, Phys. Rev. B 75, 085205 (2007).
[20] L. Museur, E. Feldbach, and A. Kanaev, Phys. Rev. B 78, 155204 (2008).
[21] J. Wu, Wei-Qiang Han, W. Walukiewicz, J. W. Ager III, W. Shan, E. E. Haller, and A. Zettl,
Nano Lett. 4, 647 (2004).
[22] J. Serrano, A. Bosak, R. Arenal, M. Krisch, K. Watanabe, T. Taniguchi, H. Kanda, A. Rubio,
and L. Wirtz, Phys. Rev. Lett. 98, 095503 (2007).
[23] W. Orellana and H. Chacham, Phys. Rev. B 63, 125205 (2001).
[24] M. Fanciulli and T. D. Moustakas, Physica B 185, 228 (1993).
[25] I. Jimenez, A. F. Jankowski, L. J. Terminello, D. G. J. Sutherland,J. A. Carlisle, G. L. Doll,
W. . Tong, D. K. Shuh, and F. J.Himpsel, Phys. Rev. B 55, 12025(1997).
[26] T. B. Ngwenya, A. M. UKpong, and N. Chetty, Phys. Rev. B 84, 245425(2011).
[27] B. Huang and H. Lee, Phys. Rev. B 86, 245406 (2012).
[28] C. Attaccalite, M. Bockstedte, A. Marini, A. Rubio, and L. Wirtz, Phys. Rev. B 83, 144115
(2011).
[29] V. Wang, N. Ma, H. Mizuseki, and Y. Kawazoe, Solid State Comm. 152, 816 (2012).
[30] N. Nepal, K. B. Nam, M. L. Nakarmi, J. Y. Lin, H. X. Jiang, J. M. Zavada, and R. G. Wilson,
Appl. Phys. Lett. 84, 1090 (2003).
[31] Q. Yang, H. Feick, and E. R. Weber, Appl. Phys. Lett. 82, 3002 (2003).
[32] C. Stampfl, C. G. Van der Walle, D. Vogel, P. Krueger, and J. Pollmann, Phys. Rev. B 61,
R7846 (2000).
[33] A. Yamamoto, T. Tanaka, K. Koide, and A. Hashimoto, Phys. Status Solidi A 194, 510 (2002).
[34] H. X. Jiang, and J. Y. Lin, Semicon. Sci. Technol. 29, 084003 (2014).
[35] A. Sedhain, J. Li, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett. 96, 151902 (2010).
[36] K. B. Nam, M. L. Nakarmi, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett. 86, 222108 (2005).
10

Texas Tech University, Xiaozhang DU, August 2018

[37] T. Mattila and R. M. Nieminen, Phys. Rev. B 55, 9571 (1997).

11

Iemi(A.U.)

Texas Tech University, Xiaozhang DU, August 2018

15
NH3: 0.2 SLM
12 T = 300K
hBN/Al2O3 3.92 eV
5.37 eV
9
4.12 eV
3.72 eV
6
3
(x 1/50)
0
NH3: 0.5 SLM
12
9
6
(x 1/2)
(x 1/10)
3
0
NH3: 1.0 SLM
12
9
6
3
(x 1/5)
0
NH3: 1.5 SLM
12
9
6
3
0
2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0

E (eV)

Fig. 1.1 Room temperature PL spectra of h-BN epilayers grown under different
NH3 flow rates.
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Fig. 1.5 Energy diagram showing the impurities and their energy levels involved
in the DAP transition near 4.1 eV in h-BN.
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Chapter 2
The origins of near band-edge transitions in hexagonal boron nitride epilayers
Photoluminescence spectroscopy has been employed to probe the near band-edge
transitions in hexagonal BN (h-BN) epilayers synthesized under varying ammonia flow
rates. The results suggest that the quasi-donor-acceptor pair emission line at 5.3 eV is due to the
transition between the nitrogen vacancy and a deep acceptor, whereas the 5.5 eV emission
line is due to the recombination of an exciton bound to a deep acceptor formed by carbon
impurity occupying the nitrogen site. By growing h-BN under high ammonia flow rates, nitrogen
vacancy related peaks can be eliminated and epilyers exhibiting pure free exciton emission have
been obtained.

Hexagonal boron nitride (h-BN) has attracted a considerable attention recently due to its
unique physical properties including wide energy bandgap (~ 6.5 eV), high optical emission
efficiency, high chemical and temperature stability, large in-plane thermal conductivity, and
large thermal neutron capture cross-section of the isotope boron-10 [1-21]. Prior studies have
shown that h-BN is a promising material for the realization of deep ultraviolet emitters and
detectors [1-18] as well as solid-state neutron detectors [19-21]. However, the development of
epitaxial wafer-scale semiconducting h-BN with high crystalline quality and low defect densities,
a prerequisite for practical device applications, is still in the early stage and will benefit from a
better understanding of its fundamental optical properties. Among the myriad of material
characterization techniques, one of the most effective approaches is to identify the physical
origins of various commonly observed impurity and defect related emission lines in h-BN via
photoluminescence (PL) studies. Comprehensive studies on the optical emission properties of
17
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h-BN for materials produced under controlled growth conditions are needed in order to
provideinsights into approaches towards the improvement of material quality and elimination of
undesired defects and impurities.
There have been several studies concerning the optical transitions in h-BN. A series of
free exciton (or quasi Frenkel exciton) transitions in h-BN at above 5.77 eV have been observed
in high crystalline quality bulk crystals with very small size (tens to hundreds of µm), from
which a large exciton binding energy (∼0.7 eV) has been deduced [3-10]. On the other hand,
in most h-BN materials (powder-like h-BN, pyrolytic h-BN, h-BN thin films, and deformed hBN bulk crystals), the widely observed emission lines appear around 5.5, 5.3 and 4.1 eV [7-17].
The near band edge emission lines at 5.5 and 5.3 eV have been attributed to the recombination of
an exciton trapped by a structural defect (or bound to an impurity) and quasi-donoracceptor pair (q-DAP), respectively [9-14]. However, the origins of the impurities involved in
these transitions as well as their energy levels are still not yet fully understood due to the lack of
tunable growth parameters in synthesizing bulk and powder-like h-BN. More recently, we have
studied the origin of the transition line near 4.1 eV in h-BN epilayers grown by metal organic
chemical vapor deposition (MOCVD) by varying the ammonia (NH3) flow rate up to 1.5
standard liters per minute (SLM) through which the relative numbers nitrogen atoms supplied
during the film deposition was controlled. Together with the previous experimental and
theoretical insights [22-29], our experimental results provided a strong evidence that the 4.1 eV
emission line is due to a donor-acceptor pair (DAP) recombination involving the nitrogen
vacancy (VN) shallow donor and deep acceptor formed by carbon impurity occupying the
nitrogen site (CN) [30].
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In this work, a set of h-BN epilayers of about 0.5 µm in thickness has been grown by
MOCVD on c-plane sapphire substrates under varying NH3 flow rates up to 20 standard liters per
minute (SLM). Boron and nitrogen precursors were triethylboron (TEB) and NH3,
respectively [14-17]. A pulsed growth scheme (alternating flows of TEB and NH3) was
undertaken to minimize the pre-reaction between TEB and NH3, which is important for obtaining
epilayers in hexagonal phase. Prior to the h-BN epilayer growth, a low temperature BN buffer
layer was first deposited on the sapphire substrate. The growth temperature for this buffer layer
was ~ 8000C. The growth temperature and pressure for the subsequent epilayers were about
1350

0

C and ~100 torr respectively. The growth rate was around 0.4 µm/h. The PL

measurement system used consists of a pulsed (76 MHz repetition rate and 100 fs pulse width)
frequency-quadruped Ti-sapphire laser with an excitation wavelength at 195 nm and average
optical power of ~ 1 mW, a monochromator (1.3 meters), a microchannel plate
photomultiplier tube, and a closed-cycle He refrigerator with a temperature range between 10 850 K [14].
PL results revealed that the emission intensities of the 5.3 and 5.5 eV transition lines
decrease systematically with an increase of the NH3 flow rate, suggesting the involvement
of nitrogen vacancy (VN) or its related impurities.
More interstingly, h-BN epilayers grown at very high NH3 flow rates predominantly exhibit
a single emission peak at 5.735 eV for which we assigned it to the free exciton transition in hBN epilayers. An energy diagram pertaining to the 5.3 eV emission line has been
constructed to provide a better understanding of as well as methods for eliminating the
dominant impurities/point defects in h-BN epilayers.
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Figure 1 shows the low temperature (T = 10 K) PL spectra of h-BN epilayers grown under
different NH3 flow rates ranging from 0.3 to 20 SLM with all other growth conditions being
identical. The samples were placed side-by-side during the PL spectra measurements. As shown
in Fig. 1, in the samples grown under low NH3 flow rates (between 0.3 up to 1.0 SLM), two
dominant emission lines around 5.3 eV and 5.5 eV are clearly resolved, corresponding to the qDAP transition and bound exciton transition, respectively. However, their emission intensities
decrease continuously with an increase of the NH3 flow rate.
During the growth of h-BN epilayers, NH3 serves as the source of the nitrogen atoms.
The calculated formation energy of VN in h-BN is quite low [22]. VN and carbon impurities
occupying the nitrogen sites (CN) are known to be two of the most common impurities in h-BN
[22-30]. VN is a shallow donor [27-29] with an ionization of about 0.1 eV [30], whereas CN is
a deep acceptor [23, 27-30] with an ionization energy of about 2.3 eV [30].
The results shown in Fig. 1 infer that the q-DAP emission line near 5.3 eV involves VN.
With an increase of the NH3 flow rate, more nitrogen atoms are supplied to the reactor and
hence the concentration of VN or impurities occupying the nitrogen sites is decreased.
This assignment also corroborates the fact that the 5.3 eV emission line is widely
observable in h-BN [7-14]. However, secondary ion mass spectrometry (SIMS) measurements
revealed that the BN films have excellent stoichiometry [15]. Due to the detection limits,
techniques such as SIMS are unable to probe the concentrations of VN in the MOCVD grown
films.
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Another remarkable feature revealed in Fig. 1 is that the 5.3 and 5.5 eV emission lines
disappear altogether and a sharp free exciton like emission line emerges at 5.735 eV when the NH3
flow rate is increased to above 16 SLM. The complete elimination of the 5.5 eV emission line in
h-BN epilayers grown under high NH3 rates clearly speaks for the fact the 5.5 eV emission is
related to the recombination of an exciton bound to nitrogen vacancy (VN) or to an impurity related
to VN. The results demonstrate that it is possible to completely eliminate VN in h-BN epilayers by
employing nitrogen-rich growth conditions. Our experimental observation is consistent with a
recent first-principles calculation which suggested that the excess ammonia is expected to have a
positive impact on the growth efficiency during h-BN deposition [31]. The free exciton emission
line in h-BN epilayers has not been previously observed. It is interesting to note that the free
exciton emission features in MOCVD grown h-BN epilayers are distinctly different from those of
h-BN bulk crystals [8-10]. In h-BN bulk crystals, six sharp exciton emission lines (so called Sseries lines [9]) above 5.77 eV are simultaneously presented [8-10], which have been thought to
arise from the doubly degenerated dipole-forbidden (dark excitons with lower emission energies)
and dipole-allowed (bright excitons with higher emission energies) exciton states, in which the
dark exciton state can become allowed either due to the spontaneous or symmetry breaking caused
by energy transfer from bright exciton as a result of the zero-point vibration of the lattice, or a
strong spin-orbital interaction due to 2D layered structure [3-6]. On the contrary, the PL spectra of
h-BN epilayers grown under high NH3 flow rates (16 and 20 SLM) predominantly exhibit a single
free exciton emission line above 5.7 eV. It is very likely that the mechanism to break the symmetry
in h-BN epilayers is through the material imperfections introduced during the growth.
Furthermore, the energy peak position of the exciton transition in h-BN epilayers is lower than
those in h-BN bulk crystals, possibly attributed to different symmetry breaking mechanisms,
strains, and material imperfections in epilayers versus in bulk crystals. Moreover, the 5.5 eV
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emission line can be resolved into multiple emission lines (referred as the D-series lines [9])
ranging from around 5.48 to 5.63 eV in [8-14], which are completely absent in h-BN epilayers
grown under very high NH3 flow rates. The D-series emission lines were believed to originate
from the recombination of excitons bound to structural defects (e.g., stacking faults) or to
impurities/defects [9-14].
In the case of h-BN epilayers, the complete elimination of the 5.5 eV emission line in
materials grown under high NH3 rates points to the fact that the 5.5 eV emission line is related to
the recombination of an exciton bound to nitrogen vacancy or to an impurity occupying the
nitrogen site. Based on the energy peak positions of the exciton emission lines observed in h-BN
epilayers here and in bulk materials (ranging from 5.7 to 5.8 eV) [8-10], the binding energy of the
bound exciton (EBX) related to the 5.5 eV emission line can be estimated to be around 0.2 to 0.3
eV. According to Haynes’ rule, the binding energy of a bound exciton is about 10% of the impurity
binding energy, neglecting the central cell correction [32,33]. This infers that the energy level of
the impurity involved in the bound exciton transition at 5.5 eV is around 2 to 3 eV, which is very
close to a value of 2.3 eV for the energy level of CN determined previously [30]. Therefore, it is
highly plausible that the 5.5 eV emission line is due to the recombination of excitons bound to CN
deep acceptors (A0,X), or I1 type transition. We speculate that carbon impurities originate from the
boron precursor (TEB source). An interesting point that is worth mentioning is that the I1 transition
(excitons bound to acceptors) is more readily observable than the I2 type transition (excitons bound
to donors) in h-BN epilayers, whereas in all other III-nitride semiconductors (AlN, GaN, InN) the
I2 type transition is more probable [34, 35]. This is due to the fact that the Fermi level in undoped
h-BN lies below the middle of the energy gap and undoped h-BN materials tend to be slightly ptype [36], while undoped AlN, GaN, and InN tend to be n-type [37]. In this sense, h-BN is more
like diamond [38] than other III-nitride semiconductors.
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In h-BN epilayers grown under low NH3 flow rates, it appears that the 5.3 eV q-DAP
transition line involves VN as a shallow donor. To determine the energy levels of impurities
involved in the 5.3 eV transition, the temperature-dependent PL spectra for one representative hBN epilayer grown under an NH3 flow rate of 1.5 SLM were measured from 10 K to 500 K. As
illustrated in Fig. 2(a), the emission intensity of the 5.3 eV emission line decreases continuously
with increasing temperature, while the evolution of the emission peak positon with temperature
exhibits an onset temperature range in between 250 to 300 K in which the peak position hopped
from 5.31 eV of q-DAP transition to 5.57 eV of acceptor bound exciton transition (I1). The
Arrhenius plot of the emission intensity around 5.3 eV is plotted in Fig. 2(b), in which the solid
line is a least-squares fit of data with the equation

/ 1

/

,

(1)

where I(T) and I0 are the integrated PL intensities at temperature T and 0 K, respectively, C is a
constant, Ea is the thermal activation energy the PL intensity of the 5.3 eV q-DAP emission line,
and K is the Boltzmann constant. The fitted activation energy is Ea = 23 meV. From our previous
results [30], VN is a shallow donor in h-BN with an activation energy of Eshallow  0.1 eV. Therefore
the measure Ea value of 23 meV is most likely related to the thermally activated carrier transfer
process from q-DAP to I1 transition. This interpretation is supported by the fact that the measured
activation energy (23 meV) matches well with the onset temperature range where the PL spectral
peak position change from q-DAP to I1 occurred, which is between 250 K and 300 K,
corresponding to a thermal energy of 21 to 25 meV. However, the energy level of the involved
deep impurity can be deduced from Eg - Eshallow - hνemi = 6.5 - 0.1 – 5.3 = 1.1 eV. In obtaining this
energy level, Eg = 6.5 eV is used [3-8] and the Coulomb interaction between ionized donors and
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acceptors has been neglected. With the known presence of a deep level impurity with an activation
energy of about 1.1 eV, it should be possible to observe a band-to-impurity type transition by
measuring the PL emission spectra in the near infrared spectral region near 1.1 eV. This is indeed
the case. As shown in Fig. 3, a rather broad weak emission line with its peak energy around 1.2
eV was observed in the h-BN epilayer grown under an NH3 flow rate of 1.5 SLM. This emission
peak is most likely corresponding to a band-to-impurity transition between the deep acceptor
involved in the q-DAP transition and the valence band. Previous theoretical studies have indicated
that a substitutional carbon impurity on a nitrogen site could induce two deep defect levels
localized on the carbon atom [23,29]. The observed deep acceptor with an energy level of 1.1 –
1.2 eV could also be related to the carbon impurities. With the origins being identified, it is
therefore understandable that all the emission lines related to nitrogen vacancies at 4.1 [30], 5.3
and 5.5 eV can be minimized or completely eliminated by employing high NH3 flow rates during
the h-BN epilayer growth. With the determination of the energy levels involved, we have
constructed an energy diagram to illustrate the optical process of the 5.3 eV transition line in hBN epilayers, as depicted in Fig. 4. We believe that our results provide an improved understanding
of the nitrogen vacancy related impurities/point defects as well as their effects on the optical
emission properties of h-BN epilayers.
In summary, by controlling the NH3 flow rate during MOCVD growth, we have observed
a gradual elimination of the nitrogen vacancy and its related impurity emission peaks in h-BN
epilayers and obtained h-BN epilyers exhibiting pure free exciton emission at 5.735 eV. Based
on the low formation energies and the known energy levels of nitrogen vacancies (VN) and
carbon impurities occupying the nitrogen sites (CN), we attribute the 5.3 eV q-DAP emission line
to the transition between the nitrogen vacancy shallow donor and a deep acceptor with an energy
level of 1.1 eV and the 5.5 eV emission line to the recombination of excitons bound to CN deep
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acceptors. Our results demonstrate that it is possible to minimize the concentrations of VN related
impurities/point defects in h-BN epilayers by employing nitrogen-rich growth conditions.
The h-BN epi-growth effort is supported by NSF (EECS-1402886) and the effort on the
fundamental optical studies of h-BN is supported by DOE (grant #FG02-09ER46552). Jiang and
Lin are grateful to the AT&T Foundation for the support of Ed Whitacre and Linda Whitacre
endowed chairs.
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Fig. 2.1 10 K PL spectra of h-BN epilayers grown under different NH3 flow rates. The
spectra are vertically shifted to provide a clearer presentation.
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Fig. 2.2 Temperature dependent PL emission characteristics of an h-BN epilayer
grown at an NH3 flow rate of 1.5 SLM. (a) PL spectra measured between 10 and 500
K. The spectra are vertically shifted to provide a clearer presentation. (b) The
Arrhenius plot of the integrated emission intensity of the q-DAP emission line (with a
peak position at 5.31 eV at 10 K). The solid line is a least squares fit of data with Eq.
(1).
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Fig. 2.3 A PL spectrum of an h-BN epilayer grown at an NH3 flow rate of 1.5 SLM
measured in the near infrared spectral region exhibiting an emission line at 1.2 eV.
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Fig. 2.4 Energy diagram illustrating the optical process of the widely observed 5.3 eV
emission line in h-BN.

32

Texas Tech University, Xiaozhang DU, August 2018

Chapter 3
Layer number dependent optical properties of multilayer hexagonal BN epilayers
Deep ultraviolet photoluminescence (PL) emission spectroscopy has been employed to probe the
layer number dependent near band-edge transitions above 5 eV in multilayer hexagonal boron
nitride (h-BN) epilayers grown by metal-organic chemical vapor deposition. Two emission lines
near 5.30 and 5.47 eV were resolved at 10 K. These two emission lines share similar spectroscopic
features and their energy peak separation is nearly independent of the number of layers. The
observed energy separation of  172 meV coincides well with the in-plane phonon vibration mode,
E2g, having an energy of 1370 cm-1 (~ 172 meV). The results suggested that the emission line at ~
5.30 eV and ~ 5.47 eV are a donor-acceptor-pair (DAP) transition and its one E2g phonon replica,
respectively. When the number of layers decreases from 100 to 8, the emission peak positions (Ep)
of both emission lines blueshifted monotonically, indicating the dimensionality effects on the
optical properties of h-BN. The layer number dependence of Ep can be described by an empirical
formula, which accounts for the variations of the energy bandgap and activation energies of
impurities with the number of layers. The results revealed that the impurity activation energies and
the carrier-phonon coupling strength increase as the dimensionality of h-BN scales from thick
layer to monolayer, suggesting that it is more difficult to achieve conductivity control through
doping in monolayer or few-layer h-BN than in thick h-BN.
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Hexagonal boron nitride (h-BN) has been recently under intensive study due to its unique
physical properties including wide energy bandgap (~ 6.5 eV), layered structure, high optical
emission efficiency, high chemical and temperature stability, large in-plane thermal conductivity,
as well as large thermal neutron capture cross-section of the isotope boron-10 [1-14]. It is a
promising material for deep ultraviolet (DUV) optoelectronics devices [1-12] and neutron
detectors [13-15]. A comprehensive study of the properties of the optical transitions in h-BN
epilayers grown under controlled conditions provides not only a better understanding of its optical
properties, but also input for approaches towards the improvement of material quality, elimination
of undesired defects or impurities and conductivity control.
There have been several studies on the optical transitions in h-BN. A series of free exciton
(or quasi Frenkel exciton) transitions in h-BN above 5.77 eV have been observed in high crystalline
quality bulk crystals of small size [16-18], from which a large exciton binding energy (EB ≈ 0.7
eV) has been deduced in agreement with calculation results [1-3, 6]. More recently, we have also
employed photoluminescence (PL) spectroscopy to probe the nature of a widely observed impurity
related transition near 4.1 eV as well as the quasi-donor-acceptor pair (q-DAP) transition near 5.3
eV in h-BN epilayers synthesized under varying ammonia flow rates [19, 20]. The results inferred
that the 4.1 eV and 5.3 eV q-DAP emission lines are due to the transitions between the nitrogen
vacancy shallow donors and deep acceptors with energy levels of about 2.3 and 1.1 eV,
respectively [19, 20]. However, the layer number dependent optical transitions in few-layer h-BN
has not been previous studied.
In this work, a set of h-BN epilayers with the layer number varying from 8 to 100 were
grown by MOCVD on sapphire substrates. The precursors for boron and nitrogen were
triethylboron (TEB) and ammonia (NH3), respectively. To calibrate the number of layers of hBN
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which is defined as the layer thickness divided by the interlayer distance between h-BN sheets of
3.33 Å, a thick h-BN epilayer of ~ 0.5 μm was grown and the thickness was directly determined
via optical micrograph, from which the growth rate was derived. Based on the pre-determined
growth rate, a set of samples with identical growth conditions but varying growth times were
grown. AFM image scans over a 2 m x 2 m area revealed that the surface roughness of these hBN epilayers varied from  0.1 nm to  0.5 nm as the layer number increases from 10 to 100. The
PL measurement system utilized in this study includes a frequency-quadruped Ti-sapphire laser
providing a lasing wavelength of 197 nm, 76 MHz repetition rate, 100 fs pulse width, and average
optical power of ~ 1 mW, a monochromator (1.3 meters), a microchannel plate photomultiplier
tube, and a closed-cycle He refrigerator with temperature range between 10 - 800 K.
Figure 1 shows low temperature (T = 10 K) PL spectra of the set of h-BN epilayers with
varying number of layers grown under identical growth conditions. The samples were placed sideby-side during the PL measurements. As shown in Fig. 1, two dominant emission lines are clearly
resolved around 5.30 eV and 5.47 eV in the PL spectrum of the thick h-BN sample (the 100 layer
sample). A significant feature shown in Fig. 1 is that both the emission lines exhibit a blue-shift
towards higher energies when the number of layers is decreased from 100 to 8. The emission peaks
(Ep) have been resolved using a multiple Gaussian fitting function. The evolutions of both emission
peaks with the layer number are depicted in Fig. 2. As seen in Fig. 2 (a), with an increase in the
number of layers, both emission peak positions exhibit similar characteristics with an initial rapid
decrease in energy followed by a slow decrease, and then eventually settled to constant values.
The relationship between Ep and the layer number, Ep (N), can be well described by the following
equation,
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∞

1

∞ exp

1 /

,

(1)

where Ep(1), Ep(N), and Ep(∞) denote, respectively, the emission peak positions of 1-layer, Nlayer, and bulk h-BN, B is a fitting parameter which describes an exponential dependence of Ep(N),
and the quantity

1

∞

describes the total amount of energy peak shift as the

dimensionality of h-BN scales from bulk to monolayer. Equation (1) reveals that the variation of
the energy peak position with the h-BN layer number is a continuous and smooth function. From
Eq. (1), the relationship between the observed energy peak position, Ep(N), and layer number, N,
can be obtained as,

(2)

∞ .

Equation (2) indicates that the change in the energy peak position, Ep(N), depends on the h-BN
layer number (N), which is expected. For instance, the change in Ep should be much larger when
N is changing from 1 to 2 compared to that when N is changing from 100 to 101.
As shown in Fig. 2, the equations for the peak position variations with N for the emission
lines at ~ 5.30 and 5.47 eV follow

, .

5.292

0.214

exp

1 / 29.6

5.3

(3)

, .

5.466

0.204

exp

1 / 30.9

7.1

(4)

The fittings provide the emission peak positions in bulk h-BN, Ep (∞), of ~ 5.292 and 5.466
eV, at 10 K. Since both emission lines have a relatively broad linewidth (> 100 meV) and the peak
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positons are well below those of the free exciton transition series in bulk h-BN near 5.77 eV [1618], these two emission lines are most likely related to the q-DAP and other impurity-related
transitions. However, it is interesting to note that the variations of Ep (N) with N for these two
emission lines share nearly an identical spectroscopic feature. As shown in Fig. 2 (b), the energy
peak position difference between these two emission lines,

,

.

,

.

≈ 172 ± 3 meV, is independent of N. In h-BN, it is well established that the in-plane phonon with
E2g vibration mode has an energy of 172 meV (1370 cm-1) [21, 22]. The inset of Fig. 2 (b) shows
a Raman spectrum of the reference h-BN epilayer grown under identical conditions with a
thickness of 0.5 m. The observed Raman peak at ∆σ = 1370 cm-1 coincides well with the
measured energy peak position difference between the two emission lines of 172 meV. Since this
Raman peak is an in-plane mode, its energy depends very weakly on the layer number. It varies
only ~ 0.4 meV from bulk to monolayer h-BN [23]. Based on these observations, we believe that
one of these emission lines is most likely a phonon replica of the other. The emission line at ~ 5.3
eV has been identified to be q-DAP transition in both bulk h-BN [4] and thick h-BN epilayers [20].
Therefore we assign the emission lines at ~ 5.30 and 5.47 eV to the q-DAP transition and its one
E2g phonon replica, respectively.
It is interesting to note that a recent study has suggested that a transition between hexagonal BN
to rhombohedral BN nitride could occur for films deposited on sapphire using CVD at a layer
thickness of about 4 nm [24]. However, a separate study conducted on the growth of layered BN
grown on sapphire by MOCVD has confirmed conclusively by cross-section STEM image of the
stacking sequence of basal planes that the phase of thick BN films (30 nm) is hexagonal rather
than rhombohedral [25]. The observed smooth variation with the layer number of the PL emission
peak positions shown in Fig. 2 suggests that an abrupt change in the bandgap of h-BN with varying
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layer numbers is absent, supporting the fact that MOCVD grown films retain the hexagonal phase
as the layer number is increased [25]. It is possible that the observed rhombohedral phase BN is
due to the use of different initial nucleation conditions [24].
As shown in Eq. (3), the emission peak at ~ 5.30 eV is blue shifted by ~ 0.21 eV from bulk
to monolayer h-BN. However, the calculated energy bandgap, Eg, is expected to increase by ~ 1.2
eV from bulk to monolayer h-BN [3], which is much larger than the observed increase in the
energy peak positions of the emission lines. By neglecting the Coulomb interaction between
donors and acceptors, the energy peak position of the q-DAP transition can be described as hνDAP
= Eg - ED - EA, where ED and EA are the activation energies of the involved donor and acceptor,
respectively. Our experimental results suggest that the values of ED and EA in h-BN also vary with
its layer number. The Bohr radius aB of shallow donors in a semiconductor can be expressed as

(5)

/

where h is the Plank constant and me is the effective mass of electron in h-BN. The value of ED for
nitrogen vacancy (VN) shallow donors involved in the q-DAP transition at ~ 5.3 eV in thick h-BN
epilayers has been experimentally determined to be 99 meV [19,20]. Using a value of 0.5m0 (where
m0 denotes the mass of free electron) for the effective mass of electron in h-BN based on
experimental [16] and calculation results [26], we deduce aB ≈ 25 Å in thick h-BN. In h-BN, the
interlayer distance between h-BN sheets is 3.33 Å. Thus the wavefunction around the shallow
donor covers about 15 layers of h-BN if the total layer number is more than 15. However, for
monolayer or few-layer h-BN, the electron wavefunction will be deformed particularly in the
direction perpendicular to the plane of h-BN sheet. As a result, when the number of layers of h38
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BN is decreased from thick to few layers or monolayer, several effects are expected: (1) the inplane wavefunction overlap between carriers will be enhanced, and (2) screening will be reduced
and will become more anisotropic, especially in the direction of c-axis, as the relative permittivity,
ε, approaches to 1 for monolayer h-BN. The enhanced in-plane overlap between carriers together
with decreased screening will result in an increase of the donor activation energy, ED. In principle,
ED will increase by a factor of 4 as the dimensionality of semiconductors scales from bulk to 2D
[27], which means that the estimated activation energy of the shallow donor in monolayer h-BN
is 4 times the value in thick h-BN, ED2D = 4 x ED3D (~ 99 meV)  0.4 eV.
On the other hand, a previous theoretical study has indicated that the energy bandgap Eg
will increase by ~ 1.2 eV as the dimensionality of h-BN scales from bulk to monolayer [3], i.e., Eg
≈ 6.5 + 1.2 = 7.7 eV in monolayer h-BN. However, according to Eq. (3), the energy peak position
of the q-DAP is 5.506 eV (=5.292 + 0.214 eV) in monolayer h-BN. From these data, the activation
energy of the deep acceptor involved in the q-DAP transition in monolayer h-BN can thus be
deduced via EA = Eg (7.7 eV) – ED (0.4 eV) - hνDAP (5.506 eV) = 1.8 eV. With the determination of
the energy bandgap and the activation energies of the involved shallow donor and deep acceptor,
the energy level diagram of the q-DAP transition in monolayer h-BN can be constructed, as shown
in Fig. 3 (b). It is interesting to note that for the deep level acceptor involved in the q-DAP
transition, its activation energy increases by ~ 1.6 times from 1.1 to 1.8 eV as the dimensionality
of h-BN reduces from thick layer to monolayer. The increase is relatively small in comparison
with a factor of 4 increase for the involved shallow donor.
Another significant feature exhibited in Fig. 1 is that the intensity ratio of the 5.47 eV emission
line to that of the 5.30 eV emission line decreases monotonically with an increase in the layer
number. The relative emission intensity between the main zero-phonon peak n = 0 (Ep ~ 5.30
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eV) and the phonon replica peak n = 1 (Ep ~ 5.47 eV) depends on the carrier-phonon coupling
strength, which is expressed by Huang–Rhys factor S [28]. At low temperatures, the emission
intensity of the nth phonon replica In and the main zero-phonon emission line I0 follows the relation
of

!

[28]. For the n = 1 phonon replica emission line,

(6)

/

In Fig. 4, we plot the dependence of the Huang–Rhys factor S on the layer number. With an
increase in the number of layers, the electron-phonon coupling strength is weakened. In other
words, the carrier-phonon interaction in 2D is enhanced over that in 3D semiconductors, one of
the well-known effects of reduced dimensionality in different material systems.
In summary, optical transitions related to a DAP recombination in multilayer h-BN have
been studied via PL emission spectroscopy. Two emission lines near 5.30 and 5.47 eV were
resolved at low temperatures in h-BN of 100 layers. Based on their spectroscopic characteristics
as well as the fact that the energy difference between these two peaks (~ 172 meV) is almost
independent of the number of layers, we attributed the emission line near 5.30 eV and 5.47 eV to
a DAP transition and its one E2g phonon replica, respectively. As the dimensionality of h-BN scales
from thick layer to monolayer, the emission peak positions blue shifted by ~ 0.21 eV due to the
increase of the energy bandgap, activation energies of shallow donors and deep acceptors.
Moreover, the carrier-phonon interaction was significantly enhanced in monolayer and few-layers
h-BN over that in thick h-BN. Our results suggest that compared to thick h-BN, it will be more
difficult to achieve conductivity control through doping in monolayer or few layers h-BN due to
the increases in the activation energies of impurities.
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Fig. 3.1 10 K PL spectra of h-BN epilayers with varying number of layers. The
energy peak positons of the dominant emission lines are near ~ 5.30 and 5.47 eV in
bulk h-BN (epilayer with 100-layers).
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Fig. 3.2 (a) The layer number dependence of the energy peak positons of the
dominant emission lines near 5.30 and 5.47 eV. The symbols are data points and solid
curves are the least squares fit with Eq. (1). The fitted values for the emission line
around 5.30 eV are Ep (1) = 5.506 ± 0.010 eV, Ep (∞) = 5.292 ± 0.005 eV and B = 29.6
± 5.3 L. The fitted values for the emission line around 5.47 eV are Ep (1) = 5.668 ±
0.018 eV, Ep (∞) = 5.466 ± 0.013 eV, and B = 30.9 ± 7.1 L. (b) The energy peak
separation between the two dominant emission lines (∆Ep) as functions of the layer
number measured at 10 K. The inset is a Raman spectrum of the reference 0.5 µm
thick h-BN epilayer grown under identical conditions as those of multilayer h-BN with
varying layer numbers.
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Fig. 3.3 Energy diagram of the DAP transition near 5.3 eV in (a) bulk h-BN and (b)
monolayer h-BN.
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Fig. 3.4 The layer number dependence of the Huangâ€“Rhys factor, S, in multilayer
h-BN epilayers, measured at 10 K.
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Chapter 4
Temperature dependence of the energy bandgap of two-dimensional hexagonal boron
nitride probed by excitonic photoluminescence
Hexagonal boron nitride (hBN) is an emerging material for the exploration of new physics in twodimensional (2D) systems that are complementary to graphene. Nanotubes with a diameter (60
nm) that is much larger than the exciton binding energy in hBN have been synthesized and utilized
to probe the fundamental optical transitions and the temperature dependence of the energy bandgap
of the corresponding 2D hBN sheets. An excitonic transition at 5.901 eV and its longitudinal
photon (LO) phonon replica at 5.735 eV were observed. The excitonic emission line is blue shifted
by about 130 meV with respect to that in hBN bulk crystals due to the effects of reduced
dimensionality. The temperature evolution of the excitonic emission line measured from 300 – 800
K revealed that the temperature coefficient of the energy bandgap of hBN nanotubes with large
diameters (or equivalently hBN sheets) is about 0.43 meV/0K, which is a factor of about 5 times
smaller than the theoretically predicted value for the transitions between the  and * bands in
hBN bulk crystals and 6 times smaller than the measured value in AlN epilayers with a comparable
energy bandgap. The observed weaker temperature dependence of the bandgap than those in 3D
hBN and AlN is a consequence of the effects of reduced dimensionality in layer-structured hBN.

I. Introduction
The synthesis, properties, and device applications of layer-structured hexagonal boron
nitride (hBN) have come under intense investigation in recent years. Due to its wide bandgap (~ 6
eV) [1-4] and high emission efficiency [5], hBN has a significant potential for deep ultraviolet
(DUV) photonic device applications. Additionally, the high neutron capture cross-section of the
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isotope boron-10 makes hBN a unique material for neutron detector applications [6]. Due to its
similar in-plane lattice constant to graphene and chemical inertness and resistance to oxidation,
hBN is also considered as an ideal material for the exploration of van der Waals heterostructures
made layer by layer between hBN/graphene related materials with new physics and applications
[7,8]. A recent theoretical study has also suggested that quasi free-standing silicene can be realized
in a superlattice structure with hBN [9]. Consequently, the full understanding of the optical
properties of hBN is necessary for the design and applications of devices based on hBN and its
related heterostructures.
While the potentials of hBN for active DUV photonic [10-14], neutron detector [6], and electron
emitter [15] device applications are being explored, experimental data on fundamental optical
transitions in two-dimensional (2D) hBN sheets and one-dimensional (1D) nanotubes are scarce.
The band edge emission spectra of the three-dimensional (3D) hBN bulk crystals are generally
known to be dominated by two series of bands; four sharp Frenkel class exciton levels labeled as
the S-series bands [16-18] and another relatively broader lines labeled as the D-series bands
[16,17]. A previous optical absorption measurement performed on hBN revealed a very small
temperature coefficient of less than 4x10-5 eV/0K for the bandgap of hBN [19]. This abnormally
low value was explained theoretically by the absence of the two center boron-nitrogen terms in the
expression for the gap due to the special symmetry of the p-point in the
hexagonal Brillouin zone [19]. At the same time, the theory predicated a much higher
temperature coefficient of 2.1 meV/0K for the transitions between the  and * bands [19]. More
recent theoretical works indicated that the selection rules only allow the transitions between the 
and * bands in hBN [1-3]. However, there have not been experimental works performed on the
temperature dependence of the excitonic emission peaks in hBN in either 3D, 2D or 1D form in a
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large temperature range. This is due partly to the fact that the fine features of the S-series excitonic
bands tend to vanish at high temperatures owing to the co-existence of the D-series emission lines
[16,17]. It was speculated that the observation of the S-series excitonic emission bands is
associated with a more perfect crystalline structure, while the D-series emission bands may be
associated with a crystalline structure that deviates (or deformed) from the perfect stacking
sequence [12,16]. As a result, the temperature dependencies of the band edge transitions and of
the bandgap of hBN are not clear so far, despite the fact that these dependencies are fundamentally
important for a semiconductor material system in the development stage.
The optical absorption spectra of hBN in 3D, 2D and 1D forms have been calculated [3],
which revealed that the optical properties of hBN nanotubes with diameters exceeding the exciton
binding energy in hBN (> 10 Å) are the same as those of the 2D hBN sheets. We report here on
the synthesizing and variable temperature (10 – 800 K) photoluminescence (PL) studies of hBN
nanotubes with a large diameter of 60 nm. The low temperature PL spectra of 2D hBN exhibit
two dominant emission lines at 5.901 eV and 5.735 eV, which have not been previously observed.
Based on the similar decay characteristics, the 5.735 eV emission line can be attributed to the
longitudinal optical (LO) phonon replica of the 5.901 eV line. The main peak at 5.901 eV is blue
shifted with respect to the lowest exciton level in hBN bulk crystals. It is thus most plausible that
the observed main emission peak at 5.901 eV is due to the exciton recombination and the blue shift
is associated with effects of reduced dimensionality. From the dependence of the excitonic
emission peak measured from 300 K to 800 K, we extract the temperature coefficient () of the
energy gap of hBN nanotubes with a large diameter (or equivalently hBN sheets) is about 0.43
meV/0K, which is about 5 times smaller than the theoretically predicted value of 2.1 meV/0K for
the transitions between the  and * bands in 3D hBN [19].
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II. Experiment
Multi-walled hBN nanotubes were synthesized by chemically etching high purity pyrolytic
boron nitride (pBN) in molten alkali salts, resulting in nanotubes densely covering and attached to
the pBN surface. At first, high purity pBN, the starting material for the nanotubes formation, was
prepared by polishing its surface by hand until it became shiny. Next, the pBN was etched at 425
o

C in an equimolar mixture of molten sodium hydroxide and potassium hydroxide for ten minutes.

The sample was then rinsed in water to remove any residual etchant. Scanning electron microscope
(SEM) imaging has been performed at a voltage of 5 kV to evaluate the size and morphology of
resulting BN nanotubes (Figure 1).

The diameter and length of the hBN nanotubes are

approximately 60 nm and 5 µm, respectively. The hBN nanotubes are grown randomly, but mostly
within the plane. The diameters of these hBN nanotubes also appear quite uniform. Based on the
size of these nanotubes, the measured optical properties will represent those of 2D hBN sheets [3].
Bulk crystals of hBN employed in this study were grown at ambient pressure by the flux
method using a nickel (Ni) and chromium (Cr) solvent mixture. High purity hBN powder and
nitrogen gas were used as B and N sources. The source materials were soaked at 1525 °C for 6
hours, and then followed by subsequent cooling at a slow rate of 4 °C/h until solvent solidification.
A slow cooling rate was employed to insure the precipitation of high quality crystals. A detailed
description of hBN crystal growth was discussed elsewhere [20].
For PL measurements, a frequency-quadruped Ti-sapphire laser (with lasing wavelength
of 197 nm, 76 MHz repetition rate, 100 fs pulse width, and average optical power of about 1 mW)
was used as an excitation source. The laser beam was focused onto the sample surface by a lens.
The PL signal was collected and dispersed by a monochromator (1.3 meters), and then detected by
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a microchannel-plate photo-multiplier tube together with a single photon-counting system
providing a time-resolution of about 20 ps [12].

III. Results and Discussion
Figure 2 shows the comparison of PL spectra of 2D hBN nanotubes with a diameter of 60 nm and
hBN bulk crystal measured side-by-side at 10 K. The main emission peaks in hBN bulk crystals
at 5.772 eV and 5.800 eV were attributed to the Frenkel class free exciton levels [1-3,16-18,21].
The detailed spectral features exhibited by hBN bulk crystals and hBN nanotubes are quite
different. The emission peaks in hBN nanotubes at 5.901 and 5.735 eV have not been previously
reported. The peak with the highest emission energy in hBN nanotubes is blue shifted (by ~ 130
meV) with respect to the emission line of the lowest exciton energy level at 5.772 eV in hBN bulk
crystals. Reduced dimensionality effects are believed to account for this blue shift. Decreasing the
dimensionality of hBN from 3D to 2D and 1D leads to two competing mechanisms [3] that will
affect the exciton transition peak (Ep): (i) the excitonic binding energy tends to increase from 0.7
eV in 3D to 2.1 eV in 2D and to 3.0 eV in 1D, which decreases Ep, and (ii) the quasi-particle energy
gap will increase by almost the same order of magnitude, which
increases Ep. As a result, the position of the first excitonic peak is almost independent of the
nanotube radius and system dimensionality [3]. However, the calculation results clearly revealed
a blue shift by an amount of about 170 meV for the exciton transition in hBN single sheets (or
hBN nanotubes with large diameters) with respect to that in hBN bulk crystals. Therefore, the
experimentally observed blue shift of 130 meV here appears to be within a reasonably range of
deviation from the calculated value of 170 meV [3]. We thus assign the 5.901 eV line to the
excitonic transition in hBN sheet. Although these emission lines in hBN nanotubes are broader
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than the exciton emission lines in the bulk crystals, the observation of the excitonic transitions in
hBN nanotubes (or sheets) may be an indicative of the realization of hBN nanotubes/sheets with
higher crystalline quality and purity than previous attainments [22-25]. The spectral broadening
could be attributed to fact that these nanotubes are multi-walled tubes so that the corresponding
2D hBN sheets are multiple sheets in which the B and N atoms are not necessarily perfectly aligned
between the rolled sheets.
Figure 3 shows the PL decay characteristics of the emission lines at 5.901 eV and 5.735
eV in hBN nanotubes measured at T = 10 K. The decay kinetics of both lines follows twoexponential decay function,
exp
where

exp

is the emission intensity at decay time t,

,

(1)
and

lifetimes of the fast and slow components, respectively, and

are the characteristic decay
and

are the initial peak

intensities related to the fast and slow components, respectively, at t = 0. The decay
characteristics of both emission peaks at 5.901 eV and 5.735 eV exhibit almost identical
behaviors: the PL decay process is characterized by two-exponential decay with lifetimes
0.14 ns, and

~

~ 1.2 ns. This indicates that these two transitions share the same origin. The

energy separation between these two emission peaks is 166 meV, which is very close the LO
phonon energy of 169 meV in hBN [26]. The LO phonon energy in hBN tends to decrease with
lowering the dimensions [27]. Thus, the 166 meV energy difference between the 5.901 eV and
5.735 eV transition peaks is most probable the energy of the LO phonon in hBN nnaotubes
with large diameters or sheets. This means that the later is the 1LO phonon replica of the
former. The observed similar decay characteristics of these two emission lines further
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corroborates this assignment.
The temperature evolution of the PL spectra of the hBN nanotubes from 10 K to 800 K is
shown in Fig. 4. Each spectrum has been shifted vertically for clarity. The temperature dependent
PL energy peak position (Ep), which is at 5.901 eV at 10 K, as well as the related PL intensity,
have been extracted from the temperature evolution of the spectra and plotted in Fig. 5 (a) and
(b), respectively. The spectral peak positions of the exciton transition,

, red-shift from

5.901 eV at 10 K to about 5.65 eV at 800 K and the temperature variation follows approximately
the Varshni empirical equation describing the temperature dependent bandgap in semiconductors
by neglecting the temperature dependence of the exciton binding energy (Ex),
0

α

, where

/

(0) is the energy bandgap at 0

K, α and β are the Varshni coefficients [28]. At high temperatures, the temperature
dependence of the excitonic transition peak can be simply written as

0

where the value of α represents the slope of
slope of

(2)

α

versus temperature at high temperatures. The

versus temperature at high temperatures measured directly from the data between 300

K and 800 K is about 0.43 meV/0K. The measured slope of

versus temperature is about a

factor of 5 times smaller than the theory predication of ∼2.1 meV/0K for the transitions between
the π and π* bands in 3D hBN [19]. It is also interesting to compare the temperature coefficient
of hBN sheets with that of AlN with a comparable energy gap. The measured slope of

versus

temperature is about 6 times smaller (or equivalently the bandgap of hBN nanotubes with large
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diameters or hBN sheets decreases with temperature 6 times slower) compared to a value of
2.4 meV/K for AlN epilayers [29].
The temperature coefficients of hBN in 2D or 1D form have not been calculated.
However, to the first order, the energy bandgap of hBN single sheets is primarily determined by
the energy difference between electron localized on B and N atoms [30]. It is reasonable to
speculate that the temperature dependence of this energy difference is weaker than those of the
energy bandgap of a conventional semiconductor in 3D form. Figure 5(b) shows that the PL
intensity also decreases with temperature increasing. An activation energy of 257 meV can
be extracted from the temperature dependence of the PL emission intensity. However, the
physical origin of this activation behavior is not clear at this stage.

IV. Conclusion
In summary, hBN nanotubes with a large diameter (∼60 nm) have been synthesized and
utilized to probe the fundamental optical transitions and the temperature dependence of the energy
bandgap of 2D hBN sheets. Due to the combination of the reduced dimensionality effects on
the quasi-particle energy gap as well as on the exciton binding energy, the excitonic transition
peak was blue shifted by an amount of about 130 meV with respected to that in hBN bulk
crystals. Furthermore, due to the absence of the D-series emission lines, the hBN nanotube
material system also provides the opportunity to monitor the temperature dependencies of the
band edge transitions and of the bandgap of the 2D hBN sheets. The temperature evolution of
the excitonic transition line has been probed and revealed that the bandgap energy of hBN
nanotubes with large diameters (or equivalently of hBN sheets) decreases with an increase in
temperature with a slope of ∼0.43 meV/0K. This temperature coefficient is a factor of about 5
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times smaller than the theoretically predicted value for the transitions between the π and π*
bands in 3D hBN and 6 times smaller than the measured value in 3D AlN with a comparable
energy bandgap. The observed weaker temperature dependence of the bandgap than those
in 3D hBN and AlN is believed to be a consequence of the effects of reduced dimensionality
in layer-structured hBN.
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Fig. 4.1 SEM image of hBN nanotubes sample used in this study. The scale bar on
the bottom right corner is for 2 µm.
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Fig. 4.2 PL spectra of (a) hBN nanotubes (BNNTs) with a diameter of 60 nm and
(b) an hBN bulk crystal measured at T = 10 K.
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Fig. 4.3 PL decay kinetics of hBN nanotubes with a diameter of 60 nm measured at
emission energies of (a) 5.90 eV and (b) 5.74 eV.
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Fig. 4.4 PL spectra of HBN nanotubes (BNNTs) with a diameter of 60 nm measured at
a temperature (T) range from 10 K to 800K.
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Fig. 4.5 (a) Temperature dependence of the peak energy (Ep) of the dominant 5.901
eV (at 10 K) emission line in hBN nanotubes (BNNTs) with a diameter of 60 nm. The
solid curve is the least-squares fit of data with the Varshni empirical equation,
0
α /
, where the fitted values of α and β
0
are 0.83 meV/ K and 1235 K, respectively. The dashed line is the linear fit of data
measured at T > 300 K with Eq. (2) and the fitted value of α = 0.43 meV/0K. (b) The
Arrhenius plot of PL intensity of the 5.901 eV (at 10 K) emission peak in hBN
nanotubes (BNNTs) with a diameter of 60 nm.
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Chapter 5
Temperature dependence of the energy bandgap of multi-layer hexagonal boron nitride
The temperature dependence of the energy bandgap of hexagonal boron nitride (h-BN) has
been probed via photoluminescence emission characteristics of a donor-to-acceptor pair (q-DAP)
transition in a 20-layer h-BN epilayer. The results indicate that the universal behavior of bandgap
decreasing with temperature is absent in multi-layer h-BN. Below 100 K, the bandgap energy
variation with temperature, Eg vs. T, is dominated by the electron-phonon coupling and conforms
to the common behavior of redshift with an increase of temperature.
At T > 100 K, the bandgap shows an unusual blueshift with temperature, which can be
attributed to the unique behavior of the in-plane thermal expansion coefficient of h-BN that
becomes negative above around 60 K. Although both graphite and h-BN have negative
thermal expansion coefficients in a broad temperature range, graphite has a zero energy
bandgap, which makes h-BN a unique semiconductor to exhibit this unusual temperature
dependence of the energy bandgap.
Hexagonal boron nitride (h-BN), the only III-nitride wide bandgap semiconductor family
member with a layered lattice structure, has been under intensive investigation in recent years. It
is a promising material for deep ultraviolet optoelectronic devices [1-13] due to its wide energy
bandgap (~ 6.5 eV), high optical emission efficiency, high chemical and temperature stability,
and large in-plane thermal conductivity. Another startling recent development is the neutron
detectors with high efficiency based on B-10 enriched h-BN epilayers [14-16], which have
demonstrated the highest thermal neutron detection efficiency to date among solid-state detectors
at about 53% [15,16].
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However, a number of basic properties of h-BN are still unknown. For instance, the
temperature variation of the energy bandgap, Eg vs. T, in h-BN has not been well studied, despite
the fact that this relation is fundamentally important in terms of both fundamental
understanding as well as practical applications of h-BN.
A previous theoretical work has indicated that the variation of Eg with temperature in
h-BN is weak attributing to the small indirect contribution of the lattice constant to the ionicity
through crystal-field screening effects [17], inferring that it is challenging to measure such a
dependence in h-BN. In the case of h-BN nanotubes, the temperature dependence of the excitonic
emission peak exhibits a usual downshift in energy with temperature in the entire temperature
range of 10 – 800 K [18].
Nevertheless, it has not been possible to probe the general behavior of Eg vs. T in h-BN bulk
crystals or epilayers. This is primarily due to the fact that the excitonic emission lines in h-BN
bulk crystals generally exhibit complex features, whose linewidths are broadened and emission
intensities drop rapidly at higher temperatures [6-8]. On the other hand, h-BN epilayers with best
optical qualities produced to date exhibit pure free exciton emission only at low temperatures [9].
A set of h-BN epilayers with varying layer numbers has been synthesized by metal-organic
chemical vapor deposition (MOCVD) on sapphire substrates [19].
As shown in Fig. 1(a), these samples exhibit predominantly two near band-edge emission
lines (e.g., near 5.420 eV and 5.587eV at 10 K for the 20-layer sample) at 10 K. Due to the fact
that these two emission lines share similar spectroscopic features and that the observed energy
separation is independent of the number of layers as well as coincides with the in-plane phonon
vibration mode, E2g, having an energy of 1370 cm-1 (~171 meV), we attributed these emission
lines to a donor-acceptor-pair (DAP) transition and its one E2g phonon replica, respectively [19].
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In this work, we have shown that the energy positions of these two near band-edge
emission lines in multi-layer h-BN exhibit a systematic dependence on temperature, which
enabled us with an unprecedented opportunity to study the Eg vs T relation in h-BN.
A frequency quadrupled Ti:sapphire laser with wavelength of 195 nm and optical power
of ~ 1 mW was used as the excitation source [11]. The PL signal was dispersed by a 1.3
meter monochromator and then collected by a microchannel plate photo-multiplier tube.
A detailed study was carried out for the 20-layer h-BN. The near band-edge PL spectra
of this sample were measured at a temperature range from 10 to 350 K, as shown in Fig. 1(b).
The emission peaks (Ep) of the DAP transition and its one E2g phonon replica (at 5.420 eV and
5.587 eV at 10 K, respectively) are clearly resolved.
However, both emission peaks exhibit a similar but very unusual temperature
dependence, i.e., Ep exhibits a downshift with increasing temperature up to 100 K and then
upshift with increasing temperature above 100 K. This temperature dependence is distinctively
different from the universal behavior of most other semiconductors including GaN and AlN
[20] as well as from h-BN nanotubes [18].
The spectral peak positions (Ep) of the near band-edge
semiconductors

generally

exhibit

redshifts

with

transitions

in

most

increasing temperature and the

temperature variation of Ep follows approximately the Varshni empirical equation
describing the temperature dependent bandgap in semiconductors,
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0
where

[1]

⁄

0 is the energy bandgap at 0 K, α and β are the Varshni coefficients [21].
Figure 2(a) plots the temperature dependence of the two dominant emission line peak

positions in the 20-layer h-BN sample. The linewidth broadening with increasing temperature
along with reduced PL emission intensity prevented data collection at temperatures above 350 K.
The energy difference between these two emission peaks (ΔEp) as a function of temperature is
plotted in Fig. 2(b), which clearly reveals that ΔEp is independent of temperature and has an
average value of 170.4 ± 0.3 meV, despite the fact that both emission peaks exhibit an unusual
temperature dependence. This value of ΔEp energy is very close to the in-plane phonon of E2g
vibration mode (1370 cm-1) [22, 23]. The results further support our previous identification that
these two emission lines have the same physical origin and one is a phonon replica of the other.
In the case here, it is obvious that the 5.420 eV (@ 10 K) line is the zero phonon line (ZPL or n=0
line), whereas the 5.587 eV (@ 10 K) line is its one phonon replica (n=1 line). Another interesting
feature shown in Fig. 1(b) is that the ratio of the emission intensity of the n=1 line to that of the
ZPL increases with increasing temperature. The relative emission intensity of the n=1 line (Ep ~
5.587 eV @ 10 K) to n = 0 line (Ep ~ 5.420 eV @ 10 K) depends on the carrier-phonon coupling
strength or the Huang–Rhys factor S [24, 25]. The relationship between the emission intensities of
the nth phonon replica line (In) and n=0 line (I0) follows,

!

[24, 25]. For n=1 phonon

replica line,
/ .

(2)

As clearly seen from Fig. 2 (c) that the carrier-phonon coupling strength or the Huang–Rhys factor
S is enhanced at higher temperatures. Such a behavior has been observed in nanofiber films [26].
It should be noted that the S factor is enhanced in thin h-BN epilayers and decreases almost linearly
68

Texas Tech University, Xiaozhang DU, August 2018

with an increase of the layer number [19], making the one-phonon replica line (Ep ~ 5.587 eV @
10 K) undetectable in bulk h-BN as S approaches to zero.
For a clear presentation, Fig. 3 replots the evolution of Ep with temperature for the ZPL
(the emission line with a peak position at 5.420 eV at 10 K). Two distinctive temperature regions
are more clearly revealed; i.e., Ep shows a typical red-shift with increasing temperature at T < 100
K and an unusual blue-shift with temperature at T > 100 K. As a DAP transition, neglecting the
Coulomb’s interaction between donors and acceptors, its emission energy peak position can be
described as Ep = hν = Eg - ED - EA, where ED and EA are the energy levels of the involved donor
and acceptor, respectively. Using the Varshni’s equation of Eq. (1) for Eg and neglecting the
temperature dependence of EA and ED, the peak position Ep of the ZPL can be written as
⁄

0

.

(3)

Therefore, the temperature evolution of Ep is expected to mimic that of Eg. In general, two
dominant mechanisms are responsible for the energy bandgap variation (typically bandgap
shrinkage) of semiconductors: (1) lattice constant dilation and (2) electron-phonon interaction. In
Fig. 3, the solid curves are the least squares fitting of data with Eq. (3), however, in two different
temperature regions. In the region of T < 100 K, Eg vs T (or Ep vs T) follows the anticipated trend,
i.e., the bandgap decreases with increasing temperature and the temperature coefficient  is
positive. As indicated in Fig. 2(c), the electron-phonon coupling strength S increases continuously
with increasing temperature. Therefore, the temperature dependent electron-phonon interaction
explains satisfactorily the variation of Eg with temperature at T < 100 K. The fitted value of α is
7.0 x 10-4 eV/K. The fitted value of α/β is 1.97 μeV/K2, which is larger compared with 1.28 [20],
1.06 [20], and 0.912 μeV/K2 [27] for AlN, GaN, and InN, respectively. The comparison results are
summarized in Table 1. The value of β is associated with the Debye temperature of the crystal. Its
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fitted value is ~ 356 K, agrees reasonably well with a literature value of 400 K [28]. The results
are an indication of a stronger electron-phonon interaction in h-BN in comparison with other IIInitride semiconductors. This is expected since one of the well-known effects of reduced
dimensionality is the enhanced carrier-phonon interaction in 2D over that in 3D semiconductors,
given the fact that h-BN used in this study only has 20 layers and that h-BN is a layered material
naturally possessing 2D nature.
However, as shown in Fig. 3, Ep surprisingly increases with increasing temperature at T > 100 K,
a behavior which is distinctively different from most semiconductors. Apparently this unique
feature does not arise from the enhanced electron-phonon interaction at higher temperature, which
tend to reduce Eg. Thus it is most likely the lattice constant change with temperature that accounts
for this distinctive behavior. As a semiconductor with layered structure, the interaction between
layers of h-BN is through van der Waals force, which is very weak in comparison with in-plane
interaction. As such Eg of h-BN is predominantly determined by the energy difference between
electrons localized on B and N atoms [29]. Therefore the temperature dependent Eg of h-BN at T
> 100 K can be attributed primarily to the in-plane lattice constant change with temperature. The
in-plane lattice constants (a) of h-BN at different temperatures have been previously measured by
Paszkowicz, et al. [30] and the results are reproduced in Fig. 4(b). The results shown in Fig. 4(b)
reveal that the in-plane lattice constant expands slightly at low temperatures and then shrinks
continuously with increasing temperature at T > ~ 70 K [30]. The calculated values of the in-plane
thermal expansion coefficients of h-BN, αa, are also re-plotted in Fig. 4(c) [30], which show that
they are positive at low temperatures and become negative at temperatures above ~ 60 K. The
results presented in Figs. 4(b) and (c) indicate that the in-plane lattice constant of h-BN decreases
with increasing temperature from ~ 70 to 300 K. In this
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temperature region, Eg of h-BN epilayers is determined by two competing mechanisms: (1)
reduced in-plane lattice constant which tends to increase Eg, and (2) enhanced electron-phonon
interaction which is inclined to decrease Eg. From ~ 70 to ~ 100 K, Eg still exhibits a redshift with
increasing temperature, indicating that the latter mechanism is still prevailing. However, Eg shows
a blueshift with increasing temperature above 100 K, revealing that the temperature dependence
of Eg above 100 K is dominated by the effect of reduction in the in-plane lattice constant at higher
temperatures. The slope of Ep versus T is about 0.43 meV/K from 100 to 300 K as fitted in Fig. 3,
which means that the temperature coefficient of Eg, or the Varshni coefficient  = -0.43 meV/K.
It is interesting to note that in the case of h-BN nanotubes, the excitonic emission peak
exhibits a universal downshift in energy with increasing temperature in the entire temperature
range of 10 – 800 K, in contrast with the results obtained for thin h-BN epilayers here. This
situation seems analogous to the temperature dependence of the effective energy bandgap of
suspended carbon nanotubes [31, 32], which shifts down in energy with increasing temperature
despite the fact that the thermal expansion of graphite has a negative coefficient in the same
temperature range. It was shown that the temperature dependence of the optical transition energies
of carbon nanotubes is dominated by the effect of electron-phonon coupling [31, 32]. Based on
these observations, we speculate that the temperature dependence of the bandgap of h-BN
nanotube follows a similar trend as that of carbon nanotubes and is dominated by the electronphonon coupling in the entire temperature range. It is tantalizing to say that the temperature
dependence of the bandgap of multi-layer h-BN should be similar to that of graphite since both
materials have negative thermal expansion coefficients in a broad temperature range, except that
graphite has a zero energy bandgap. In this sense, multi-layer h-BN represents a unique
semiconductor to exhibit this unusual temperature dependence of the energy bandgap.
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In summary, we report on the studies of the bandgap variation with temperature in multilayer h-BN by following the temperature dependence of the energy peak position of a donoracceptor pair emission line. At temperatures below 100 K, the bandgap energy exhibits a usual
downshift with increasing temperature and the temperature dependence is dominated by electronphonon coupling. At temperatures above 100 K, the bandgap energy exhibits an unusual upshift
with increasing temperature. This unique feature can be accounted for by the unusual in-plane
thermal expansion coefficient of h-BN, which is negative above ~ 70 K.
The effort on the fundamental optical studies of h-BN is supported by ARO and monitored
by Dr. Michael Gerhold (W911NF-16-1-0268) and h-BN growth is partially supported by DOE
NNSA SSAA program (DE-NA0002927). Jiang and Lin are grateful to the AT&T Foundation for
the support of Ed Whitacre and Linda Whitacre endowed chairs.
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α/β (μeV/K2)

Reference

h-BN(0 - 100K)

1.97

this work

w-AlN

1.28

20

w-GaN

1.06

20

w-InN

0.912

27

Table 5.1. Comparison of bandgap parameters of α/β of h-BN epilayers of this work
with other wurtzite III-nitride semiconductors.
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Fig. 5.1 (a) 10 K near band-edge PL spectra of h-BN epilayers with varying number of
layers. The energy peak positons of the dominant emission lines are near 5.420 eV and
5.587 eV at 10 K for a 20-layer sample. (b) Near band-edge PL spectra of a 20layer h-BN measured at different temperatures from 10 to 350 K.

77

Texas Tech University, Xiaozhang DU, August 2018

Fig. 5.2 Variations with temperature observed in a 20-layer h-BN for (a) the energy
peak positions of the one-phonon replica emission line (~5.587 eV @ 10 K) and zero
phonon emission line (~ 5.420 eV @ 10 K), (b) the energy difference between these
two emission lines, and (c) Huang-Rhys factor S.
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Fig. 5.3 Temperature dependence of the energy peak position of the zero phonon
emission line (~ 5.420 eV @ 10 K) observed in a 20-layer h-BN fitted with Varshni’s
formula.
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Fig. 5.4 Variations with temperature of (a) the energy peak position of the zero
phonon emission line (~ 5.420 eV @ 10 K) observed in a 20-layer h-BN, (b) inplane lattice constant obtained experimentally [data reproduced from Ref. 30 with
permission from Appl. Phys. A75, 431 (2002). Copyright 2001, Springer-Verlag],
and (c) calculated thermal expansion coefficient of h-BN [data reproduced from Ref. 30
with permission from Appl. Phys. A75, 431 (2002). Copyright 2001, Springer-Verlag].
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Temperature dependence of the energy
bandgap
of multi-layer hexagonal
Appendix
A
boron nitride
X. Z. Du, J. Li, J. Y. Lin, and H. X. Jianga)
Department of Electrical and Computer Engineering, Texas Tech University, Lubbock, Texas 79409, USA

(Received 3 July 2017; accepted 14 September 2017; published online 28 September 2017)
The temperature dependence of the energy bandgap of hexagonal boron nitride (h-BN) has been
probed via photoluminescence emission characteristics of a donor-to-acceptor pair transition in a 20layer h-BN epilayer. The results indicate that the universal behavior of bandgap decreasing with temperature is absent in multi-layer h-BN. Below 100 K, the bandgap energy variation with temperature,
Eg vs. T, is dominated by the electron-phonon coupling and conforms to the common behavior of
redshift with an increase in temperature. At T > 100 K, the bandgap shows an unusual blueshift with
temperature, which can be attributed to the unique behavior of the in-plane thermal expansion coefﬁcient of h-BN that becomes negative above around 60 K. Although both graphite and h-BN have negative thermal expansion coefﬁcients in a broad temperature range, graphite has a zero energy
bandgap, which makes h-BN a unique semiconductor to exhibit this unusual temperature dependence
of the energy bandgap. Published by AIP Publishing. https://doi.org/10.1063/1.4994070

Hexagonal boron nitride (h-BN), the only III-nitride wide
bandgap semiconductor family member with a layered lattice
structure, has been under intensive investigation in recent
years. It is a promising material for deep ultraviolet optoelectronic devices1–13 due to its wide energy bandgap (6.5 eV),
high optical emission efﬁciency, high chemical and temperature stability, and large in-plane thermal conductivity. Another
startling recent development is the neutron detectors with high
efﬁciency based on B-10 enriched h-BN epilayers,14–16 which
have demonstrated the highest thermal neutron detection efﬁciency to date among solid-state detectors at about 53%.15,16
However, a number of basic properties of h-BN are still
unknown. For instance, the temperature variation of the energy
bandgap, Eg vs. T, in h-BN has not been well studied, despite
the fact that this relation is fundamentally important in terms
of both fundamental understanding as well as practical applications of h-BN. A previous theoretical work has indicated that
the variation of Eg with temperature in h-BN is weak attributing to the small indirect contribution of the lattice constant to
the ionicity through crystal-ﬁeld screening effects,17 inferring
that it is challenging to measure such a dependence in h-BN.
In the case of h-BN nanotubes, the temperature dependence
of the excitonic emission peak exhibits a usual downshift in
energy with temperature in the entire temperature range of
10–800 K.18 Nevertheless, it has not been possible to probe the
general behavior of Eg vs. T in h-BN bulk crystals or epilayers.
This is primarily due to the fact that the excitonic emission
lines in h-BN bulk crystals generally exhibit complex features,
whose linewidths are broadened and emission intensities drop
rapidly at higher temperatures.6–8 On the other hand, h-BN epilayers with best optical qualities produced to date exhibit pure
free exciton emission only at low temperatures.9
A set of h-BN epilayers with varying layer numbers
has been synthesized by metal-organic chemical vapor
deposition (MOCVD) on sapphire substrates.19 As shown in
Fig. 1(a), these samples exhibit predominantly two near

band-edge emission lines (e.g., near 5.420 eV and 5.587 eV
at 10 K for the 20-layer sample) at 10 K. Due to the fact that
these two emission lines share similar spectroscopic features
and that the observed energy separation is independent of the
number of layers as well as coincides with the in-plane phonon vibration mode, E2g, having an energy of 1370 cm1
(171 meV), we attributed these emission lines to a donoracceptor-pair (DAP) transition and its one E2g phonon replica, respectively.19 In this work, we have shown that the
energy positions of these two near band-edge emission lines
in multi-layer h-BN exhibit a systematic dependence on temperature, which enabled us with an unprecedented opportunity to study the Eg vs T relation in h-BN. A frequency
quadrupled Ti:sapphire laser with wavelength of 195 nm and
optical power of 1 mW was used as the excitation source.11
The PL signal was dispersed by a 1.3 m monochromator and
then collected by a microchannel plate photo-multiplier tube.
A detailed study was carried out for the 20-layer h-BN.
The near band-edge PL spectra of this sample were measured
at a temperature range from 10 to 350 K, as shown in Fig.
1(b). The emission peaks (Ep) of the DAP transition and its
one E2g phonon replica (at 5.420 eV and 5.587 eV at 10 K,
respectively) are clearly resolved. However, both emission
peaks exhibit a similar but very unusual temperature dependence, i.e., Ep exhibits a downshift with increasing temperature up to 100 K and then upshift with increasing temperature
above 100 K. This temperature dependence is distinctively
different from the universal behavior of most other semiconductors including GaN and AlN20 as well as from h-BN
nanotubes.18 The spectral peak positions (Ep) of the near
band-edge transitions in most semiconductors generally
exhibit redshifts with increasing temperature, and the temperature variation of Ep follows approximately the Varshni
empirical equation describing the temperature dependent
bandgap in semiconductors
Eg ðT Þ ¼ Eg ð0Þ  aT 2 =ðb þ T Þ;

a)
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FIG. 1. (a) 10 K near band-edge PL
spectra of h-BN epilayers with varying
number of layers. The energy peak
positions of the dominant emission
lines are near 5.420 eV and 5.587 eV at
10 K for a 20-layer sample. (b) Near
band-edge PL spectra of a 20-layer
h-BN measured at different temperatures from 10 to 350 K.

vibration mode (1370 cm1).22,23 The results further support
our previous identiﬁcation that these two emission lines have
the same physical origin and one is a phonon replica of
the other. In the case here, it is obvious that the 5.420 eV
(@ 10 K) line is the zero phonon line (ZPL or n ¼ 0 line),
whereas the 5.587 eV (@ 10 K) line is its one phonon replica
(n ¼ 1 line). Another interesting feature shown in Fig. 1(b) is
that the ratio of the emission intensity of the n ¼ 1 line to
that of the ZPL increases with increasing temperature. The
relative emission intensity of the n ¼ 1 line (Ep  5.587 eV @
10 K) to n ¼ 0 line (Ep  5.420 eV @ 10 K) depends on the
carrier-phonon coupling strength or the Huang–Rhys factor
S.24,25 The relationship between the emission intensities of
the nth phonon replica line (In) and n ¼ 0 line (I0) follows,
n
In ¼ I0  Sn! :24,25 For n ¼ 1 phonon replica line

where Eg ð0Þ is the energy bandgap at 0 K, and a and b are
the Varshni coefﬁcients.21
Figure 2(a) plots the temperature dependence of the two
dominant emission line peak positions in the 20-layer h-BN
sample. The linewidth broadening with increasing temperature along with reduced PL emission intensity prevented data
collection at temperatures above 350 K. The energy difference between these two emission peaks (DEp) as a function
of temperature is plotted in Fig. 2(b), which clearly reveals
that DEp is independent of temperature and has an average
value of 170.4 6 0.3 meV, despite the fact that both emission
peaks exhibit an unusual temperature dependence. This value
of DEp energy is very close to the in-plane phonon of E2g

S ¼ I1 =I0 :

FIG. 2. Variations with temperature observed in a 20-layer h-BN for (a) the
energy peak positions of the one-phonon replica emission line (5.587 eV
@ 10 K) and zero phonon emission line (5.420 eV @ 10 K), (b) the energy
difference between these two emission lines, and (c) Huang-Rhys factor S.

82

(2)

As clearly seen from Fig. 2(c) that the carrier-phonon coupling strength or the Huang–Rhys factor S is enhanced at
higher temperatures. Such a behavior has been observed in
nanoﬁber ﬁlms.26 It should be noted that the S factor is
enhanced in thin h-BN epilayers and decreases almost linearly with an increase of the layer number,19 making the onephonon replica line (Ep  5.587 eV @ 10 K) undetectable in
bulk h-BN as S approaches to zero.
For a clear presentation, Fig. 3 replots the evolution of
Ep with temperature for the ZPL (the emission line with a
peak position at 5.420 eV at 10 K). Two distinctive temperature regions are more clearly revealed; i.e., Ep shows a typical red-shift with increasing temperature at T < 100 K and an
unusual blue-shift with temperature at T > 100 K. As a DAP
transition, neglecting the Coulomb’s interaction between
donors and acceptors, its emission energy peak position can
be described as Ep ¼ h ¼ Eg  ED  EA, where ED and EA
are the energy levels of the involved donor and acceptor,
respectively. Using the Varshni’s equation of Eq. (1) for Eg
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dimensionality is the enhanced carrier-phonon interaction in
2D over that in 3D semiconductors, given the fact that h-BN
used in this study only has 20 layers and that h-BN is a layered material naturally possessing 2D nature.
However, as shown in Fig. 3, Ep surprisingly increases
with increasing temperature at T > 100 K, a behavior which is
distinctively different from most semiconductors. Apparently
this unique feature does not arise from the enhanced electronphonon interaction at higher temperature, which tends to
reduce Eg. Thus, it is most likely the lattice constant change
with temperature that accounts for this distinctive behavior. As
a semiconductor with layered structure, the interaction between
layers of h-BN is through van der Waals force, which is very
weak in comparison with in-plane interaction. As such, Eg of
h-BN is predominantly determined by the energy difference
between electrons localized on B and N atoms.29 Therefore,
the temperature dependent Eg of h-BN at T > 100 K can be
attributed primarily to the in-plane lattice constant change
with temperature. The in-plane lattice constants (a) of h-BN at
different temperatures have been previously measured by
Paszkowicz et al.,30 and the results are reproduced in Fig. 4(b).
The results shown in Fig. 4(b) reveal that the in-plane lattice
constant expands slightly at low temperatures and then shrinks
continuously with increasing temperature at T ⲏ 70 K.30 The
calculated values of the in-plane thermal expansion coefﬁcients of h-BN, aa, are also re-plotted in Fig. 4(c),30 which
show that they are positive at low temperatures and become
negative at temperatures above 60 K. The results presented
in Figs. 4(b) and 4(c) indicate that the in-plane lattice constant
of h-BN decreases with increasing temperature from 70
to 300 K. In this temperature region, Eg of h-BN epilayers

FIG. 3. Temperature dependence of the energy peak position of the zero
phonon emission line (5.420 eV @ 10 K) observed in a 20-layer h-BN ﬁtted with Varshni’s formula.

and neglecting the temperature dependence of EA and ED,
the peak position Ep of the ZPL can be written as
Ep ðT Þ ¼ Eg ð0Þ  ED  EA  aT 2 =ðb þ T Þ:

(3)

Therefore, the temperature evolution of Ep is expected to
mimic that of Eg. In general, two dominant mechanisms
are responsible for the energy bandgap variation (typically
bandgap shrinkage) of semiconductors: (1) lattice constant
dilation and (2) electron-phonon interaction. In Fig. 3, the
solid curves are the least squares ﬁtting of data with Eq. (3),
however, in two different temperature regions. In the region
of T < 100 K, Eg vs T (or Ep vs T) follows the anticipated
trend, i.e., the bandgap decreases with increasing temperature
and the temperature coefﬁcient a is positive. As indicated in
Fig. 2(c), the electron-phonon coupling strength S increases
continuously with increasing temperature. Therefore, the temperature dependent electron-phonon interaction explains satisfactorily the variation of Eg with temperature at T < 100 K.
The ﬁtted value of a is 7.0  104 eV/K. The ﬁtted value of
a/b is 1.97 leV/K2, which is larger compared with 1.28,20
1.06,20 and 0.912 leV/K2 (Ref. 27) for AlN, GaN, and
InN, respectively. The comparison results are summarized in
Table I. The value of b is associated with the Debye temperature of the crystal. Its ﬁtted value is 356 K, agrees reasonably well with a literature value of 400 K.28 The results are an
indication of a stronger electron-phonon interaction in h-BN
in comparison with other III-nitride semiconductors. This is
expected since one of the well-known effects of reduced
TABLE I. Comparison of bandgap parameters of a/b of h-BN epilayers of
this work with other wurtzite III-nitride semiconductors.

h-BN(0–100 K)
w-AlN
w-GaN
w-InN

a/b (leV/K2)

References

1.97
1.28
1.06
0.912

This work
20
20
27
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FIG. 4. Variations with temperature of (a) the energy peak position of the
zero phonon emission line (5.420 eV @ 10 K) observed in a 20-layer
h-BN, (b) in-plane lattice constant obtained experimentally [data reproduced
with permission from Paszkowicz et al., Appl. Phys. A 75, 431 (2002).
Copyright 2001 Springer-Verlag30], and (c) calculated thermal expansion
coefﬁcient of h-BN [data reproduced with permission from Paszkowicz
et al., Appl. Phys. A 75, 431 (2002). Copyright 2001 Springer-Verlag30].
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Ed Whitacre and Linda Whitacre endowed chairs.

is determined by two competing mechanisms: (1) reduced
in-plane lattice constant which tends to increase Eg, and (2)
enhanced electron-phonon interaction which is inclined to
decrease Eg. From 70 to 100 K, Eg still exhibits a redshift
with increasing temperature, indicating that the latter mechanism is still prevailing. However, Eg shows a blueshift with
increasing temperature above 100 K, revealing that the temperature dependence of Eg above 100 K is dominated by the effect
of reduction in the in-plane lattice constant at higher temperatures. The slope of Ep versus T is about 0.43 meV/K from 100
to 300 K as ﬁtted in Fig. 3, which means that the temperature
coefﬁcient of Eg, or the Varshni coefﬁcient a ¼ 0.43 meV/K.
It is interesting to note that in the case of h-BN nanotubes, the excitonic emission peak exhibits a universal downshift in energy with increasing temperature in the entire
temperature range of 10–800 K, in contrast with the results
obtained for thin h-BN epilayers here. This situation seems
analogous to the temperature dependence of the effective
energy bandgap of suspended carbon nanotubes,31,32 which
shifts down in energy with increasing temperature despite the
fact that the thermal expansion of graphite has a negative
coefﬁcient in the same temperature range. It was shown that
the temperature dependence of the optical transition energies
of carbon nanotubes is dominated by the effect of electronphonon coupling.31,32 Based on these observations, we speculate that the temperature dependence of the bandgap of h-BN
nanotube follows a similar trend as that of carbon nanotubes
and is dominated by the electron-phonon coupling in the
entire temperature range. It is tantalizing to say that the temperature dependence of the bandgap of multi-layer h-BN
should be similar to that of graphite since both materials have
negative thermal expansion coefﬁcients in a broad temperature range, except that graphite has a zero energy bandgap. In
this sense, multi-layer h-BN represents a unique semiconductor to exhibit this unusual temperature dependence of the
energy bandgap.
In summary, we report on the studies of the bandgap
variation with temperature in multi-layer h-BN by following
the temperature dependence of the energy peak position of a
donor-acceptor pair emission line. At temperatures below
100 K, the bandgap energy exhibits a usual downshift with
increasing temperature and the temperature dependence is
dominated by electron-phonon coupling. At temperatures
above 100 K, the bandgap energy exhibits an unusual upshift
with increasing temperature. This unique feature can be
accounted for by the unusual in-plane thermal expansion
coefﬁcient of h-BN, which is negative above 70 K.
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Appendix

Layer number dependent optical properties of multilayer hexagonal
BN epilayers
X. Z. Du, M. R. Uddin, J. Li, J. Y. Lin, and H. X. Jianga)
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(Received 17 January 2017; accepted 12 February 2017; published online 28 February 2017)
Deep ultraviolet photoluminescence emission spectroscopy has been employed to probe the layer
number dependent near band-edge transitions above 5 eV in multilayer hexagonal boron nitride
(h-BN) epilayers grown by metal-organic chemical vapor deposition. Two emission lines near 5.30
and 5.47 eV were resolved at 10 K. These two emission lines share similar spectroscopic features,
and their energy peak separation is nearly independent of the number of layers. The observed
energy separation of 172 meV coincides well with the in-plane phonon vibration mode, E2g, having an energy of 1370 cm1 (172 meV). The results suggested that the emission line at 5.30 eV
and 5.47 eV are a donor-acceptor-pair transition and its one E2g phonon replica, respectively.
When the number of layers decreases from 100 to 8, the emission peak positions (Ep) of both emission lines blueshifted monotonically, indicating the dimensionality effects on the optical properties
of h-BN. The layer number dependence of Ep can be described by an empirical formula, which
accounts for the variations of the energy bandgap and activation energies of impurities with the
number of layers. The results revealed that the impurity activation energies and the carrier-phonon
coupling strength increase as the dimensionality of h-BN scales from thick layer to monolayer,
suggesting that it is more difﬁcult to achieve conductivity control through doping in monolayer or
few-layer h-BN than in thick h-BN. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4977425]

Hexagonal boron nitride (h-BN) has been recently under
intensive study due to its unique physical properties including a wide energy bandgap (6.5 eV), layered structure, high
optical emission efﬁciency, high chemical and temperature
stability, large in-plane thermal conductivity, as well as large
thermal neutron capture cross-section of the isotope boron10.1–14 It is a promising material for deep ultraviolet (DUV)
optoelectronics devices1–12 and neutron detectors.13–15 A
comprehensive study of the properties of the optical transitions in h-BN epilayers grown under controlled conditions
provides not only a better understanding of its optical properties, but also an input for approaches towards the improvement of material quality, elimination of undesired defects or
impurities, and conductivity control.
There have been several studies on the optical transitions in h-BN. A series of free exciton (or quasi Frenkel exciton) transitions in h-BN above 5.77 eV has been observed in
high crystalline quality bulk crystals of small size,16–18 from
which a large exciton binding energy (EB  0.7 eV) has been
deduced in agreement with calculation results.1–3,6 More
recently, we have also employed photoluminescence (PL)
spectroscopy to probe the nature of a widely observed impurity related transition near 4.1 eV as well as the quasi-donoracceptor pair (q-DAP) transition near 5.3 eV in h-BN epilayers synthesized under varying ammonia ﬂow rates.19,20
The results inferred that the 4.1 eV and 5.3 eV q-DAP emission lines are due to the transitions between the nitrogen
vacancy shallow donors and deep acceptors with energy
levels of about 2.3 and 1.1 eV, respectively.19,20 However,
a)

hx.jiang@ttu.edu

0003-6951/2017/110(9)/092102/4/$30.00

the layer number dependent optical transitions in few-layer
h-BN have not been previously studied.
In this work, a set of h-BN epilayers with the layer number varying from 8 to 100 were grown by metalorganic
chemical vapor deposition (MOCVD) on sapphire substrates.
The precursors for boron and nitrogen were triethylboron
(TEB) and ammonia (NH3), respectively. To calibrate the
number of layers of h-BN which is deﬁned as the layer thickness divided by the interlayer distance between h-BN sheets
of 3.33 Å, a thick h-BN epilayer of 0.5 lm was grown, and
the thickness was directly determined via optical micrograph, from which the growth rate was derived. Based on the
pre-determined growth rate, a set of samples with identical
growth conditions but varying growth times were grown.
AFM image scans over a 2 lm  2 lm area revealed that the
surface roughness of these h-BN epilayers varied from
0.1 nm to 0.5 nm as the layer number increases from 10
to 100. The PL measurement system utilized in this study
includes a frequency-quadruped Ti-sapphire laser providing
a lasing wavelength of 197 nm, 76 MHz repetition rate,
100 fs pulse width, and an average optical power of 1 mW,
a monochromator (1.3 m), a microchannel plate photomultiplier tube, and a closed-cycle He refrigerator with the temperature range between 10–800 K.
Figure 1 shows a low temperature (T ¼ 10 K) PL spectra
of the set of h-BN epilayers with varying number of layers
grown under identical growth conditions. The samples were
placed side-by-side during the PL measurements. As shown
in Fig. 1, two dominant emission lines are clearly resolved
around 5.30 eV and 5.47 eV in the PL spectrum of the thick
h-BN sample (the 100 layer sample). A signiﬁcant feature

110, 092102-1
85

Published by AIP Publishing.

Texas Tech University, Xiaozhang DU, August 2018
092102-2

Du et al.

Appl. Phys. Lett. 110, 092102 (2017)

FIG. 2. (a) The layer number dependence of the energy peak positions of
the dominant emission lines near 5.30 and 5.47 eV. The symbols are data
points, and solid curves are the least squares ﬁt with Eq. (1). The ﬁtted
values for the emission line around 5.30 eV are Ep(1) ¼ 5.506 6 0.010 eV,
Ep(1) ¼ 5.292 6 0.005 eV, and B ¼ 29.6 6 5.3 L. The ﬁtted values for the
emission line around 5.47 eV are Ep(1) ¼ 5.668 6 0.018 eV, Ep(1) ¼ 5.466
6 0.013 eV, and B ¼ 30.9 6 7.1 L. (b) The energy peak separation between
the two dominant emission lines (DEp) as functions of the layer number
measured at 10 K. The inset is a Raman spectrum of the reference 0.5 lm
thick h-BN epilayer grown under identical conditions as those of the multilayer h-BN with varying layer numbers.

FIG. 1. 10 K PL spectra of h-BN epilayers with varying number of layers.
The energy peak positions of the dominant emission lines are near 5.30
and 5.47 eV in thick h-BN (epilayer with 100-layers).

shown in Fig. 1 is that both the emission lines exhibit a
blue-shift towards higher energies when the number of layers
is decreased from 100 to 8. The emission peaks (Ep) have
been resolved using a multiple Gaussian ﬁtting function. The
evolutions of both emission peaks with the layer number are
depicted in Fig. 2. As seen in Fig. 2(a), with an increase in
the number of layers, both emission peak positions exhibit
similar characteristics with an initial rapid decrease in energy
followed by a slow decrease, and then eventually settled to
constant values. The relationship between Ep and the layer
number, Ep (N), can be well described by the following
equation:


Ep ðNÞ ¼ Ep ð1Þ þ Ep ð1Þ  Ep ð1Þ expððN  1Þ=BÞ; (1)

As shown in Fig. 2, the equations for the peak position
variations with N for the emission lines at 5.30 and
5.47 eV follow:
Ep; 5:30 eV ðNÞ ¼ 5:292 eV þ ð0:214 eVÞ
 expððN  1Þ=ð29:665:3ÞÞ;
Ep; 5:47 eV ðNÞ ¼ 5:466 eV þ ð0:204 eVÞ
 expððN  1Þ=ð30:967:1ÞÞ:

where Ep(1), Ep(N), and Ep(1) denote, respectively, the emission peak positions of 1-layer, N-layer, and bulk h-BN, B is a
ﬁtting parameter which describes an exponential dependence
of Ep(N), and the quantity ½Ep ð1Þ  Ep ð1Þ describes the total
amount of energy peak shift as the dimensionality of h-BN
scales from bulk to monolayer. Equation (1) reveals that the
variation of the energy peak position with the h-BN layer
number is a continuous and smooth function. From Eq. (1), the
relationship between the observed energy peak position,
Ep(N), and layer number, N, can be obtained as
dEp ð N Þ
1
1
¼  Ep ð N Þ þ Ep ð1Þ:
dN
B
B

(2)

Equation (2) indicates that the change in the energy peak
position, Ep(N), depends on the h-BN layer number (N),
which is expected. For instance, the change in Ep should be
much larger when N is changing from 1 to 2 compared to
that when N is changing from 100 to 101.

(3)

86

(4)

The ﬁttings provide the emission peak positions in bulk
h-BN, Ep (1), of 5.292 and 5.466 eV, at 10 K. Since both
emission lines have a relatively broad linewidth (>100 meV)
and the peak positions are well below those of the free exciton transition series in bulk h-BN near 5.77 eV,16–18 these
two emission lines are most likely related to the q-DAP and
other impurity-related transitions. However, it is interesting
to note that the variations of Ep (N) with N for these two
emission lines share nearly an identical spectroscopic feature. As shown in Fig. 2(b), the energy peak position difference between these two emission lines, DEP ¼ EP; 5:47 eV ðNÞ
 EP; 5:30 eV ðNÞ  172 6 3 meV, is independent of N. In
h-BN, it is well established that the in-plane phonon with E2g
vibration mode has an energy of 172 meV (1370 cm1).21,22
The inset of Fig. 2(b) shows a Raman spectrum of the
reference h-BN epilayer grown under identical conditions
with a thickness of 0.5 lm. The observed Raman peak at
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Dr ¼ 1370 cm1 coincides well with the measured energy
peak position difference between the two emission lines of
172 meV. Since this Raman peak is an in-plane mode, its
energy depends very weakly on the layer number. It varies
only 0.4 meV from bulk to monolayer h-BN.23 Based on
these observations, we believe that one of these emission
lines is most likely a phonon replica of the other. The emission line at 5.3 eV has been identiﬁed to be a q-DAP transition in both bulk h-BN4 and thick h-BN epilayers.20
Therefore we assign the emission lines at 5.30 and 5.47 eV
to the q-DAP transition and its one E2g phonon replica,
respectively.
It is interesting to note that a recent study has suggested
that a transition between hexagonal BN to rhombohedral BN
nitride could occur for ﬁlms deposited on sapphire using
CVD at a layer thickness of about 4 nm.24 However, a separate study conducted on the growth of layered BN grown on
sapphire by MOCVD has conﬁrmed conclusively by crosssection STEM image of the stacking sequence of basal
planes that the phase of thick BN ﬁlms (30 nm) is hexagonal rather than rhombohedral.25 The observed smooth variation with the layer number of the PL emission peak positions
shown in Fig. 2 suggests that an abrupt change in the
bandgap of h-BN with varying layer numbers is absent, supporting the fact that MOCVD grown ﬁlms retain the hexagonal phase as the layer number is increased.25 It is possible
that the observed rhombohedral phase BN is due to the use
of different initial nucleation conditions.24
As shown in Eq. (3), the emission peak at 5.30 eV is
blue shifted by 0.21 eV from bulk to monolayer h-BN.
However, the calculated energy bandgap, Eg, is expected to
increase by 1.2 eV from bulk to monolayer h-BN,3 which
is much larger than the observed increase in the energy peak
positions of the emission lines. By neglecting the Coulomb
interaction between donors and acceptors, the energy peak
position of the q-DAP transition can be described as
h DAP ¼ Eg  ED  EA, where ED and EA are the activation
energies of the involved donor and acceptor, respectively.
Our experimental results suggest that the values of ED and
EA in h-BN also vary with its layer number. The Bohr radius
aB of shallow donors in a semiconductor can be expressed as

aB ¼

h2
p 2 me E D

monolayer, several effects are expected: (1) the in-plane
wavefunction overlap between carriers will be enhanced, and
(2) the screening will be reduced and will become more anisotropic, especially in the direction of c-axis, as the relative permittivity, e, approaches to 1 for monolayer h-BN. The
enhanced in-plane overlap between carriers together with
decreased screening will result in an increase of the donor
activation energy, ED. In principle, ED will increase by a factor of 4 as the dimensionality of semiconductors scales from
bulk to 2D,27 which means that the estimated activation
energy of the shallow donor in monolayer h-BN is 4 times the
value in thick h-BN, ED2D ¼ 4  ED3D (99 meV)  0.4 eV.
On the other hand, a previous theoretical study has indicated that the energy bandgap Eg will increase by 1.2 eV as
the dimensionality of h-BN scales from bulk to monolayer,3
i.e., Eg  6.5 þ 1.2 ¼ 7.7 eV in monolayer h-BN. However,
according to Eq. (3), the energy peak position of the q-DAP
is 5.506 eV (¼5.292 þ 0.214 eV) in monolayer h-BN. From
these data, the activation energy of the deep acceptor
involved in the q-DAP transition in monolayer h-BN can
thus be deduced via EA ¼ Eg (7.7 eV)  ED (0.4 eV)  h DAP
(5.506 eV) ¼ 1.8 eV. With the determination of the energy
bandgap and the activation energies of the involved shallow
donor and deep acceptor, the energy level diagram of the qDAP transition in monolayer h-BN can be constructed, as
shown in Fig. 3(b). It is interesting to note that for the deep
level acceptor involved in the q-DAP transition, its activation energy increases by 1.6 times from 1.1 to 1.8 eV as the
dimensionality of h-BN reduces from thick layer to monolayer. The increase is relatively small in comparison with a
factor of 4 increase for the involved shallow donor.
Another signiﬁcant feature exhibited in Fig. 1 is that the
intensity ratio of the 5.47 eV emission line to that of the
5.30 eV emission line decreases monotonically with an
increase in the layer number. The relative emission intensity
between the main zero-phonon peak n ¼ 0 (Ep  5.30 eV)
and the phonon replica peak n ¼ 1 (Ep  5.47 eV) depends on
the carrier-phonon coupling strength, which is expressed by
Huang–Rhys factor S.28 At low temperatures, the emission
intensity of the nth phonon replica In and the main zeron
phonon emission line I0 follows the relation of In ¼ I0  Sn! .28
For the n ¼ 1 phonon replica emission line

1=2
;

(5)

where h is the Plank constant, and me is the effective mass of
electron in h-BN. The value of ED for nitrogen vacancy (VN)
shallow donors involved in the q-DAP transition at 5.3 eV
in thick h-BN epilayers has been experimentally determined
to be 99 meV.19,20 Using a value of 0.5m0 (where m0 denotes
the mass of free electron) for the effective mass of electron
in h-BN based on experimental16 and calculation results,26
we deduce aB  25 Å in thick h-BN. In h-BN, the interlayer
distance between h-BN sheets is 3.33 Å. Thus the wavefunction around the shallow donor covers about 15 layers of
h-BN if the total layer number is more than 15. However, for
monolayer or few-layer h-BN, the electron wavefunction
will be deformed particularly in the direction perpendicular
to the plane of h-BN sheet. As a result, when the number of
layers of h-BN is decreased from thick to few layers or

S ¼ I1 =I0 :

(6)

FIG. 3. Energy diagram of the DAP transition near 5.3 eV in (a) bulk h-BN
and (b) monolayer h-BN.
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FIG. 4. The layer number dependence of the Huang–Rhys factor, S, in multilayer h-BN epilayers, measured at 10 K.

In Fig. 4, we plot the dependence of the Huang–Rhys factor
S on the layer number. With an increase in the number of
layers, the electron-phonon coupling strength is weakened.
In other words, the carrier-phonon interaction in 2D is
enhanced over that in 3D semiconductors, one of the wellknown effects of reduced dimensionality in different material systems.
In summary, optical transitions related to a DAP recombination in multilayer h-BN have been studied via PL emission
spectroscopy. Two emission lines near 5.30 and 5.47 eV were
resolved at low temperatures in h-BN of 100 layers. Based on
their spectroscopic characteristics as well as the fact that
the energy difference between these two peaks (172 meV) is
almost independent of the number of layers, we attributed
the emission line near 5.30 eV and 5.47 eV to a DAP transition
and its one E2g phonon replica, respectively. As the dimensionality of h-BN scales from thick layer to monolayer, the
emission peak positions blue shifted by 0.21 eV due to the
increase of the energy bandgap, activation energies of shallow
donors and deep acceptors. Moreover, the carrier-phonon
interaction was signiﬁcantly enhanced in monolayer and fewlayers h-BN over that in thick h-BN. Our results suggest that
compared to thick h-BN, it will be more difﬁcult to achieve
conductivity control through doping in monolayer or few
layers h-BN due to the increases in the activation energies of
impurities.
The effort on h-BN growth of h-BN is supported by
ARO and monitored by Dr. Michael Gerhold (W911NF-161-0268) and the effort on the basic structural property
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The origin of deep-level impurity transitions in hexagonal boron nitride
X. Z. Du, J. Li, J. Y. Lin, and H. X. Jianga)
Department of Electrical and Computer Engineering, Texas Tech University, Lubbock, Texas 79409, USA

(Received 1 December 2014; accepted 2 January 2015; published online 13 January 2015)
Deep ultraviolet photoluminescence (PL) emission spectroscopy has been employed to investigate
the origin of the widely observed deep level impurity related donor-acceptor pair (DAP) transition
with an emission peak near 4.1 eV in hexagonal boron nitride (h-BN). A set of h-BN epilayers were
grown by metal-organic chemical vapor deposition (MOCVD) under different ammonia (NH3)
ﬂow rates to explore the role of nitrogen vacancies (VN) in the deep-level transitions. The emission
intensity of the DAP transition near 4.1 eV was found to decrease exponentially with an increase of
the NH3 ﬂow rate employed during the MOCVD growth, implying that impurities involved are VN.
The temperature-dependent PL spectra were measured from 10 K up to 800 K, which provided activation energies of 0.1 eV for the shallow impurity. Based on the measured energy level of the
shallow impurity (0.1 eV) and previously estimated bandgap value of about 6.5 eV for h-BN, we
deduce a value of 2.3 eV for the deep impurity involved in this DAP transition. The measured
energy levels together with calculation results and formation energies of the impurities and defects
in h-BN suggest that VN and carbon impurities occupying the nitrogen sites, respectively, are
the most probable shallow donor and deep acceptor impurities involved in this DAP transition.
C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4905908]
V
Hexagonal boron nitride (h-BN) has been under intensive investigation in recent years due to its unique physical
properties including wide bandgap energy (6.5 eV), high
emission efﬁciency, large thermal conductivity, high chemical and temperature stability, as well as large neutron capture
cross-section of the isotope boron-10.1–15 It is a very promising material for deep ultraviolet photonic devices1–12 and
neutron detector applications.13–15 However, the development of epitaxial growth of wafer-scale semiconducting hBN, which is a prerequisite for practical device fabrication,
is still in the early stage and will beneﬁt from a better understanding of its fundamental properties. The physical origins
of various commonly observed deep level impurity related
emission lines in h-BN are not yet fully understood due to
the lack of tunability in growth parameters in synthesizing
bulk and powder-like h-BN in the past. A comprehensive
study on the properties of the impurity transitions in h-BN
grown under controlled conditions is necessary to provide
not only a better understanding of its optical properties but
also input for approaches towards the improvement of material quality and elimination of undesired impurities or defects
as well as the design of particular device structures.
There have been several studies focusing on the optical
transitions in h-BN. A series of sharp emission peaks above
5.77 eV corresponding to the free exciton transitions in h-BN
have been observed in high crystalline quality bulk crystals
of very small size, from which a large exciton binding
energy (EB  740 meV) has been deduced.1,2,16–18 In other
h-BN materials (powder-like h-BN, pyrolytic h-BN, h-BN
thin ﬁlms, and deformed h-BN bulk crystals), the dominant
emission bands are near 5.5 and 5.3 eV, which were ascribed
to bound exciton (or trapped excitons) and quasi-donoracceptor pair (q-DAP) transitions,4,9,16,17 respectively.
a)

hx.jiang@ttu.edu

Another widely observed emission line is near 4.1 eV (Refs.
4 and 19–21), and there are solid evidences supporting that
this is a DAP type of transition.4,19,20 However, the nature of
the impurities or defects involved in the DAP transition as
well as their energy levels have not been experimentally
determined.
In this work, a set of h-BN epilayers were grown by
metal organic chemical vapor deposition (MOCVD) under
different ammonia (NH3) ﬂow rates to allow the investigation of the role of nitrogen vacancies (VN) in the deep impurity level related DAP transition in h-BN. Based on our
experimental results and theoretical insights on the formation
energies and the calculated energy levels of the VN related
impurities including VN and carbon impurities occupying the
nitrogen sites (CN) in h-BN, we attribute VN as the shallow
donor and CN as the possible deep acceptor.
The h-BN epilayers employed in this study were synthesized on c-plane sapphire substrates using MOCVD.
Triethylboron (TEB) and NH3 were serving as B and N
sources, respectively.8–12 The excitation source in the photoluminescence (PL) measurement system is a frequencyquadruped Ti-sapphire laser (197 nm lasing wavelength,
76 MHz repetition rate, 100 fs pulse width, and average optical power of 1 mW). A monochromator (1.3 m) collects
and disperses the PL signal, which was then detected by a
microchannel plate photomultiplier tube.9,12
Figure 1 shows the room temperature PL spectra of hBN epilayer samples grown under varying NH3 ﬂow rates
from 0.2 to 1.5 standard liters per minute (SLM) during the
MOCVD growth. All other growth conditions of these samples were identical. The PL spectra of the samples were
measured side-by-side. Three emission peaks around 4.1 eV
region are clearly resolved at 4.12, 3.92, and 3.72 eV from
the PL spectrum of the h-BN sample grown under an NH3
ﬂow rate of 0.2 SLM. These three peaks are equally spaced

C 2015 AIP Publishing LLC
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Other emission lines shown near 5.3–5.5 eV have been attributed to q-DAP and bound (or trapped) exciton transitions in
h-BN.4,9,16,17 The emission intensity of these transitions
depends weakly on the NH3 ﬂow rate.
The optical processes of the DAP emission line near
4.1 eV can be described by the following equation:
A0 þ D0 ! A þ Dþ þ hDAP ð4:1 eVÞ:

(1)

Its emission intensity is proportional to the product of the
concentrations of the donors [D0] and acceptors [A0]
according
Iemi ðDAPÞ / ½D0 ½A0 :

(2)

If the chemical species of D0 is nitrogen vacancies, then we
have [D0] ¼ [VN] and the donor concentration ([D0] or [VN])
as well as the DAP emission intensity is expected to decrease
with an increase of the NH3 ﬂow rate. On the other hand, to
the ﬁrst order, the rate of decrease in [VN] with increasing
the NH3 ﬂow rate is also proportional to the total number of
available VN, or equivalently
d½VN  / ½VN dðRNH3 Þ;
FIG. 1. Room temperature PL spectra of h-BN epilayers grown under different NH3 ﬂow rates.

with an energy separation of 200 meV. We attribute the three
peaks to the same impurity related zero-phonon emission
line at 4.12 eV and its phonon replicas. The phonons
involved in these transitions are ascribed to the longitudinal
optical (LO) phonon mode based on the observed energy
separation of 200 meV, which is close to the known value
of LO phonons (200 meV) in h-BN.22 A similar feature has
been observed in h-BN polycrystalline samples, in which
four emission peaks were detected near 4.1 eV with an identical energy separation of 186 meV,20 attributed to the impurity related main peak at 4.10 eV and its phonon
replicas, where the energy of the involved phonons was
186 meV, which lies between the E2g (169 meV) and LO
phonon (200 meV) modes at the C point in h-BN.22 The phonon involved in the optical emission lines was suggested to
be a local phonon mode around the involved impurities.20 It
is interesting to note that the phonons involved in the impurity transition observed in h-BN epilayers here are LO phonons, while those in h-BN polycrystalline samples were
local phonon mode around the impurities. This may be due
to the fact that our h-BN epilayers are single crystals as conﬁrmed by the x-ray diffraction measurements.8,11
The most striking feature exhibited in Figure 1 is that
the intensity of the 4.1 eV emission line decreases rapidly
with an increase of the NH3 ﬂow rate. The integrated emission intensity decreased by a factor of 50 as the NH3 ﬂow
rate was increased from 0.2 to 1.5 SLM. During MOCVD
growth, NH3 serves as the source of nitrogen atoms during
the formation of h-BN epilayers. As the NH3 ﬂow rate
increases, more N atoms are supplied to the reaction zone,
and hence, the concentrations of VN and its related defects in
the samples are decreased. The results shown in Fig. 1 provide a clear evidence that the DAP transition near 4.1 eV is
associated with the presence of VN or its related defects.

(3)

where RNH3 is the NH3 ﬂow rate employed during the
MOCVD growth. Note that for simplicity Eq. (3) does not
take into account of other processes during the material
growth such as interface chemistry and species adsorption.
Deduced from Eq. (3), the concentration of VN is expected
to decrease exponentially with increasing the NH3 ﬂow
rate
½VN ðRNH3 Þ / e

½RNH 
 R 3
0

;

(4)

where R0 is a proportionality constant. Figure 2 plots the
integrated emission intensity of the 4.1 eV transition line,
Iemi (4.1 eV), as a function of the NH3 ﬂow rate (RNH3),
which clearly demonstrates that the measured emission intensity decreases exponentially with increasing RNH3 . The
solid line is a least square ﬁt of data with Eq. (4) with the ﬁtted value of R0 of around 0.28 SLM. The results shown in
Fig. 2 thus strongly support the assignment that VN is the

FIG. 2. Integrated PL emission intensity of the DAP transition near 4.1 eV
in h-BN as a function of the NH3 ﬂow rate (RNH3 ).
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impurities involved in the DAP transition at 4.1 eV.
Previous theoretical and experimental studies suggested that
the formation energies of VN and CN in h-BN are relatively
low19,23–27 and hence they are relatively easy to incorporate
during the crystal growth of h-BN.
To determine the energy levels of the impurities
involved in the DAP transition near 4.1 eV, the temperaturedependent PL spectra of the h-BN epilayer sample grown
under a 1.5 SLM NH3 ﬂow rate were measured from 10 K to
800 K and the results are shown in Fig. 3. As shown in Fig.
3, the integrated PL emission intensity near 4.1 eV, Iemi
(4.1 eV), decreases continuously with an increase of temperature and Iemi (4.1 eV) at room temperature is about 1/5
of that at 10 K. Figure 4 is an Arrhenius plot of Iemi (4.1 eV),
from which an activation energy of 0.1 eV can be
extracted. This energy corresponds to the shallow impurity
involved in this DAP transition. Note that the energy
level (0.1 eV) of the shallow impurity measured from the
thermal dissociation of bound impurity states alone
(Arrhenius plot) may be slightly underestimated. The energy
level of the deep impurity involved in this DAP transition
can be deduced from Eg  Eshallow  h emi ¼ 6.5  0.1
 4.1 ¼ 2.3 eV. In deriving this value, Coulomb interaction
between ionized donors and acceptors has been neglected
and Eg ¼ 6.5 eV is used.1,18
The results shown in Figs. 1 and 2 provide direct evidence that VN is the impurity involved in the DAP transition
near 4.1 eV. Local density approximation (LDA) and G0W0
calculation methods have provided the energy level of VN in

FIG. 3. Temperature dependence of the PL spectra of an h-BN epilayer
grown under 1.5 SLM NH3 ﬂow rate measured between 10 and 800 K.

Appl. Phys. Lett. 106, 021110 (2015)

FIG. 4. Arrhenius plot of integrated PL emission intensity of the DAP transition near 4.1 eV of an h-BN epilayer grown under 1.5 SLM NH3 ﬂow
rate.

h-BN of around 0.15 eV and 0.4 eV below the conduction
band, respectively.28 Other calculations also indicated that
VN is a shallow donor in h-BN.27,29 We therefore assign VN
to be the shallow donor involved in the DAP transition near
4.1 eV with an activation energy of 0.1 eV. Our measured
energy level of VN agrees reasonably with those calculated
values considering a large uncertainty among the calculated
values. Among the impurities and defects in h-BN, CN is the
most probable acceptor.27,29 Its calculated energy levels are
around 1.1 eV and 3.2 eV obtained by LDA and G0W0 methods, respectively,28 which are in reasonable agreement with
our measured value of 2.3 eV for the deep impurity level
involved in the DAP transition. Therefore, the assignment of
the acceptor involved in the DAP transition near 4.1 eV to
CN is very plausible. The low formation energies of VN and
CN in h-BN agree with the fact that the transition near 4.1 eV
is widely observed in h-BN. Most likely, carbon impurities
were originated from the boron precursor (TEB source).
Both the VN and CN concentrations are related with the nitrogen atom supply (the NH3 ﬂow rate) since the concentration
of CN directly correlates with the available VN sites.
Our results suggest that both VN and CN impurities can be
eliminated (or minimized) by growing h-BN in N-rich
conditions.
It is interesting to note that the behavior of VN in h-BN
bears some similarity with VN in AlN,30 GaN,30,31 and
InN.32,33 The DAP impurity transition in h-BN also resembles the widely observed deep-level transitions in other IIInitride semiconductors,34 such as the yellow line (YL) at
2.2 eV in GaN35 and the violet line (VL) in AlN at
3.4 eV,36,37 which are also due to DAP transitions between
shallow donors and deep acceptors and the elimination of
these deep level impurity related transitions normally translates to enhanced material quality.34 With the assignment of
the involved impurities and determination of their energy
levels, we are able to construct the energy diagram of the
DAP transition with emission peak near 4.1 eV in h-BN, as
shown in Fig. 5. In Fig. 5, VN and CN are attributed to the
shallow donor and deep acceptor involved in this DAP transition, respectively.
In summary, we have studied the deep level impurity
related DAP transition near 4.1 eV in h-BN epilayers. By
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comparing the PL emission spectra of a set of h-BN epilayers
grown under different NH3 ﬂow rates during MOCVD growth,
it was evident that VN and CN are the impurities involved in
this transition. The temperature dependent PL spectra revealed
an activation energy of the shallow impurity of 0.1 eV. The
energy level of the deep acceptor impurity was deduced to be
2.3 eV. Based on the energy levels and theoretical insights
on most probable impurities and defects in h-BN, we tentatively assign the shallow and deep impurities involved in this
DAP transition, respectively, to the nitrogen vacancies and carbon impurities occupying the nitrogen sites. Our results indicate that by monitoring the impurity related emission peaks in
h-BN, while varying the growth conditions, epilayers with
improved optical qualities can be obtained.
The effort on the fundamental optical studies of h-BN
was supported by DOE (Grant No. FG02-09ER46552) and
the h-BN growth was supported by DHS (Grant No. 2011DN-077-ARI048-03). Jiang and Lin are grateful to the
AT&T Foundation for the support of Ed Whitacre and Linda
Whitacre endowed chairs.
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Temperature dependence of the energy bandgap of two-dimensional
hexagonal boron nitride probed by excitonic photoluminescence
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Hexagonal boron nitride (hBN) is an emerging material for the exploration of new physics in
two-dimensional (2D) systems that are complementary to graphene. Nanotubes with a diameter
(60 nm) that is much larger than the exciton binding energy in hBN have been synthesized and
utilized to probe the fundamental optical transitions and the temperature dependence of the energy
bandgap of the corresponding 2D hBN sheets. An excitonic transition at 5.901 eV and its
longitudinal optical phonon replica at 5.735 eV were observed. The excitonic emission line is blue
shifted by about 130 meV with respect to that in hBN bulk crystals due to the effects of reduced
dimensionality. The temperature evolution of the excitonic emission line measured from 300 to
800 K revealed that the temperature coefﬁcient of the energy bandgap of hBN nanotubes with large
diameters (or equivalently hBN sheets) is about 0.43 meV/0K, which is a factor of about 5 times
smaller than the theoretically predicted value for the transitions between the p and p* bands in
hBN bulk crystals and 6 times smaller than the measured value in AlN epilayers with a comparable
energy bandgap. The observed weaker temperature dependence of the bandgap than those in
3D hBN and AlN is a consequence of the effects of reduced dimensionality in layer-structured hBN.
C 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4863823]
V
I. INTRODUCTION

The synthesis, properties, and device applications of layerstructured hexagonal boron nitride (hBN) have come under
intense investigation in recent years. Due to its wide bandgap
(6 eV)1–4 and high emission efﬁciency,5 hBN has a signiﬁcant potential for deep ultraviolet (DUV) photonic device
applications. Additionally, the high neutron capture crosssection of the isotope boron-10 makes hBN a unique material
for neutron detector applications.6 Due to its similar in-plane
lattice constant to graphene and chemical inertness and resistance to oxidation, hBN is also considered as an ideal material
for the exploration of van der Waals heterostructures made
layer by layer between hBN/graphene related materials with
new physics and applications.7,8 A recent theoretical study has
also suggested that quasi free-standing silicene can be realized
in a superlattice structure with hBN.9 Consequently, the full
understanding of the optical properties of hBN is necessary for
the design and applications of devices based on hBN and its
related heterostructures.
While the potentials of hBN for active DUV
photonic,10–14 neutron detector,6 and electron emitter15 device applications are being explored, experimental data on
fundamental optical transitions in two-dimensional (2D)
hBN sheets and one-dimensional (1D) nanotubes are scarce.
The band edge emission spectra of the three-dimensional
(3D) hBN bulk crystals are generally known to be dominated
by two series of bands; four sharp Frenkel class exciton levels labeled as the S-series bands16–18 and another relatively
broader lines labeled as the D-series bands.16,17 A previous
optical absorption measurement performed on hBN revealed
a)

hx.jiang@ttu.edu

0021-8979/2014/115(5)/053503/5/$30.00

a very small temperature coefﬁcient of less than
4  105 eV/0K for the bandgap of hBN.19 This abnormally
low value was explained theoretically by the absence of the
two center boron-nitrogen terms in the expression for the
gap due to the special symmetry of the p-point in the hexagonal Brillouin zone.19 At the same time, the theory predicated
a much higher temperature coefﬁcient of 2.1 meV/0K for
the transitions between the p and p* bands.19 More recent
theoretical works indicated that the selection rules only allow
the transitions between the p and p* bands in hBN.1–3
However, there have not been experimental works performed
on the temperature dependence of the excitonic emission
peaks in hBN in either 3D, 2D, or 1D form in a large temperature range. This is due partly to the fact that the ﬁne features
of the S-series excitonic bands tend to vanish at high temperatures owing to the co-existence of the D-series emission
lines.16,17 It was speculated that the observation of the
S-series excitonic emission bands is associated with a more
perfect crystalline structure, while the D-series emission
bands may be associated with a crystalline structure that
deviates (or deformed) from the perfect stacking
sequence.12,16 As a result, the temperature dependencies of
the band edge transitions and of the bandgap of hBN are not
clear so far, despite the fact that these dependencies are fundamentally important for a semiconductor material system in
the development stage.
The optical absorption spectra of hBN in 3D, 2D, and
1D forms have been calculated,3 which revealed that the optical properties of hBN nanotubes with diameters exceeding
the exciton binding energy in hBN (>10 Å) are the same as
those of the 2D hBN sheets. We report here on the synthesizing and variable temperature (10–800 K) photoluminescence
(PL) studies of hBN nanotubes with a large diameter of
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60 nm. The low temperature PL spectra of 2D hBN exhibit
two dominant emission lines at 5.901 eV and 5.735 eV,
which have not been previously observed. Based on the similar decay characteristics, the 5.735 eV emission line can be
attributed to the longitudinal optical (LO) phonon replica of
the 5.901 eV line. The main peak at 5.901 eV is blue shifted
with respect to the lowest exciton level in hBN bulk crystals.
It is thus most plausible that the observed main emission
peak at 5.901 eV is due to the exciton recombination and the
blue shift is associated with effects of reduced dimensionality. From the dependence of the excitonic emission peak
measured from 300 K to 800 K, we extract the temperature
coefﬁcient (a) of the energy gap of hBN nanotubes with a
large diameter (or equivalently hBN sheets) is about
0.43 meV/0K, which is about 5 times smaller than the theoretically predicted value of 2.1 meV/0K for the transitions
between the p and p* bands in 3D hBN.19
II. EXPERIMENT

Multi-walled hBN nanotubes were synthesized by
chemically etching high purity pyrolytic boron nitride (pBN)
in molten alkali salts, resulting in nanotubes densely covering and attached to the pBN surface. At ﬁrst, high purity
pBN, the starting material for the nanotubes formation, was
prepared by polishing its surface by hand until it became
shiny. Next, the pBN was etched at 425  C in an equimolar
mixture of molten sodium hydroxide and potassium hydroxide for 10 min. The sample was then rinsed in water to
remove any residual etchant. Scanning electron microscope
(SEM) imaging has been performed at a voltage of 5 kV to
evaluate the size and morphology of resulting BN nanotubes
(Figure 1). The diameter and length of the hBN nanotubes
are approximately 60 nm and 5 lm, respectively. The hBN
nanotubes are grown randomly, but mostly within the plane.
The diameters of these hBN nanotubes also appear quite uniform. Based on the size of these nanotubes, the measured optical properties will represent those of 2D hBN sheets.3
Bulk crystals of hBN employed in this study were grown
at ambient pressure by the ﬂux method using a nickel (Ni)

FIG. 1. SEM image of hBN nanotubes sample used in this study. The scale
bar on the bottom right corner is for 2 lm.

J. Appl. Phys. 115, 053503 (2014)

and chromium (Cr) solvent mixture. High purity hBN powder and nitrogen gas were used as B and N sources. The
source materials were soaked at 1525  C for 6 h and then followed by subsequent cooling at a slow rate of 4  C/h until
solvent solidiﬁcation. A slow cooling rate was employed to
insure the precipitation of high quality crystals. A detailed
description of hBN crystal growth was discussed
elsewhere.20
For PL measurements, a frequency-quadruped Ti-sapphire laser (with lasing wavelength of 197 nm, 76 MHz repetition rate, 100 fs pulse width, and average optical power of
about 1 mW) was used as an excitation source. The laser
beam was focused onto the sample surface by a lens. The PL
signal was collected and dispersed by a monochromator
(1.3 m) and then detected by a microchannel-plate photomultiplier tube together with a single photon-counting system providing a time-resolution of about 20 ps.12

III. RESULTS AND DISCUSSION

Figure 2 shows the comparison of PL spectra of 2D
hBN nanotubes with a diameter of 60 nm and hBN bulk crystal measured side-by-side at 10 K. The main emission peaks
in hBN bulk crystals at 5.772 eV and 5.800 eV were attributed to the Frenkel class free exciton levels.1–3,16–18,21 The
detailed spectral features exhibited by hBN bulk crystals and
hBN nanotubes are quite different. The emission peaks in
hBN nanotubes at 5.901 and 5.735 eV have not been previously reported. The peak with the highest emission energy in
hBN nanotubes is blue shifted (by 130 meV) with respect
to the emission line of the lowest exciton energy level at
5.772 eV in hBN bulk crystals. Reduced dimensionality
effects are believed to account for this blue shift. Decreasing
the dimensionality of hBN from 3D to 2D and 1D leads to
two competing mechanisms3 that will affect the exciton

FIG. 2. PL spectra of (a) hBN nanotubes (BNNTs) with a diameter of 60 nm
and (b) an hBN bulk crystal measured at T ¼ 10 K.
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transition peak (Ep): (i) the excitonic binding energy tends to
increase from 0.7 eV in 3D to 2.1 eV in 2D and 3.0 eV in 1D,
which decreases Ep, and (ii) the quasi-particle energy gap
will increase by almost the same order of magnitude, which
increases Ep. As a result, the position of the ﬁrst excitonic
peak is almost independent of the nanotube radius and system dimensionality.3 However, the calculation results clearly
revealed a blue shift by an amount of about 170 meV for the
exciton transition in hBN single sheets (or hBN nanotubes
with large diameters) with respect to that in hBN bulk crystals. Therefore, the experimentally observed blue shift of
130 meV here appears to be within a reasonably range of
deviation from the calculated value of 170 meV.3 We thus
assign the 5.901 eV line to the excitonic transition in hBN
sheet. Although these emission lines in hBN nanotubes are
broader than the exciton emission lines in the bulk crystals,
the observation of the excitonic transitions in hBN nanotubes
(or sheets) may be an indicative of the realization of hBN
nanotubes/sheets with higher crystalline quality and purity
than previous attainments.22–25 The spectral broadening
could be attributed to fact that these nanotubes are
multi-walled tubes so that the corresponding 2D hBN sheets
are multiple sheets in which the B and N atoms are not necessarily perfectly aligned between the rolled sheets.
Figure 3 shows the PL decay characteristics of the emission lines at 5.901 eV and 5.735 eV in hBN nanotubes measured at T ¼ 10 K. The decay kinetics of both lines follows
two-exponential decay function

FIG. 3. PL decay kinetics of hBN nanotubes with a diameter of 60 nm measured at emission energies of (a) 5.90 eV and (b) 5.74 eV.
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t
t
þ I2 exp 
;
IðtÞ ¼ I1 exp 
s1
s2

(1)

where I ðtÞ is the emission intensity at decay time t, s1 and s2
are the characteristic decay lifetimes of the fast and slow components, respectively, and I1 and I2 are the initial peak intensities related to the fast and slow components, respectively, at
t ¼ 0. The decay characteristics of both emission peaks at
5.901 eV and 5.735 eV exhibit almost identical behaviors: the
PL decay process is characterized by two-exponential decay
with lifetimes s1  0.14 ns and s2  1.2 ns. This indicates that
these two transitions share the same origin. The energy separation between these two emission peaks is 166 meV, which is
very close the LO phonon energy of 169 meV in hBN.26 The
LO phonon energy in hBN tends to decrease with lowering the
dimensions.27 Thus, the 166 meV energy difference between
the 5.901 eV and 5.735 eV transition peaks is most probable the
energy of the LO phonon in hBN nanotubes with large diameters or sheets. This means that the later is the 1LO phonon replica of the former. The observed similar decay characteristics of
these two emission lines further corroborates this assignment.
The temperature evolution of the PL spectra of the hBN
nanotubes from 10 K to 800 K is shown in Fig. 4. Each spectrum
has been shifted vertically for clarity. The temperature dependent PL energy peak position (Ep), which is at 5.901 eV at 10 K,
as well as the related PL intensity have been extracted from the
temperature evolution of the spectra and plotted in Figs. 5(a) and
5(b), respectively. The spectral peak positions of the exciton
transition, EP ðT Þ; red-shift from 5.901 eV at 10 K to about
5.65 eV at 800 K and the temperature variation follows

FIG. 4. PL spectra of BNNTs with a diameter of 60 nm measured at a temperature (T) range from 10 K to 800 K.
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nanotubes with large diameters or hBN sheets decreases with
temperature 6 times slower) compared to a value of
2.4 meV/K for AlN epilayers.29
The temperature coefﬁcients of hBN in 2D or 1D form
have not been calculated. However, to the ﬁrst order, the
energy bandgap of hBN single sheets is primarily determined
by the energy difference between electron localized on B
and N atoms.30 It is reasonable to speculate that the temperature dependence of this energy difference is weaker than
those of the energy bandgap of a conventional semiconductor in 3D form. Figure 5(b) shows that the PL intensity also
decreases with temperature increasing. An activation energy
of 257 meV can be extracted from the temperature dependence of the PL emission intensity. However, the physical origin of this activation behavior is not clear at this stage.
IV. CONCLUSION

FIG. 5. (a) Temperature dependence of the peak energy (Ep) of the dominant
5.901 eV (at 10 K) emission line in BNNTs with a diameter of 60 nm. The
solid curve is the least-squares
 ﬁt of data with the Varshni empirical equation, EP ¼ Eg ðT Þ  ðEX Þ ¼ Eg ð0Þ  ðEX Þ  aT 2 =ðb þ TÞ, where the ﬁtted
values of a and b are 0.83 meV/0K and 1235 K, respectively. The dashed
line is the linear ﬁt of data measured at T > 300 K with Eq. (2) and the ﬁtted
value of a ¼ 0.43 meV/0K. (b) The Arrhenius plot of PL intensity of the
5.901 eV (at 10 K) emission peak in BNNTs with a diameter of 60 nm.

approximately the Varshni empirical equation describing the
temperature dependent bandgap in semiconductors by neglecting the temperature dependence of the exciton
 binding energy
(Ex), EP ðT Þ ¼ Eg ðT Þ  ðEX Þ ¼ Eg ð0Þ  ðEX Þ  aT 2 =ðb þ TÞ,
where Eg(0) is the energy bandgap at 0K, a and b are
the Varshni coefﬁcients.28 At high temperatures, the temperature
dependence of the excitonic transition peak can be simply
written as


Eg ðT Þ  ðEX Þ ¼ Eg ð0Þ  ðEX Þ  aT;
(2)
where the value of a represents the slope of Eg versus temperature at high temperatures. The slope of Eg versus temperature at high temperatures measured directly from the
data between 300 K and 800 K is about 0.43 meV/0K. The
measured slope of Eg versus temperature is about a factor of
5 times smaller than the theory predication of 2.1 meV/0K
for the transitions between the p and p* bands in 3D hBN.19
It is also interesting to compare the temperature coefﬁcient
of hBN sheets with that of AlN with a comparable energy
gap. The measured slope of Eg versus temperature is about 6
times smaller (or equivalently the bandgap of hBN

In summary, hBN nanotubes with a large diameter
(60 nm) have been synthesized and utilized to probe the
fundamental optical transitions and the temperature dependence of the energy bandgap of 2D hBN sheets. Due to the
combination of the reduced dimensionality effects on the
quasi-particle energy gap as well as on the exciton binding
energy, the excitonic transition peak was blue shifted by an
amount of about 130 meV with respected to that in hBN bulk
crystals. Furthermore, due to the absence of the D-series
emission lines, the hBN nanotube material system also provides the opportunity to monitor the temperature dependencies of the band edge transitions and of the bandgap of the
2D hBN sheets. The temperature evolution of the excitonic
transition line has been probed and revealed that the bandgap
energy of hBN nanotubes with large diameters (or equivalently of hBN sheets) decreases with an increase in temperature with a slope of 0.43 meV/0K. This temperature
coefﬁcient is a factor of about 5 times smaller than the theoretically predicted value for the transitions between the p
and p* bands in 3D hBN and 6 times smaller than the measured value in 3D AlN with a comparable energy bandgap.
The observed weaker temperature dependence of the
bandgap than those in 3D hBN and AlN is believed to be a
consequence of the effects of reduced dimensionality in
layer-structured hBN.
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In this paper, the optical and electrical properties of Mg-doped AlN nanowires are discussed. At room
temperature, with the increase of Mg-doping concentration, the Mg-acceptor energy level related optical transition can be clearly measured, which is separated about 0.6 eV from the band-edge transition,
consistent with the Mg activation energy in AlN. The electrical conduction measurements indicate an
activation energy of 23 meV at 300 K–450 K temperature range, which is signiﬁcantly smaller than the
Mg-ionization energy in AlN, suggesting the p-type conduction being mostly related to hopping conduction. The free hole concentration of AlN:Mg nanowires is estimated to be on the order of
C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4921626]
1016 cm3, or higher. V
AlN, with a large direct bandgap of 6.1 eV, extends
the group III-nitride semiconductor family into the deep
ultraviolet (DUV) spectral range. It also possesses many
excellent properties, such as high thermal conductivity, high
thermal and chemical stability, large mechanical strength
and hardness, and miscibility with GaN.1 To date, however,
the achievement of high performance DUV optoelectronic
devices has been largely limited by the extremely poor conductivity of p-type Al(Ga)N, which is directly related to the
very large activation energy (0.5–0.6 eV) for Mg-dopant in
AlN.2 In addition, the presence of extensive dislocations and
defects in conventional AlN epilayers, including nitrogen
(N) vacancies, leads to strong compensation effects.3,4 For
example, it has been measured that the formation energy for
N-vacancies is reduced signiﬁcantly with increasing Al composition and/or Mg incorporation.5
Such critical challenges can be overcome, to a great
extent, by employing low dimensional nanostructures,
such as nanowire, due to the highly efﬁcient lateral stress
relaxation6 and the minimized epitaxial relation between
the substrate and nanowires.7 Previously, the growth/synthesis of Mg-doped AlN nanowires using various techniques, including direct arc discharge method, metal organic
chemical vapor deposition (MOCVD), and molecular beam
epitaxy (MBE), have been reported.8–14 These studies,
however, mostly focus on the magnetic properties of Mgdoped AlN nanowires. In addition, such Mg-doped AlN
nanowires exhibit poor optical qualities, and band-edge
emission was not measured at room temperature. As a consequence, there lacks a detailed understanding of the fundamental electrical and optical properties and their correlation
with the various defect states and electrical conduction in
Mg-doped AlN nanowires.
Recently, with the use of an improved MBE growth
process, we demonstrated strain-free AlN nanowires on Si
a)

Author to whom correspondence should be addressed. Electronic mail:
zetian.mi@mcgill.ca. Tel.:1-514-398-7114.

substrate that can exhibit strong free-exciton emission at
room temperature.15 In addition, defect bands, including
nitrogen vacancy related emission peaks, which were commonly measured in AlN epilayers, were found to be absent
in such AlN nanowire structures. Based on such superior
quality AlN nanowires, we have also demonstrated AlN
nanowire light emitting diodes (LEDs) directly on Si substrate.16 In this work, we have further performed a detailed
study of the MBE growth and characterization of Mg-doped
AlN nanowires on Si substrate. Mg-acceptor related optical
transition is clearly measured at room temperature under
optimized growth conditions. Furthermore, the temperature
dependent electrical measurements show the presence of different activation energies in different temperature ranges.
The low activation energy (23 meV) in 300 K–450 K temperature range indicates that the hole conduction is mainly
dominated by hopping conduction at room temperature.
In this work, catalyst-free Mg-doped AlN nanowires were
grown on Si-substrate by radio frequency plasma-assisted MBE
under nitrogen rich conditions. Prior to the growth of AlN
nanowires, GaN nanowire template was ﬁrst grown on Si(111)
substrate, schematically shown in Fig. 1(a), which can promote
the formation of AlN nanowires with controlled properties.17,18
A series of AlN:Mg nanowire samples were grown and studied,

FIG. 1. (a) Schematic diagram of AlN nanowire grown on GaN template on
a Si substrate. (b) An SEM image of AlN: Mg nanowires taken with a 45
angle.
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V
106, 213105-1
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TABLE I. Growth parameters for Mg-doped AlN samples having different
growth rates and different doping levels.
Samples
A
B
C
D
E

Al-flux (Torr)
8

4.0  10
4.0  108
4.0  108
2.0  108
2.0  108

Mg-flux (Torr)
2.6  109
1.6  108
9.1  108
2.6  109
9.1  108

listed in Table I. Samples A, B, and C were grown with an Al
ﬂux of 4.0  108 Torr, and Mg ﬂux of 2.6  109 Torr,
1.6  108 Torr, and 9.1  108 Torr, respectively. Samples D
and E were grown with Al ﬂux of 2.0  108 Torr, and Mg ﬂux
of 2.6  109 Torr and 9.1  108 Torr, respectively. The axial
growth rate is 3.5 nm/min for samples A, B, and C, and
1.5 nm/min for samples D and E. For all the samples, the substrate growth temperature was kept at 790  C, and the nitrogen
ﬂow rate was 1 standard cubic centimeter per minute (sccm)
with a forward plasma power of 350 W. Figure 1(b) presents
the scanning electron microscopy (SEM) image of sample B. It
is seen that the nanowires are vertically aligned and exhibit a
high degree of size uniformity. The height and density of the
nanowires are estimated to be 500 nm and 1  1010 cm2,
respectively. Our previous studies further conﬁrm that the nanowires are grown along the c-axis.16
Temperature variable photoluminescence (PL) measurements were performed on as grown Mg-doped AlN nanowires using a 193 nm ArF excimer laser as the excitation
source. The emission from the nanowires was spectrally
resolved using a high-resolution spectrometer and was
detected by a photomultiplier tube (PMT). Figure 2(a)
presents the PL spectra of the AlN:Mg nanowires at 20 K.
The spectra presents a narrow peak at 205 nm (6.05 eV),
and a broad peak at 227.4 nm (5.45 eV) for samples C, D,
and E. A variation is observed in the high energy peak positions of the samples, which is due to the change in the
growth conditions. The ﬁrst peak (high energy peak) is
denoted as PH, and the second broad peak is denoted as PL.
PH is due to the excitons bound to neutral Mg-acceptor
impurities (I1 line in AlN). Various defect related transitions
have been identiﬁed for planar AlN.5,19,20 These defect emissions are mainly due to the nitrogen/cation vacancies and
related complexes in AlN. In previously reported AlN:Mg
epilayers, the optical transition involving the deep level

donor and Mg-acceptor is observed at 4.7 eV and the transition involving shallow donor and deep acceptor is observed
at 3.9 eV.19 These facts rule out the possibility of the low
energy peak at 227.4 nm (5.45 eV) to be a defect peak and,
therefore, PL can be attributed to the donor acceptor pair
(DAP) transition between a shallow donor and Mg-acceptor
energy level.2,21 The ionization energy of the shallow donor
derived from the temperature dependent PL studies is
80 meV (discussed later). The ionization energy of the
is
further
estimated
from,
Mg-acceptor
ðE0 Þ
E0 ¼ Eg  5:45  0:08 ¼ 0:61 eV, with Eg ¼ 6:14 eV being
the band gap of AlN at 20 K, which is consistent with the
Mg-activation energy in AlN.2 This Mg-acceptor related
peak increases with Mg-dopant incorporation. Moreover, it
is more pronounced for samples D and E, grown with a
reduced growth rate (low Al ﬂux), indicating that a slower
growth rate signiﬁcantly enhances Mg-incorporation. This
observation is further supported by the comparison between
samples A (high Al ﬂux) and D (low Al ﬂux), which were
both grown with the same Mg ﬂux of 2.6  109 Torr. It is
seen that no Mg-acceptor related transition can be observed
for sample A, whereas such a transition can be clearly measured in sample D. The direct correlation between the emission peak at 227.4 nm with Mg-dopant incorporation
provides unambiguous evidence for the presence of Mgacceptors in AlN. The strong dependence of Mg-dopant concentration on variations of the growth conditions is a result
of several competitive processes, including the enhanced
Mg-acceptor incorporation due to the reduced formation
energy for the Al-substitutional Mg-doping in the nearsurface region of nanowires as well as the Mg atom desorption at elevated growth temperature.16,22
The power and temperature dependent PL studies were
performed. In what follows, we focus on the highly Mgdoped AlN sample (sample E). The power dependent PL
properties at 20 K are shown in Fig. 2(b). The inset of Fig.
2(b) presents the ratio of the peak intensities of Mg-acceptor
peak to the band-edge peak. It is observed that the ratio
increases in the low power regime but decreases with further
increasing excitation power. This is related to the saturation
of the Mg-acceptor energy level under high excitation conditions. In addition, the power dependence of the peak energies
reveals that both the high energy and low energy peaks
undergo a red shift with increasing excitation power. The
DAP recombination usually causes a blue shift with increasing power and has been observed in GaN23 and InN.24 It is

FIG. 2. (a) Normalized PL spectra of
Mg-doped AlN nanowires with different Mg-cell temperatures and different
growth rates measured at 20 K. A
193 nm ArF excimer laser was used as
the excitation source. (b) Power dependent PL spectra of sample E at
20 K; inset: ratio of peak intensity of
Mg-acceptor peak to that of band-edge
peak versus power at 20 K.
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FIG. 3. Room temperature PL spectrum of sample E. A 197 nm frequencyquadrupled Ti-sapphire laser was used as the excitation source.

suggested that the observed red shift is likely a combination
of band gap renormalization25 and laser induced heating
effect. This effect has been observed in GaN nano-particles26
and also in GaN/AlN quantum dots.27
It is observed from the low temperature PL spectra of
Fig. 2(a) that the low energy peak, PL, is quite broad. To
investigate this peak more closely, the PL spectrum was
measured at room temperature using a frequency-quadrupled
Ti-sapphire laser with an emission wavelength at 197 nm,
76 MHz repetition rate, and an average optical power of
1 mW as the excitation source. The room temperature PL
spectrum of sample E is presented in Fig. 3. In addition to
the band-edge peak at 5.95 eV, three other peaks were
observed at 5.34 eV, 4.57 eV, and 3.9 eV. The peak at
5.34 eV can be identiﬁed as the Mg-acceptor related transition (the energy separation of the band-edge peak and the
peak at 5.34 eV is 0.61 eV). The emission peaks at 4.57 eV
and at 3.9 eV are attributed to the DAP transitions. The transition involving a deep donor and Mg-acceptor energy level
is responsible for the peak at 4.57 eV whereas the peak at
3.9 eV is due to the transition involving a shallow donor and
a deep acceptor. Such transitions were also observed in Mgdoped AlN epilayers.21
The temperature dependent PL properties have been
investigated for the highly doped AlN sample under an

Appl. Phys. Lett. 106, 213105 (2015)

excitation power of 5 mW using the 193 nm ArF excimer
laser as the excitation source. As the temperature increases,
both peaks undergo a red shift. This is consistent with the
band gap narrowing with temperature. The evolution of the
peak energy with temperature is presented in Fig. 4(a). The
temperature dependent band-gap change can be explained by
the Varshni’s equation,28 Eg ðTÞ ¼ Eg ð0Þ  aT 2 =ðb þ TÞ,
shown as the solid line in Fig. 4(a), with the following parameters: Eg ð0Þ ¼ 6:05 eV, a ¼ 1.8 meV/K, and b ¼ 1462 K.
These values agree well with the previously reported values of
AlN in this temperature range.29 The evolution of the
Mg-acceptor peak with temperature has also been studied.
The integrated PL intensity as a function of inverse
temperature is plotted in Fig. 4(b). The solid line is the least
square ﬁt of the experimental data with the equation
Iemi ¼ I0 =ð1 þ a expðE0 =KTÞÞ, where Iemi denotes the integrated PL intensity at various temperatures, I0 represents the
integrated PL intensity at 0 K, and E0 is the activation energy.
The derived activation energy is 80 meV, suggesting that the
Mg-related transition is due to the DAP transition involving a
Mg-acceptor energy level and a shallow donor. This activation
energy is also comparable to the values (60 meV) reported
for AlN epilayers.2
We have subsequently investigated p-type conductivity
by measuring the temperature-dependent current-voltage
(I-V) characteristics of large area AlN:Mg nanowire arrays.
The device structure (sample F) is schematically shown in
Fig. 5(a), which consists of GaN/InGaN tunnel junction30
grown on heavily n-doped Si substrate, a 90 nm thick
AlN:Mg section followed by a 10 nm AlGaN contact layer.
The growth condition of AlN:Mg section is similar to that of
sample E. The tunnel junction was designed to facilitate the
carrier transport from the n-Si substrate to the p-AlN layer.
To subtract the resistance associated with the substrate, tunnel junction, and contact region, another identical structure
(sample F0 ) but without the AlN:Mg section was fabricated.
The difference in resistivity of these two structures can provide a reasonable estimation of the AlN:Mg nanowire resistance. The nanowires were ﬁrst spin coated with polyimide.
Ti/Au (20 nm/100 nm) and Ni/Au (50 nm/100 nm) were then
deposited as the bottom and top contacts, respectively. The
contacts were annealed in N2 ambient at 500  C for 1 min.
The I-V characteristics were measured in the temperature
range of 298–573 K and the resistance is calculated by the
slope of the I-V curve in the forward bias region. The variation of AlN:Mg resistivity with inverse temperature is

FIG. 4. (a) Peak energy variation with
temperature for band-edge and Mgacceptor peaks of sample E. The solid
line is the calculation by the Varshni’s
equation. (b) Integrated PL intensity
versus inverse temperature plot for the
Mg-acceptor peak. The solid line is the
least square ﬁt of the experimental data
with the equation, Iemi ¼ I0 =ð1 þ a exp
ðE0 =kTÞÞ.
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FIG. 5. (a) Schematic illustration of
the structure to measure the resistivity
of AlN:Mg nanowires; (b) Resistivity
versus inverse temperature plot for
AlN:Mg segment of sample F.

plotted in Fig. 5(b), which clearly reveals the presence of
more than one activation energy. To discern the mechanism
responsible for conduction at different temperature regions,
the calculated resistivity is ﬁtted by the equation, qðTÞ
¼ q0 expðEA =kTÞ, where EA is the thermal activation energy
of resistivity. EA is derived to be 23 meV for the AlN:Mg
segment. A similar activation energy (50 meV) was also
measured for AlN nanowires with reduced Mg dopant incorporation. Such an unusual low activation energy, compared
to the Mg-acceptor energy level (600 meV), suggests that
the hole transport mechanism is mainly governed by hopping
and/or impurity band transitions.31,32 In the hopping conduction, carriers hop from one localized state to another; the
localized states could be at the same or at different energy
levels. It is observed in Fig. 5(b) that the experimental data
and the ﬁtting curve follow each other closely in the temperature range of 300 K–450 K and there is a deviation in the
higher temperature range. This deviation suggests that at
higher temperatures the thermal activation of carriers starts
to play a role and, at a sufﬁciently high temperature, thermal
activation would be the dominating hole transport mechanism. This phenomenon has also been observed for
Al0.7Ga0.3N,31 InGaN,33 and GaN.32 With the room temperature resistivity value of 697 X-cm and assuming an upper
boundary of hole hopping mobility of 1 cm2/V  s,34 the room
temperature hole concentration of the AlN:Mg segment of
sample F is found to be on the order of 1016 cm3, which is
orders of magnitude higher than previously reported AlN:Mg
epilayers.34 The excellent p-type conductivity of AlN:Mg
nanowires can be partly attributed to the drastically reduced
nitrogen-vacancy related defects during the growth of nanowire structures under nitrogen-rich conditions as well as the
enhanced dopant incorporation in nanowire structures.16,22
In summary, we have investigated the optical and electrical properties of Mg-doped AlN nanowires. We have demonstrated that by optimizing the growth conditions, Mgdopant incorporation in AlN nanowires can be signiﬁcantly
enhanced. Detailed studies further suggest that the hopping
conduction dominates the carrier transport at room temperature, and the free hole concentration is estimated on the order
of 1016 cm3.
This work was supported by the Natural Sciences and
Engineering Research Council of Canada (NSERC) and U.S.
Army Research Ofﬁce under Grant No. W911NF-12-1-0477.
Part of the work was performed in the McGill University

Micro Fabrication Facility. The authors wish to thank Dr. Qi
Wang for useful discussions and help with some of the
measurements. Work at TTU was supported by NSF (Grant
No. ECCS-1402886). H. X. Jiang and J. Y. Lin are grateful
to the AT&T Foundation for the support of Ed Whitacre and
Linda Whitacre endowed chairs.
K.-T. Kenry, K. Yong, and S. F. Yu, J. Mater. Sci. 47, 5341 (2012).
K. B. Nam, M. L. Nakarmi, J. Li, J. Y. Lin, and H. X. Jiang, Appl. Phys.
Lett. 83, 878 (2003).
3
K. Irmscher, T. Schulz, M. Albrecht, C. Hartmann, J. Wollweber, and R.
Fornari, Physica B: Condens. Matter 401–402, 323 (2007).
4
B. N. Pantha, R. Dahal, M. L. Nakarmi, N. Nepal, J. Li, J. Y. Lin, H. X.
Jiang, Q. S. Paduano, and D. Weyburne, Appl. Phys. Lett. 90, 241101
(2007).
5
M. L. Nakarmi, N. Nepal, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett. 94,
091903 (2009).
6
F. Glas, Phys. Rev. B 74, 121302R (2006).
7
S. Zhao, M. G. Kibria, Q. Wang, H. P. T. Nguyen, and Z. Mi, Nanoscale
5, 5283 (2013).
8
H. Hu, Z. Wu, W. Zhang, H. Li, R. Zhuo, D. Yan, J. Wang, and P. Yan,
J. Alloys Compd. 624, 241 (2015).
9
Y. Y. Hui, J. Ye, R. Lortz, K. S. Teng, and S. P. Lau, Phys. Status Solidi A
209, 1988 (2012).
10
M. Qin, Y. Shang, X. Wang, and G. Zhang, Sci. China: Technol. Sci. 58,
832–841 (2015).
11
Z.-K. Tang, L.-L. Wang, L.-M. Tang, X.-F. Li, W.-Z. Xiao, L. Xu, and L.H. Zhao, Phys. Status Solidi B 249, 185 (2012).
12
Q. Wu, N. Liu, Y. Zhang, W. Qian, X. Wang, and Z. Hu, J. Mater. Chem.
C 3, 1113 (2015).
13
Y. Xu, B. Yao, D. Liu, W. Lei, P. Zhu, Q. Cui, and G. Zou,
CrystEngComm 15, 3271 (2013).
14
Y.-B. Tang, X.-H. Bo, J. Xu, Y.-L. Cao, Z.-H. Chen, H.-S. Song, C.-P.
Liu, T.-F. Hung, W.-J. Zhang, H.-M. Cheng, I. Bello, S.-T. Lee, and C.-S.
Lee, ACS Nano 5, 3591 (2011).
15
Q. Wang, S. Zhao, A. T. Connie, I. Shih, Z. Mi, T. Gonzalez, M. P. Andrews,
X. Z. Du, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett. 104, 223107 (2014).
16
S. Zhao, A. T. Connie, M. H. Dastjerdi, X. H. Kong, Q. Wang, M. Djavid,
S. Sadaf, X. D. Liu, I. Shih, H. Guo, and Z. Mi, Sci. Rep. 5, 8332 (2015).
17
Q. Wang, H. P. T. Nguyen, K. Cui, and Z. Mi, Appl. Phys. Lett. 101,
043115 (2012).
18
Q. Wang, A. T. Connie, H. P. T. Nguyen, M. G. Kibria, S. Zhao, S. Sharif,
I. Shih, and Z. Mi, Nanotechnology 24, 345201 (2013).
19
K. B. Nam, M. L. Nakarmi, J. Y. Lin, and H. X. Jiang, Appl. Phys. Lett.
86, 222108 (2005).
20
N. Nepal, K. B. Nam, M. L. Nakarmi, J. Y. Lin, H. X. Jiang, J. M. Zavada,
and R. G. Wilson, Appl. Phys. Lett. 84, 1090 (2004).
21
M. L. Nakarmi, N. Nepal, C. Ugolini, T. M. Altahtamouni, J. Y. Lin, and
H. X. Jiang, Appl. Phys. Lett. 89, 152120 (2006).
22
S. Zhao, B. H. Le, D. P. Liu, X. D. Liu, M. G. Kibria, T. Szkopek, H. Guo,
and Z. Mi, Nano Lett. 13, 5509 (2013).
23
U. Kaufmann, M. Kunzer, M. Maier, H. Obloh, A. Ramakrishnan, B.
Santic, and P. Schlotter, Appl. Phys. Lett. 72, 1326 (1998).
24
S. Zhao, X. Liu, and Z. Mi, Appl. Phys. Lett. 103, 203113 (2013).
25
T. Nagai, T. J. Inagaki, and Y. Kanemitsu, Appl. Phys. Lett. 84, 1284
(2004).
1
2

106
This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
192.58.125.20 On: Tue, 26 May 2015 20:43:32

Texas Tech University, Xiaozhang DU, August 2018
213105-5
26

Connie et al.

A. B. Slimane, A. Najar, R. Elafandy, D. P. San-Roman-Alerigi, D.
Anjum, T. K. Ng, and B. S. Ooi, Nanoscale Res. Lett. 8, 342 (2013).
27
I. Aleksandrov and K. Zhuravlev, Phys. Status Solidi C 7, 2230 (2010).
28
Y. P. Varshni, Physica 34, 149 (1967).
29
T. Hanada, Oxide and Nitride Semiconductors, Advances in Materials
Reserach Vol. 12 (Springer, Berlin, 2009).
30
S. Krishnamoorthy, F. Akyol, P. S. Park, and S. Rajan, Appl. Phys. Lett.
102, 113503 (2013).

Appl. Phys. Lett. 106, 213105 (2015)
T. Kinoshita, T. Obata, H. Yanagi, and S.-I. Inoue, Appl. Phys. Lett. 102,
012105 (2013).
32
P. Kozodoy, H. Xing, S. P. DenBaars, U. K. Mishra, A. Saxler, R.
Perrin, S. Elhamri, and W. C. Mitchel, J. Appl. Phys. 87, 1832
(2000).
33
K. Kumakura, T. Makimoto, and N. Kobayashi, J. Appl. Phys. 93, 3370
(2003).
34
Y. Taniyasu, M. Kasu, and T. Makimoto, Nature 441, 325 (2006).
31

107
This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
192.58.125.20 On: Tue, 26 May 2015 20:43:32

Texas Tech University, Xiaozhang DU, August 2018

Appendix G

Erbium-doped AlN epilayers synthesized by
metal-organic chemical vapor deposition
Talal Mohammed Al Tahtamouni,1,* Xiaozhang Du,2 Jingyu Lin2 and Hongxing Jiang2
2

1
Department of Physics, Yarmouk University, Irbid 21163, Jordan
Department of Electrical and Computer Engineering, Texas Tech University, Lubbock, Texas 79409, USA
*
talal@yu.edu.jo

Abstract: Erbium doped AlN epilayers (AlN:Er) have been grown by metal
organic chemical vapor deposition. The 1.54 μm emission properties were
probed by photoluminescence (PL) emission spectroscopy and compared
with those of GaN:Er. Optimum intensity of the 1.54 μm emission from
AlN:Er was obtained for growth temperature at 1050 °C. It was found that
the emission intensity from AlN:Er is higher than that from GaN:Er for
above and below energy gap, as well as resonant excitation. A significant
narrowing of the infrared Er3+ PL lines was observed when pumping
resonantly into an intra-4f transition. The integrated intensity of the 1.54
μm emission shows a decrease by a factor of only 1.2 between 10 K and
300 K.
©2014 Optical Society of America
OCIS codes: (160.5690) Rare-earth-doped materials; (250.5230) Photoluminescence.
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1. Introduction
Growth of semiconductor hosts doped with rare-earth (RE) atoms stimulated great interest
due to the potential applications of RE doped semiconductors as light emitters and optical
amplifiers. Rare earth elements have partially filled 4f shells which are screened by 5s and 5p
electronic states. Due to their shielded 4f levels, the spectral line shape of rare earth ion
emission is insensitive to the host semiconductor. Out of the many RE elements, erbium (Er)
is the most widely investigated element in semiconductor doping, because of its 4I13/2 to 4I15/2
transition at 1.54 μm. This transition is of great interest in the field of communications
because it lies in the minimum loss region of silica fibers used in optical communications [1–
6].
However, it is well established that the emission intensity at room temperature of the Er3+
ions depends strongly on the band gap of the host semiconductor. Er emission from smaller
band gap semiconductors has low efficiency at room temperature due to a strong thermal
quenching effect [7,8]. Furthermore, it has also been suggested that the environment created
by more ionic hosts enhances the Er emission efficiency [9,10]. Therefore, the III-nitride wide
band gap appears to be excellent host for Er. Optical emission at 1.54 μm in Er-doped GaN
epilayers has been observed. Er doped GaN has demonstrated a highly reduced thermal
quenching of the Er luminescence intensity as compared to other semiconductor host
materials such as Si and GaAs [11,12]. AlN has a bandgap (6.1 eV) compared to (3.4 eV) of
GaN and AlN has a larger electronegativity difference (−1.4 compared to −1.2 for GaN) [13].
Therefore, it is expected that AlN as a host material will result in lower thermal quenching of
Er emission. AlN is of great technological significance because of its physical and chemical
properties such as low dielectric constant, excellent thermal conductivity, electrical
resistivity, excellent mechanical strength and chemical stability [14]. These reasons make
AlN an excellent host material for device applications.
The luminescence from Er doped AlN has been investigated by several groups in the past
few years. Different growth methods have been used to incorporate Er into AlN such as ion
implantation [15], metal-organic molecular beam epitaxy [16], reactive radio frequency
magnetron sputtering [17]. Er doped AlN obtained by in situ incorporation by metal-organic
chemical vapor deposition (MOCVD) has not yet been experimentally realized, although AlN
based deep ultraviolet light emitting diodes and photodetectors grown by MOCVD are of
high quality [18,19]. In this work, we report on the MOCVD growth of Er doped AlN
epilayers and their structural and optical properties.
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2. Experimental details
Er doped AlN epilayers were deposited on sapphire substrates using MOCVD system. The
aluminum source was trimethylaluminum (TMA) and the nitrogen source was ammonia
(NH3).Trisisopropylcyclopentadienylerbium (TRIPEr) was used for the in situ Er doping.
Hydrogen was the carrier gas and was kept constant at 2 standard liters per minute. The
growth started with double buffer layers consisting of a thin (30 nm) AlN buffer layer (buffer
1) grown at 950 °C and 30 mbar followed by a second 100 nm AlN buffer layer (buffer 2) at
1100 °C grown at 30 mbar [20], and a 1.0 μm AlN template grown at 1300 °C and 30 mbar
followed by a 0.5 μm Er-doped AlN epilayers grown at 1050 °C and 30 mbar. In situ
spectroscopic reflectance was used to determine the growth rate and the thickness of
epilayers. X-ray diffraction (XRD) was used to determine crystalline quality, while atomic
force microscopy (AFM) was used to study the surfac. A photoluminescence (PL)
spectroscopy was employed to study the optical properties of the Er-doped AlN epilayers
under above and below bandgap excitation. The PL system consists of a frequency doubled,
tripled, and quadruple 100 femtosecond Ti: Sapphire laser with an average power of 150 mW
at 263 and 395 nm, 1 mW at 196 nm, and a repetition rate of 76 MHz. Infrared detection was
accomplished by an InGaAs detector. For resonant excitation, a 980 nm laser diode was used
as the excitation source.
3. Results and discussion
Figure 1(a) shows a schematic diagram for the general layer structure of Er doped AlN
epilayer grown on 1 μm undoped AlN template on sapphire substrate. Figure 1(b) shows the
in situ optical reflectance curve of optimized AlN:Er epilayer grown on AlN template. There
is nearly no change in the intensity of in situ optical reflectivity during the growth of the
undoped AlN template epilayer. However, there is a little attenuation of the intensity during
the growth of the AlN:Er epilayer. This indicates a quasi-two-dimensional growth mode and a
smooth surface epilayers. The thickness of the Er-doped AlN epilayer is 0.5 μm as
determined from the optical reflectance curve.

Fig. 1. (a) Schematic layer structure and (b) in situ optical reflection curve of the optimized Er
doped AlN epilayer (AlN:Er) grown on AlN/sapphire template.

To determine the optimum growth temperature for AlN:Er films the growth temperature
was varied from 950 °C to 1125 °C . The Er source temperature was fixed at 70 °C.
Interestingly, all films exhibited PL emission at 1.54 μm regardless of growth temperature.
Figure 2(a) shows the growth temperature dependence of the 1.54 μm PL spectra measured at
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300 K for λexc = 375 nm of AlN:Er. It can be seen that the 1.54 μm emission line shape is
independent of growth temperature. Figure 2(b) shows the PL intensity at 1.54 μm as a
function of the growth temperature of AlN:Er. The PL intensity, which is proportional to the
active Er concentration [21], increases for growth temperatures from 950 °C to 1050 °C and
then starts to decrease for growth temperatures from 1075°C to 1125 °C.
XRD measurements were used to analyze the structural quality of the AlN:Er films. The
XRD spectra of the films showed a peak position at 2θ ~36.0° for all growth temperatures.
The variation of the full width at half maximum (FWHM) of the (0002) rocking curve is
plotted in Fig. 2 (c), the figure indicates that the crystalline quality of AlN:Er films is nearly
identical for different growth temperatures. Similar behavior was seen for the (102) rocking
curves. AlN:Er epilayers grown by MOCVD show much better crystalline quality compared
to AlN:Er films grown by magnetron sputtering17. This could be explained by higher growth
temperatures used in MOCVD. This is also consistent with the fact that crystalline quality of
undoped AlN epilayers grown by MOCVD is much better than those grown by magnetron
sputtering. The targeted Er doping concentrations in all samples are the same, around 2 x 1020
atoms/cm3. Therefore, the 1.54 μm emission intensity variation is not related to the crystalline
quality or the Er concentration with the growth temperature. However, the reason for the
variation of the 1.54 μm emission intensity as a function of growth temperature can be
partially explained by the variation of the concentration of the optically active Er ions. This
indicates that the number of incorporated active Er ions in AlN:Er is a strong function of the
growth temperature based on the proportional relation between PL intensity and the number
of active Er ions.

Fig. 2. (a) Room temperature (300 K) PL spectra near 1.54 μm of AlN:Er grown at different
growth temperatures (975, 1000, 1025, 1050, 1075, 1100, and 1125 °C). The excitation
wavelength used was 375 nm. (b) The PL intensity at 1.54 μm as a function of the growth
temperature. (c) The full width at half maximum (FWHM) of the XRD (0002) rocking curve of
AlN:Er as a function of the growth temperature.

Figure 3 shows the room temperature PL spectra of Er-doped AlN and the best Er-doped
GaN. Both films have the same thickness and grown at the same Er molar flow rate. The PL
in Fig. 3(a) was excited using 375 nm (λexc = 375 nm) laser, which corresponds to below-gap
pumping for both AlN:Er and GaN:Er. Both films exhibited two emission peaks at
wavelengths 1.0 and 1.54 μm, corresponding to the intra-4f Er3+ transitions from the 4I11/2
(second excited state) and 4I13/2 (first excited state) to 4I15/2 (ground state), respectively. The
PL intensity of the 1.54 μm peak from AlN:Er is slightly higher than that from GaN:Er. The
full width at half maximum (FWHM) of the 1.54 μm peak is 53 and 30 nm for AlN:Er and
GaN:Er, respectively. The PL intensity of the 1.0 μm from AlN:Er is sharply decreased
compared to that from GaN:Er. The PL in Fig. 3(b) was excited using 195 nm (λexc = 195 nm)
laser, which corresponds to above-gap pumping for both AlN:Er and GaN:Er. The PL
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intensity of the 1.54 μm peak from AlN:Er is 1.45 times higher than that from GaN:Er. The
FWHM of the 1.54 μm peak is 47 and 31 nm for AlN:Er and GaN:Er, respectively. The PL
intensity of the 1.0 μm from AlN:Er is hardly seen compared to a strong peak from GaN:Er.

Fig. 3. (a) 300 K PL spectra near 1.54 μm of AlN:Er (above) and GaN:Er (below). The
excitation wavelength used was 375 nm. (b) 300 K PL spectra near 1.54 μm of AlN:Er (top)
and GaN:Er (bottom). The excitation wavelength used was 195 nm.

Due to the wide availability of high power semiconductor laser sources (λ = 980 nm) most
of the commercial Er-doped fiber amplifiers (EDFAs) are pumped by diode lasers in this
wavelength window. Furthermore, to use Er doped III-nitrides as a gain medium of 1.5 μm
lasers, resonant pump using 980 nm lasers significantly reduces the quantum defect compared
to using non-resonant pump. Practical application of optical amplifiers based on erbiumdoped III-nitride will thus conceivably rely on 980 nm pumping [22]. Figure 4 compares the
room temperature PL emission intensity probed at 1.54 μm of AlN:Er and the best GaN:Er
epilayers under excitation with 980 nm laser (λexc = 980 nm), which corresponds to resonant
pumping for Er in both AlN:Er and GaN:Er. AlN:Er exhibited an intra-4f transition at 1.54
μm two times stronger than that from GaN:Er. The FWHM of the 1.54 μm peak is 24 nm
compared to 47 nm for AlN:Er excited with λexc = 195 nm. The narrowing of the 1.54 μm
related emission PL lines when pumping resonantly into an intra-4f transition suggests that a
specific class of Er3+ions was selectively excited [23].
Figure 5 compares the PL spectra of the IR emission near 1.5 μm of AlN:Er for λexc = 263
nm at room temperature (above) and at 10 K (below). The 1.54 μm emission peak is
dominant at low temperatures with its emission intensity decreases with an increase in
temperature. The transition located at 1.51 μm is not visible at 10 K and its emission intensity
increases with temperature following a different trend compared to the 1.54 μm peak. The
total absence of the high energy contribution of the PL at 1.51 μm at 10 K has been observed
before [24, 25]. The integrated intensity in the range 1.45 to 1.625 μm of the PL spectra at 10
K and 300 K shows a decrease from 1 to 0.83. This thermal quenching is smaller than the
reported thermal quenching (20%) for GaN:Er [11, 12]. This indicates that Er emission at
1.54 μm in AlN:Er has a higher degree of thermal stability, attributing to its larger bandgap.

#232084 - $15.00 USD
(C) 2015 OSA

Received 6 Jan 2015; revised 22 Feb 2015; accepted 22 Feb 2015; published 25 Feb 2015
1 Mar 2015 | Vol. 5, No. 3 | DOI:10.1364/OME.5.000648 | OPTICAL MATERIALS EXPRESS 652

112

Texas Tech University, Xiaozhang DU, August 2018

.
Fig. 4. Comparison of room temperature Er-related PL spectra near 1.54 μm between AlN:Er
and GaN:Er epilayers under resonant pump by a 980 nm laser diode..

Fig. 5. PL spectra of the 1.54 μm emission of AlN:Er measured at different temperatures 300
K (top) and 10 K (bottom).The excitation wavelength used was 260 nm.
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4. Conclusion
In summary, Er-doped AlN epilayers were synthesized with in situ doping by MOCVD. The
influence of the growth temperature on the optical and structural properties of AlN:Er was
investigated. The growth temperature of 1050 °C is the optimal temperature to obtain the
highest PL intensity at 1.54 μm. PL results showed that both above and below band gap
excitation produces emission at 1.54 μm from AlN:Er higher than that from GaN:Er. A
significant narrowing of the infrared Er3+ PL lines was observed when pumping resonantly
into an intra-4f transition. The Er emission at 1.54 μm in AlN has a high degree of thermal
stability. These results demonstrate that Er-doped AlN has very high potential for applications
in optoelectronic devices operating at the main telecommunication wavelength of 1.54 μm.
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Appendix H

Erbium-doped a-plane GaN epilayers
synthesized by metal-organic chemical vapor
deposition
Talal Mohammed Al Tahtamouni,1 Xiaozhang Du,2 Jing Li,2 Jingyu Lin2 and Hongxing
Jiang2,*
2
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Abstract: A-plane GaN epilayers doped with erbium (GaN:Er) have been
grown on r-plane sapphire substrates by metal organic chemical vapor
deposition. The 1.54 μm emission properties were probed by
photoluminescence (PL) emission spectroscopy and compared with those of
c-plane GaN:Er. It was found that the emission intensity from a-plane
GaN:Er is 4 times higher than that of c-plane GaN:Er. The intensity of the
1.54 μm emission was found to increase with increasing Er molar flux. Aplane Er-doped GaN epilayers exhibit a small thermal quenching effect,
with only a 12% decrease in the integrated intensity of the 1.54 μm PL
emission, occurred between 10 and 300 K.
©2015 Optical Society of America
OCIS codes: (160.5690) Rare-earth-doped materials; (250.5230) Photoluminescence.
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1. Introduction
Doped in a solid host, Er3+ ion has allowable intra-4f shell transition from its first excited state
4
I13/2 to the ground state 4I15/2 and the transition corresponds to a wavelength of minimum
optical loss in silica based optical fibers (1.54μm) [1–7]. Thus, Er-doped materials are ideal
candidates to make amplifiers for optical communications. There has been considerable effort
devoted to the development of Er doped semiconductors aimed at achieving emitters, optical
amplifiers, and photonic integrated circuits with the combined functionalities of Er optical
fibers and narrow bandgap semiconductors such as InGaAsP. While the Er3+ related emission
energy is not affected by the host, its emission intensity decreases as the temperature is raised.
This thermal quenching effect limits the light emission efficiency at room temperature and, as
a consequence, prevents the employment of the existing Er-based semiconductor devices in
broad applications. The fact that the thermal stability of Er emissions increases with an
increase in the energy gap of the semiconductor host material [8,9] has motivated research
efforts to use wide bandgap semiconductors as host materials for Er. GaN has also been
studied [10–13] for its optoelectronic application of infrared emission at 1.54 μm using Er
doping. GaN has advantages over other semiconductors such as a direct bandgap transition
which is very important in optical applications, a large energy bandgap (3.4 eV) which results
in very low thermal quenching [14], and thermal and chemical robustness. GaN has proven to
be an excellent host for Er ions [15–17]. C-plane Er doped GaN grown by metal organic
vapor deposition (MOCVD) showed a low degree of thermal quenching (20%) between 10
and 300 K [18,19]. However, further improvements in quantum efficiency at 1.54 μm through
the reduction of thermal quenching and increasing of Er incorporation in the optically active
sites are still needed.
So far, all reported works on GaN:Er are for epilayers grown on c-plane and there have
been no reports on the impact of the crystal orientation on Er incorporation and Er related
emission in non-c-plane GaN films. Strong effects of the crystal orientation on dopant and
impurity incorporation have been observed in GaN, GaAs, and InP [20]. In this work, we
investigate MOCVD growth of non-polar a-plane GaN doped with Er and the emission
properties of the Er3+ related emission at 1.54 μm. The results showed that the 1.54 μm
emission intensity from a-plane GaN:Er is about 4 times higher than that from c-plane
GaN:Er and the thermal quenching in the temperature range of 10 - 300 K for a-plane GaN:Er
is about 12% compared to about 20% for c-plane GaN:Er.
2. Experimental details
GaN:Er epilayers were deposited on r- and c-plane sapphire substrates using MOCVD. For
comparison, both r-plane and c-plane sapphire substrates were put side by side in the reactor.
Hence, both a-plane and c-plane GaN:Er epilayers were grown under identical conditions.
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Both samples have approximately the same thickness, indicating equal growth rates. The
gallium source was trimethylgallium (TMG) and the nitrogen source was ammonia (NH3).
Trisisopropylcyclopentadienylerbium (TRIPEr) was used for the in situ Er doping. Hydrogen
was the carrier gas and was kept constant at 2 standard liter per minute(SLM). The growth
started with a thin (50 nm) GaN buffer layer grown at 550 °C and 300 Torr, followed by the
growth of ~1.4 μm GaN template grown at 1060 °C and 300 Torr and a 0.5μm Er-doped GaN
epilayers grown at 1040 °C and 30 Torr. The inset of Fig. 1 shows the layer structure of Er
doped a-plane GaN epilayer grown on r-plane sapphire substrate. X-ray diffraction (XRD)
was used to determine crystalline quality. Photoluminescence (PL) spectroscopy was
employed to study the optical properties of the Er-doped GaN epilayers. The PL system
consists of a frequency doubled, tripled, and quadruple 100 femtosecond Ti: Sapphire laser
with an average power of 150 mW at 263 and 395 nm, 1–3mW at 196 nm, and a repetition
rate of 76 MHz. Infrared detection was accomplished by an InGaAs detector.
3. Results and discussion
The growth surface of GaN:Er epilayers grown on r-plane sapphire was determined to be aplane using x-ray diffraction (XRD) θ-2θ scan, which detected sapphire (10-12), (20-24), and
a-plane GaN (11-20) reflections, as illustrated in Fig. 1. Only the a-plane reflection peak at 2θ
= 57.7° was observed. Since the GaN (0002) reflection at 2θ = 34.56° was not detected,
demonstrating that the films were uniformly a-plane oriented. The measured full-width at
half-maximum (FWHM) of the (11–20) peak in the ω-scan (x-ray rocking curve) is about 600
arcsec. For comparison, the XRD rocking curve FWHM of the (0002) peak of c-plane GaN:Er
is about 450 arcsec.

Fig. 1. X-ray diffraction θ-2θ scan of a-plane Er doped GaN epilayer grown on r-plane
sapphire substrate. Inset: Schematic layer structure of a-plane Er doped GaN epilayer
(GaN:Er).

Figure 2 compares the room temperature (300 K) PL spectra of a-plane and c-plane
GaN:Er epilayers covering a spectral range from 1.40 to 1.65 μm, using excitation wavelength
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λexc = 375 nm. It is observed that the 1.54 μm emission intensity from a-plane GaN:Er is
about 4 times higher than that of c-plane GaN:Er. SIMS results provide a concentration of
about 2 x 1020 cm−3 in both samples, which suggest that the Er doping concentration is
predominantly controlled by the Er flow rate and GaN growth rate. However, a small impact
of the surface orientation on the Mg, Si, and Fe dopant incorporation was observed by Cruz et
al [20]. The Er dopant’s environment and strain are not identical in a-plane and c-plane
GaN:Er epilayers, which could contribute to the observed difference in the 1.54 μm emission
intensities [21].

Fig. 2. Comparison of room temperature (300 K) Er-related PL spectra near1.54 μm between
a-plane and c-plane Er doped GaN epilayers. The excitation wavelength used was 375 nm.

It is well known that the intensity of the Er-related PL spectra is a strong function of the
Er concentration in GaN epilayer. Hence the Er concentration was varied to determine the
optimal Er concentration. The Er concentration was controlled by changing the Er molar flux
from 20.2 - 31.5 μmol/min. Figure 3 shows the dependence of the 1.54 μm PL spectra
measured at 300 K for λexc = 375 nm on Er molar flux. It can be seen that the 1.54 μm
emission line shape is independent of the Er flux. The inset of Fig. 3 shows the PL intensity at
1.54 μm as a function of Er molar flux and demonstrates a direct correlation between PL
intensity at 1.54 μm and Er molar flux in the studied range. The results indicate that the
number of optical active centers increases almost linearly with an increase of the Er molar
flux.
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Fig. 3. Room temperature PL spectra of a-plane Er doped GaN epilayers showing the variation
in the emission intensity of the Er related emission at 1.54 μm with the Er molar flux employed
during the growth. The excitation wavelength used was 375 nm. Inset: The PL intensity at 1.54
μm as a function of Er molar flux.

Figure 4 shows the temperature evolution of the PL spectra near 1.54 μm of a-plane
GaN:Er measured in the spectral range of 10 - 400 K. The 1.54 μm emission peak due to the
radiative intra-4f Er3+ transition from 4I13/2 to 4I15/2 is dominant at low temperatures with its
emission intensity decreases with an increase in temperature. The transition located at 1.51μm
is not visible at 10 K and its emission intensity increases with temperature following a
different trend compared to the 1.54 μm peak.
Knowledge on the thermal-quenching properties of the Er-related luminescence at 1.54
μm can be obtained from temperature evolution of the PL spectra. Figure 5 shows the
integrated PL emission intensity (Iint) of the 1.54 μm emission line (integrated over a range of
1.45 - 1.62 μm) for a-plane GaN:Er as a function of temperature between 10 and 400 K. The
temperature dependence of the integrated PL shows a 12% decrease in Iint between 10 and 300
K. This small degree of thermal quenching is even lower than the reported thermal quenching
(20%) for Er doped c-plane GaN [18,19].
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Fig. 4. PL spectra of the 1.54 μm emission of a-plane Er doped GaN measured at different
temperatures from 10 to 400 K. The excitation wavelength used was 195 nm.

The inset of Fig. 5 shows the Arrhenius plot of the integrated PL intensity near 1.54 μm
between 10 and 400 K for a-plane GaN:Er. The solid line is the least squares fit of the
measured data to the equation
§ − E0 ·
ª
¨
kT ¸¹ º
I int (T ) = I 0 «1 + Ce©
»
¬
¼

−1

(1)

where Iint (T) and I0 are, respectively, the integrated PL intensities at finite temperature T and
0 K, while E0 is the activation energy of the thermal quenching, and k is Boltzmann's
constant. The PL intensity is thermally activated with an activation energy of about 258 ± 15
meV, which is larger than a value of 191 meV observed in c-plane GaN:Er [19] and explains
the reduced thermal quenching of the 1.54 μm emission in a-plane GaN:Er. This again
suggests that the Er dopant’s environment is not identical in a-plane and c-plane GaN:Er
epilayers.

#226983 - $15.00 USD
(C) 2015 OSA

Received 18 Nov 2014; revised 16 Dec 2014; accepted 27 Dec 2014; published 8 Jan 2015
1 Feb 2015 | Vol. 5, No. 2 | DOI:10.1364/OME.5.000274 | OPTICAL MATERIALS EXPRESS 279

120

Texas Tech University, Xiaozhang DU, August 2018

Fig. 5. Integrated PL emission intensity of the 1.54 μm emission of a-plane Er doped GaN vs
sample temperature. Inset: Arrhenius plot of the integrated PL intensity of the 1.54 μm
emission. The solid line in the plot is the least squares fit of the measured data to Eq. (1). The
excitation wavelength used was 195 nm.

4. Conclusion
In summary, a-plane Er doped GaN epilayers were grown by MOCVD. It was found that the
room temperature intensity of Er-related PL emission at 1.54 μm for a-plane Er-doped GaN is
four times stronger than that of c-plane Er-doped GaN. The emission intensity at 1.54 μm was
found to increase almost linearly with an increase of Er molar flux employed during the
growth. Thermal quenching of the emission at 1.54 μm in a-plane GaN:Er from 10 to 300 K
is 1.6 times smaller than that measured in c-plane GaN:Er. The results imply that the use of aplane GaN as a host crystal for Er doping represents a promising route for realizing 1.54 μm
optoelectronic and photonic devices with improved emission efficiency.
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The optical and physical properties of hexagonal boron nitride single crystals grown from a molten metal
solution are reported. The hBN crystals were grown by precipitation from a nickel–chromium ﬂux with a
boron nitride source, by slowly cooling from 1500 1C at 2–4 1C/h under a nitrogen ﬂow at atmospheric
pressure. The hBN crystals formed on the surface of the ﬂux with an apparent crystal size up to 1–2 mm
in diameter. Individual grains were as large as 100–200 mm across. Typically, the ﬂakes removed from the
metal were 6–20 mm thick. Optical absorption measurements suggest a bandgap of 5.8 eV by neglecting
the binding energy of excitons in hBN. The highest energy photoluminescence peak was at 5.75 eV at
room temperature. The hBN crystals typically had a pit density of 5  106 cm  2 after etching in a molten
eutectic mixture of potassium hydroxide and sodium hydroxide. The quality of these crystals suggests
they are suitable as substrates for two dimensional materials such as graphene and gallium nitride based
devices.
& 2014 Elsevier B.V. All rights reserved.

Keywords:
A1. Optical absorption
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Hexagonal boron nitride
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Single crystals

1. Introduction
Single crystal hexagonal boron nitride (hBN) is the best substrate for supporting graphene, because of its similar crystal
structure and lattice constants, ultrasmooth surfaces, low density
of surface charge states, and wide energy band gap [1,2]. When it
is encapsulated in hBN, graphene's properties are the best,
including the highest reported room temperature charge carrier
mobility ( 4140,000 cm2/V s) [3] and ballistic transport distances
of several microns [2,3].
hBN is also attractive as a substrate for other materials as well.
Chan et al. [4] reported a ten-fold increase in the electron mobility
of thin MoS2 layers on hBN compared to SiO2 substrates. Similarly,
Gehring et al. [5] saw the surface carrier mobility of the topological
insulator BiTe2Se increase by a factor of three on hBN compared to
SiO2. hBN has also been proposed as a substrate for atomically thin
layers of silicon (silicene) [6] and germanium (germanene) [7].
Since hBN does not have dangling surface bonds, the epitaxial
layers it supports are weakly held and can be mechanically
removed, allowing their separation from the substrate, as has
been demonstrated for GaN based devices by Makimoto et al. [8]
and Kobayashi et al. [9].

n
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For all of these applications, single crystals are preferable to
polycrystals because the properties of the layer changes with their
relative crystallographic orientation to the hBN. That is, grain boundaries can disturb the electrical properties. Ideally, the hBN single
crystals should have low defect densities, as these can also adversely
affect the layers it supports. Furthermore, high purity hBN crystals are
best, to ensure maximum optical transparency over a large range of
wavelengths. Thus, this study was undertaken to determine the
properties of hBN single crystals that were produced by the ﬂux
growth.
There have been relatively few studies on the bulk crystal
growth of hBN [10–14]. These employed a variety of solvents for
hBN including silicon [10], copper [11], sodium [12], and nickel–
chromium [13,14]. Here we adapt the method developed by
Kubota et al. [14] employing a Ni–Cr ﬂux, due to its relatively
modest temperature, ability to achieve reasonably fast growth
rates, and ability to produce crystals at atmospheric pressure.

2. Experimental
For these studies, the hBN single crystals were precipitated
from a 49 wt% nickel–51 wt% chromium ﬂux that was used to
dissolve the hBN powder source. The mixture was heated to
1500 1C under a ﬂow of nitrogen at atmospheric pressure, and
then slowly cooled at 4 1C/h to 1250 1C. A more complete

http://dx.doi.org/10.1016/j.jcrysgro.2014.06.006
0022-0248/& 2014 Elsevier B.V. All rights reserved.
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description of the crystal growth process was given in our earlier
publication [15]. At room temperature, hBN ﬂakes were mechanically peeled off of the solidiﬁed metal ﬂux for further study.
Using micro-positioners, a h-BN ﬂake was positioned over a
200-um open aperture in a Au coated surface. Optical images of
this structure are shown in Fig. 1. Optical transmission data
through the ﬂake and 200-um pinhole were measured over a
range from 1 to 6 eV using a Cary 5G spectrophotometer in dualbeam mode. The system baseline was calibrated using an identical
200-um aperture without the BN ﬂake.
For PL measurements, a frequency-quadruped Ti-sapphire laser
(with photon wavelength of 197 nm, 76 MHz repetition rate, and
100 fs pulse width) was used as an excitation source. The laser
beam was focused onto the sample surface with a lens. The PL
signal was collected and dispersed by a monochromator (1.3 m),
and then detected by a microchannel-plate photo-multiplier tube
together with a single photon-counting system [16].
To assess their quality, several hBN crystals were etched in a
molten eutectic mixture of sodium hydroxide and potassium
hydroxide at 430 1C for 1.5 min. Etch pits were assumed to be
associated with dislocations in the crystals, as has been shown for
other materials in this defect sensitive etchant [17]. Etch pit
shapes, sizes, and densities were determined by scanning electron
microscopy.

3. Results
The individual crystals nucleated with their (0001) planes
parallel to the metal surface, but with random in-plane orientations. The hBN crystals that formed had an apparent size as
indicated by their distinctive boundaries of up to 1–2 mm. Closer
inspections showed that the individual grain size was up to 100–
200 mm across. The thickness of the crystals ranged between 6 and
20 μm, as measured by surface proﬁlometry. Frequently, the
crystals were cracked, presumably due to contraction as the metal
ﬂux solidiﬁed, and the differences in the coefﬁcients of thermal
expansion of the hBN and the metal ﬂux.
The measured optical transmission spectrum for a h-BN ﬂake is
shown in Fig. 2. To determine the BN thickness, the oscillations
near 2 eV were ﬁt to a Fabry–Perot cavity formed by the BN ﬂake.
Using 1.85 for the refractive index of BN [18], this provides an
estimated thickness of 6.1 mm (see Fig. 2b). Knowing the thickness
allows us to calculate the spectral absorption coefﬁcient of this hBN ﬂake, as shown in Fig. 3.
The absorption coefﬁcient is related to the bandgap (to ﬁrst
order) by α p (ħω  Eg)n,
where n is ½ and 2 for direct and indirect bandgap materials,
respectively. The spectral data are plotted in Fig. 4as a function of
(a) α2 and (b) α1/2 to help identify the band-structure. The quality
of linear ﬁt to the data suggests an indirect gap of 5.8 eV. However,
the rather wide bandgap of BN causes Coulomb attraction of e–h
pairs as well as other effects that may inﬂuence the shape of
h-BN's bandedge.
The maximum room temperature photoluminescence peak
energy for the hBN ﬂake (Fig. 5) was at 5.75 eV, which is similar
to that reported for the best quality hBN single crystals [19].
Additional peaks were seen at 5.57 eV, which Watanabe et al. [20]
attribute to stacking disorder, and at 4.45 eV, which is possibly
associated with impurities.
Etching produced two types of hexagonal pits: those with
pyramidal sidewalls converging to a point at the bottom of the
pit, and those with a ﬂat surface at the bottom of the pit (Fig. 6a).
The ﬂat bottom pits may indicate that the dislocation came to an
end on the ﬂat plane, or its path moved horizontal, in the plane.
The etch pit density was typically 5  106 cm  2 in the broad areas
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Fig. 1. Confocal microscope images of the h-BN ﬂake mounted on a 200-um
aperture in a Au coated surface using (a) white light, and (b) 400-nm laser light.

of the individual grains. Not unexpectedly, the etch pit densities
were higher at grain boundaries.

4. Discussion
The measurements made in this study demonstrate that the
hBN produced by the ﬂux method are of excellent structural and
optical quality. The method is relative simple, requiring neither an
excessive temperature nor pressure, suggesting the technique can
be scaled to produce large crystals. It can produce hBN crystals
that are relatively thick in comparison hBN prepared by thin ﬁlm
techniques.
Whether hBN has a direct or indirect bandgap has been
debated in the literature. From ab initio calculations, Blase et al.
[21] predicted that bulk hBN has an indirect band gap of 5.4 eV. On
the basis of ultraviolet luminescence at 5.765 eV at room temperature and intrinsic fundamental absorption spectra with peaks
between 5.822 eV and 5.968 eV at low temperature (8 K) with an
s-like exciton structure, Watanabe et al. [19] claimed its bandgap is
direct. Based on the intense photoluminescence at low temperature from epitaxial hBN layers deposited on sapphire substrates,
Majety et al. [16] also supported the ﬁnding that hBN is a direct
bandgap semiconductor. Using state-of-the art all-electron GW
approximation, Arnaud et al. [22] asserted hBN is in fact an
indirect band gap semiconductor. They estimated the minium
indirect and direct gaps as 5.95 eV and 6.47 eV respectively. The
absorption measurement results shown in Fig. 4 seem to suggest
that hBN has an indirect bandgap.
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112

J.H. Edgar et al. / Journal of Crystal Growth 403 (2014) 110–113

Fig. 2. a) Optical transmission spectrum of a h-BN ﬂake from 1 to 6 eV, along with (b) a ﬁt to the Fabry–Perot oscillations providing an 6.1-um estimated thickness.

Fig. 3. Absorption coefﬁcient for 6.1-um thick h-BN ﬂake.

Fig. 5. Room temperature photoluminescence from a hBN crystal.

Fig. 4. Linear ﬁt to spectral data assuming proportionality to α2 and α1/2 to estimate
the type of bandgap for the h-BN ﬂake.

Liu et al. [23] and Gao [24] both predict that variations in the
stacking sequence of layers modify the band gap magnitude and
whether it is direct or indirect. Speciﬁcally, Liu et al. [23] writes
there exists a substable structure of hBN, which corresponds to a
glide distance of B–N bond length (1.446 Å) of all B layers of an
ABAB… stacking aligning in a direction of in-plane B–N bond that
is indirect. This conﬁguration is quite stable and its total energy is
only slightly above the ground state and forms a direct band with

an energy gap of about 0.6 eV smaller than that of the ground
state. Perhaps the structure of layer stacking of hBN may be
different for materials grown by different methods, which could
contribute to the debate regarding whether hBN has a direct or
indirect bandgap. Our experimental results support a gap of 5.8 eV.
Measured absorption at energies below the gap up to 5.5 eV show
an exponential ﬁt with energy suggesting Urbach tail states due to
the disorder (polycrystallinity, etc.). The transition region between
Urbach tail states and the indirect band edge could include states
from dangling bonds, similar to those found in micro- and polycrystalline Si ﬁlms. However, despite the debating issue concerning the bandgap, clearly, the band-edge emission efﬁciency in hBN
is unusually high due to its layered structure [25]. The layer
structured hBN provides a natural 2D system which result in a
sharp “step”-like density of states and increase in the exciton
binding energy and oscillator strength.
For the bulk hBN crystals, the grain size is larger and their
defect densities are much lower than those typically found in the
deposited thin ﬁlms. For example, for their thin ﬁlms, Tay et al.
[26] reported a typical hBN domain size that was less than
1.0 square microns. Using transmission electron microscopy,
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Fig. 6. Scanning electron microscope image of an individual pit formed by etching
an hBN crystal in a eutectic mixture of potassium hydroxide and sodium hydroxide.
The hexagonal pits had either pointed or ﬂat bottoms (scale bar¼ 4.0 μm).

Levendorf et al. [27] established their hBN grain size was on the
order of 1–10 μm. Lee et al. [28] observed the domain size of their
hBN layers were determined by the grain size of the nickel foil
they employed, on the order of 100 mircrons or less. For the hBN
samples grown in this study, the grain size regularly exceeded
100 μm, and the potential exist for increasing the size further by
modifying and improving the process.

5. Conclusions
Hexagonal boron nitride single crystals of good quality were
produced from a nickel–chromium molten metal ﬂux at atmospheric pressure. Optical absorption, photoluminescence, and
defect selective etching demonstrates hBN's wide energy bandgap
(5.8 eV), high energy peak (5.76 eV), and relatively low etch pit
densities respectively. Additional studies are needed to eliminate
cracking, increasing the crystal size, identifying the impurities
present, and to further reduce the defect densities. With these
improvements, this process may produce large area hBN crystals.
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Optical properties of strain-free AlN nanowires grown by molecular
beam epitaxy on Si substrates
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The optical properties of catalyst-free AlN nanowires grown on Si substrates by molecular beam
epitaxy were investigated. Such nanowires are nearly free of strain, with strong free exciton
emission measured at room temperature. The photoluminescence intensity is signiﬁcantly
enhanced, compared to previously reported AlN epilayer. Moreover, the presence of phonon
replicas with an energy separation of 100 meV was identiﬁed to be associated with the
surface-optical phonon rather than the commonly reported longitudinal-optical phonon, which is
C 2014 AIP Publishing LLC.
further supported by the micro-Raman scattering experiments. V
[http://dx.doi.org/10.1063/1.4881558]
AlN and Al-rich AlGaN alloy have been considered as
the materials of choice for deep ultraviolet (DUV) optoelectronic devices, including light emitting diodes (LEDs), laser
diodes, and photodetectors, due to their wide direct bandgap.1,2 These materials also exhibit many unique properties,
such as extreme thermal and chemical stability, high mechanical strength, hardness, and corrosion resistance, which
make them suitable for applications in harsh environments.
Similar to other III-nitride semiconductors, AlN epilayers
have been commonly grown on highly lattice-mismatched
substrates such as sapphire or SiC, and the resulting large
densities of dislocations (107–1010 cm2) and other structural defects severely limit the device performance.3
Moreover, the extraction efﬁciency of DUV emitters is
extremely low due to the strong polarization of emitted light
with Ekc.4 To enhance the external quantum efﬁciency, various strategies, including micro-LEDs and photonic crystals,
have been employed to extract the light that propagates
transversely (Ekc) in DUV emitters.5
These critical issues may be potentially addressed by
utilizing low-dimensional structures such as nanowires for
the following reasons. First, the dislocation/defect density
can be drastically reduced in nanowires due to the completely removed epitaxial relationship between the nanowires and the underlying substrate,6 as well as the highly
effective lateral strain relaxation.7 Second, the intrinsically
larger light extraction efﬁciency of nanowires may further
enhance the external quantum efﬁciency, especially for DUV
emitters.8 In addition, another major bottleneck for DUV
optoelectronic devices, i.e., the extreme difﬁculty in impurity
doping, can be potentially addressed by the reduced formation energy for substitutional doping in the near surface
region of nanowires, rendering enhanced surface doping
and conductivity in nanowire devices.9 In this regard, tremendous efforts have been devoted to synthesizing/growing
a)
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AlN nanowires via different techniques, including chemical
vapour deposition, direct current arc discharge method, and
molecular beam epitaxy (MBE).10–14 To date, however, such
AlN nanowires generally exhibit extremely poor structural
and optical properties, with no reports on the band-edge optical emission at room temperature. In addition, a detailed
understanding of many other important properties of AlN
nanowires, including the strain distribution and the inﬂuence
of surface on the optical emission, has remained elusive.
In this Letter, we have investigated the MBE growth
and characterization of nearly strain-free AlN nanowires on
GaN nanowire templates on Si (111) substrates. Such nanowires exhibit strong free exciton (FX) emission at 6.03 eV at
low temperature. The photoluminescence (PL) spectral linewidth is 21 meV, which is signiﬁcantly smaller than that
(33 meV) measured in high quality AlN epilayers, suggesting drastically improved crystalline quality. A strong and
pure PL spectrum was also measured at room temperature.
Moreover, the presence of phonon replicas in the AlN nanowires shows an energy separation of 100 meV, which is
identiﬁed to be associated with the surface-optical (SO) phonons rather than the commonly measured longitudinaloptical (LO) phonons. This observation is further supported
by the micro-Raman scattering experiments.
Catalyst-free AlN nanowires were grown on Si (111)
substrates using a Veeco Gen II MBE system under
nitrogen-rich conditions. Prior to the growth of AlN nanowires, GaN nanowire arrays were ﬁrst grown, which serve as
a template to promote the formation of AlN nanowires. This
is schematically shown in Fig. 1(a). Compared with the
direct nucleation of AlN on Si or dielectric layer SiOx,13 the
utilization of the GaN nanowire template can provide a better control of the AlN nanowire size, density, and quality and
is fully compatible with processes for achieving DUV devices on a Si-platform.15 The growth conditions included a
plasma power of 350 W, a nitrogen ﬂow rate of 1 sccm, an
Al ﬂux of 6  108 Torr, and a growth temperature of 858  C
for the AlN nanowires. Structural properties of the AlN
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FIG. 1. (a) Schematic diagram showing AlN nanowires grown on GaN
nanowire template on Si substrate. (b) Typical bird’s-eye-view SEM image
of AlN nanowires taken with a 45-deg angle.

nanowires were examined using a high-resolution scanning
electron microscope (SEM) with an acceleration voltage of
5 kV. A representative SEM image of the AlN nanowires is
presented in Fig. 1(b). It can be seen that the AlN nanowires
are vertically aligned on Si substrate. The diameter and the
density of the AlN nanowires are estimated to be 100 nm
and 1  1010 cm2, respectively. Transmission electron
microscope (TEM) studies further indicate that such nanowires are nearly defect-free.
Detailed PL emission characteristics were studied subsequently. For PL measurements, a frequency-quadrupled
Ti-sapphire laser (with lasing wavelength of 197 nm,
76 MHz repetition rate, 100 fs pulse width, and average optical power of about 1 mW) was used as an excitation source.
The laser beam was focused onto the nanowire sample by
a lens. The PL signal was collected and dispersed by a
monochromator (1.3 m), and then detected by a
microchannel-plate photo-multiplier tube together with
a single photon-counting system.4
Figure 2(a) shows the PL spectrum of the AlN nanowires measured at low temperature (10 K). For comparison,
the PL spectrum of high quality AlN epilayers grown on a
sapphire substrate is also shown in Fig. 2(b) measured sideby-side under identical conditions. The thickness of the AlN
epilayer is 1 lm, which is comparable to the height of AlN
nanowires. Since the quantum conﬁnement effect in nanowires with diameters 100 nm is negligible, the excitonic
transitions in nanowires and epilayers can be compared
directly. Shown in Fig. 2(b), the FX emission (n ¼ 0 line) in
AlN epilayers was observed at 6.06 eV with its phonon
replicas at 5.95 eV (n ¼ 1 line) and 5.84 eV (n ¼ 2 line),
which is similar to our previous reports.16 For the presented
AlN nanowires, however, the FX emission was measured at
6.03 eV (n ¼ 0 line) with its phonon replicas at 5.93 eV
(n ¼ 1 line) and 5.83 eV (n ¼ 2 line). The difference in the
phonon replica energy (10 meV) will be discussed later on.
It is of interest to note that the FX peak energy (6.03 eV) in
AlN nanowires is almost identical to that of AlN bulk crystal
and AlN epilayers,16–18 This ﬁnding indicates that the AlN
nanowires are virtually free of strain, which is in direct contrast to the FX emission peak energy (6.06 eV) measured
in compressively strained AlN epilayers grown on a sapphire
substrate. Such a strain reduction in AlN nanowires is further
conﬁrmed by micro-Raman scattering experiments, as
will be discussed later on. In addition, a much narrower

FIG. 2. (a) PL spectrum of AlN nanowires measured at 10 K with the main
peak at 6.03 eV and SO-phonon replicas with 100 meV energy separation. (b) PL spectrum of AlN epilayer grown on sapphire measured at 10 K
with the main peak at 6.06 eV and LO-phonon replicas with 110 meV
separation.

full-width-at-half-maximum (FWHM) of the FX emission
peak (21 meV) was measured in AlN nanowires compared to
that measured from AlN epilayer (33 meV). This suggests
much improved crystalline quality for the AlN nanowires.
The dramatically improved crystalline quality of AlN
nanowires is further evidenced from Fig. 3, where an FX
emission peak at 5.96 eV was measured at room temperature. In this case, the peak intensity is more than two times
stronger than that measured from the AlN epilayer. The
enhanced optical emission cannot be attributed only to the
improved crystalline quality in the AlN nanowire bulk
region, but also suggests that surface defects/states of AlN
nanowires have a relatively minor impact on the excitonic

FIG. 3. (a) PL spectrum of AlN nanowires measured at 300 K with the main
peak at 5.96 eV. (b) AlN epilayer grown on sapphire measured at 300 K
with the main peak at 5.99 eV.
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recombination dynamics. We attribute this mainly to the
large exciton binding energy (60 meV) and very small
Bohr radius of the exciton (1.2 nm) in AlN resulting from
the large effective mass of carriers.19 Such ultra-stable excitons dominate the recombination process even at room temperature and hence prevent carriers from being captured by
surface defects/states in nanowires, thereby effectively suppressing surface related non-radiative recombination.
Now let us focus on the phonon replicas in AlN nanowires. It is noticed that the energy separation between the
phonon replicas is only 100 meV (Fig. 2(a)), which is about
10 meV smaller than that of the typical LO-phonon replicas
in AlN epilayers, illustrated in Fig. 2(b). Such a large energy
difference suggests that the origin of phonon replicas in AlN
nanowires is probably associated with other types of phonon
modes rather than the typical LO-phonon.20 Generally speaking, the unique conﬁguration of polar semiconductor nanostructures (e.g., nanowires), including the large aspect ratio
and/or small transversal dimension, could lead to the appearance of vibrational phonon modes that are related to the
oscillation of surface atoms.21–23 Such SO-phonons are sensitive to the morphology, size, and density of nanowires and
are also a function of the dielectric constant of the environment.23 Based on Loudon’s uniaxial crystal model and
within the framework of the dielectric continuum model, it
has been estimated that the SO-phonon energy in AlN nanowires can be varied from 84 meV to 110 meV.24 Therefore,
the phonon replicas in the presented AlN nanowires are
likely due to the interaction between SO-phonon and electrons via the Fr€ohlich electron-phonon coupling.
In order to further support this conclusion, micro-Raman
experiments were performed at room temperature with a
488 nm Argon ion laser through a 100 objective. The
focused laser spot size was 1 lm. Figure 4 shows a typical
Raman spectrum of AlN nanowires taken with unpolarized
light in the backscattering geometry, i.e., zð::Þz conﬁguration. It is seen that a strong Si signal, which is peaked at
520 cm1 (not shown) dominates, and an AlN E2H mode is
observed at 656 cm1. The peak position of the E2H mode

FIG. 4. Typical room temperature micro-Raman spectrum of AlN nanowires
(spectrum is scaled out focusing on AlN modes, and Si/SiO2 modes are
pointed out with “*”). Gaussian curve ﬁtting (from 750 cm1 to 915 cm1)
showing the SO-phonon mode (blue solid curve), Si mode (pink dotted
curve), A1(LO) mode (green short dashed curve), background signal from
SiO2 (black dash-dotted curve). Inset: micro-Raman spectra measured in air
and DMSO, respectively.

has been widely used to evaluate the strain conditions in
III-nitride semiconductors, due to its high sensitivity to the
biaxial strain in the c-plane. In this study, a negligible shift is
observed in the E2H mode (less than 1 cm1), compared with
that measured in AlN bulk crystal, conﬁrming that the AlN
nanowires are nearly free of strain as discussed above.25
Moreover, the typical A1(LO) phonons at 890 cm1
cannot be clearly distinguished in the measured spectrum,
partly due to the presence of a strong asymmetric broad band
at its lower energy side. By using standard Gaussian curve
ﬁtting (from 750 cm1 to 915 cm1) shown in Fig. 4, it has
been found that such a broad band is composed of a sharp
mode (pink dotted curve) from Si substrate and another
broad mode (blue solid curve), which is attributed to the
SO-phonon mode with the peak at 825 cm1. Also in this
ﬁtting, the green dashed curve is assigned to the A1(LO)
mode and black dash-dotted curve is due to the strong background signal from SiO2. The observed SO-phonon mode
was also reported in GaN nanowires, AlN nanotips and
GaN/AlN core-shell nanowires with frequency ranging
between the TO and LO phonon mode.23,26,27 Moreover, the
Raman spectrum of AlN nanowires was also recorded in dimethyl sulfoxide (DMSO) (em ¼ 45) as shown in the inset of
Fig. 4. It can be observed that immersing nanowires in materials with a high dielectric constant leads to an obvious shape
change and redshift of the asymmetric broad band. This
result provides further evidence for the presence of a strong
SO-phonon mode in the measured spectrum. Importantly,
the energy of the presented SO-phonon mode is estimated to
be 102 meV, nearly identical to the energy separation
between the phonon replicas in AlN nanowires shown in
Fig. 2(a). This result conﬁrms that the origin of phonon replicas measured in AlN nanowires is due to the interaction
between electron and SO-phonon rather than LO-phonon.
The presence of a strong SO-phonon mode could be related
to the oxidation of AlN nanowire surfaces.10 The formation
energy analysis suggests that oxygen could be easily incorporated in AlN by substituting for nitrogen atoms.28,29 In
addition, negatively charged vacancies VAl3 in AlN were
found to be energetically favourable and thus could bind to
positively charged substitutional oxygen forming defect
complexes on the surfaces of nanowires.12,29,30
The coupling strength between phonon and exciton can
be evaluated by using the Huang–Rhys (H-R) factor, i.e.,
S-factor, based on the equation In ¼ I0 (Sn/n!).31 Here, n ¼ 0,
1, 2, 3,…, represent the number of LO-phonons involved, In
is the emission intensity of the nth phonon replica and I0 is
the intensity of the main emission line. Accordingly, based
on Figs. 2(a) and 2(b), the S-factors are determined to be
0.15 and 0.11 for AlN nanowires and epilayers, respectively.
Both S-factors are much larger than those for GaN epilayers
(0.007) due to the smaller Bohr radii of excitons in AlN and
other reasons.32 In this study, a larger S-factor, i.e., a stronger phonon-exciton coupling in nanowires, could also originate from the signiﬁcantly improved material quality, since
the emission intensity of phonon replicas can be signiﬁcantly
reduced by the scattering of impurities and defects.31
Additionally, it is worth highlighting that the frequency of
the SO-phonon in nanowires can be tuned by changing the
morphology, wire density, and the dielectric constant of the
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environment.23 Therefore, the SO-phonon assisted excitonic
transitions could also be engineered accordingly. This provides the possibility and a certain degree of freedom in
designing phonon-assisted optoelectronic devices, which has
not been previously possible for the conventional
LO-phonon assisted process.
In conclusion, we have demonstrated strain-free AlN
nanowires grown directly on Si substrate by the catalyst-free
MBE process, which can exhibit superior optical properties,
including strong PL emission and a narrower spectral linewidth, compared to previously reported AlN epilayers.
Moreover, the unique SO-phonon replica with an energy
separation 100 meV was observed in PL spectra of AlN
nanowires. These observations are also supported by microRaman scattering measurements.
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