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Photocurrent excitation spectroscopy has been employed to probe the band structure and basic

parameters of hexagonal boron nitride (h-BN) epilayers synthesized by metal-organic chemical

vapor deposition. Bias dependent photocurrent excitation spectra clearly resolved the band-to-

band, free exciton, and impurity bound exciton transitions. The energy bandgap (Eg), binding

energy of free exciton (Ex), and binding energy of impurity bound exciton (Ebx) in h-BN have been

directly obtained from the photocurrent spectral peak positions and comparison with the related

photoluminescence emission peaks. The direct observation of the band-to-band transition suggests

that h-BN is a semiconductor with a direct energy bandgap of Eg¼ 6.42 eV at room temperature.

These results provide a more coherent picture regarding the fundamental parameters of this impor-

tant emerging ultra-wide bandgap semiconductor. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4963128]

Hexagonal boron nitride (h-BN) has recently attracted

much interest due to its potential as a deep-ultraviolet

(DUV) photonic material,1–5 as an ideal material for the

exploration of van der Waals heterostructures made layer by

layer between h-BN/graphene related materials with new

physics and applications,6–8 and as a solid-state neutron

detector material.9–11 Previous studies have also revealed

that h-BN epilayers exhibit extremely high optical absorp-

tion above bandgap (�7.5 � 105cm�1) and emission.4,12–14

More recently, it was shown that by growing h-BN under

high ammonia flow rates, nitrogen vacancy related emission

peaks can be eliminated and consequently, epilayers exhibit-

ing pure free exciton emission at low temperatures can be

achieved.15 However, fundamental parameters of h-BN
remain to be probed. The energy bandgap (Eg) and the free

exciton binding energy (Ex) of this material have been theo-

retically calculated14,16–18 and experimentally determined to

be near 6.5 and 0.7 eV, respectively.19–23 The confirmation

of these parameters by more direct experimental measure-

ments is highly desirable. Also, there remains controversy

regarding if h-BN is a direct or an indirect bandgap semicon-

ductor. The realization of wafer-scale semiconducting h-BN
epilayers with high crystalline and optical qualities has

opened up opportunities for the exploration of the fundamen-

tal properties and emerging applications of this important

material.

Photoluminescence (PL) emission spectroscopy has

been widely utilized as one of the most effective methods to

identify the fundamental bandgap and exciton binding ener-

gies in semiconductors. In wide bandgap semiconductors,

the band-to-band transition with its energy peak position cor-

responding to the energy bandgap is often difficult to observe

directly due to the dominance of the excitonic transitions.

For instance, in GaN and AlN, the exciton binding energies

can be determined either from the emission energy differ-

ence between the first excited state and the ground state or

from the thermal activation of the excitonic emission intensi-

ties.24,25 Consequently, the energy bandgap of GaN or AlN

can thus be deduced by knowing the spectral peak position

of the excitonic transition and the binding energy of the free

exciton. However, in h-BN, due to the exceptionally large

exciton binding energy and exciton-phonon interaction, it is

difficult to detect the thermal activation of the free excitonic

transition or the first excited state of the free exciton. As a

consequence, direct determination of the energy bandgap

from the PL or optical absorption measurement is challeng-

ing. Previous photoconductivity and photoluminescence

excitation spectroscopy measurements have provided a room

temperature bandgap of h-BN of about 6.4 eV based on the

observation of an optical absorption edge.19,20 In this work,

photocurrent excitation spectroscopy has been utilized as an

alternative technique to directly probe the energy bandgap

and exciton binding energies. The generation of photocurrent

requires the excitation of the free charge carriers or excitons

as well as charge carrier separation and collection under the

aid of an electric field, and hence provides an avenue for the

direct observation of the band-to-band and excitonic

transition.

Epitaxial layers of h-BN employed in this study were

synthesized by metal-organic chemical vapor deposition

(MOCVD) using triethylboron (TEB) and ammonia (NH3)

as the precursors for B and N, respectively. Epilayers were

grown on c-plane sapphire substrates at 1300 �C using hydro-

gen as a carrier gas. The surface roughness was probed

by atomic force microscope (AFM) revealing a root mean

square (RMS) of 0.2 nm in a scanning area of 1 lm� 1 lm.

The PL spectroscopy system consists of a frequency quadru-

pled 100 femtosecond Ti: sapphire laser with excitation pho-

ton energy set around 6.28 eV and a monochromator (1.3m).

A single photon counting detection system in conjunction

with a micro-channel-plate photo-multiplier tube was used to

record PL spectra.23–25 For the photocurrent excitation spec-

troscopy measurements, photodetectors based on a metal-

semiconductor-metal (MSM) architecture with micro-stripa)E-mail: hx.jiang@ttu.edu
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interdigital fingers were fabricated from h-BN epilayers.11

The photolithography technique was used to pattern the inter-

digital fingers on the surface of h-BN epilayers. Contacts con-

sisting of bi-layers of Ti/Al (20 nm/30 nm) were deposited by

e-beam evaporation for the application of bias voltages and

the collection of the charge carriers (or photocurrent). A broad

light source covering wavelength range between 170 and

2100 nm [model E-99 laser-driven light source (LDLS) by

Energytiq] coupled with a triple grating monochromator (Pro

2300 I of Acton by Research Corporation Spectra) was used

as a variable wavelength excitation source with an excitation

spectral resolution of about 0.2 nm.

The basic layer structure of h-BN epilayers (30 nm in

thickness) used in this study is shown in the inset of Fig. 1(a).

The x-ray diffraction (XRD) h-2h scan shown in Fig. 1(a) is

similar to those reported previously4,13 and reveals that the

BN films are single crystals of hexagonal phase.26–28 Figure

1(b) shows an optical image of a fabricated MSM detector.

The MSM detector has a device size of 0.5mm� 0.5mm

with metal strips of 6lm in width and spacing between the

metal strips of 9lm. Figure 2 shows the I–V characteristics of

the dark (open squares) and photocurrent (open circles) of a

h-BN MSM detector under the excitation of a broad spectrum

light source. Both dark and photocurrent exhibit linear behav-

ior. Under the photoexcitation, the conductivity of the h-BN
epilayer is increased by a factor of approximately 10 due to

an increase in the photo-excited free carrier concentration and

reduced electrical resistivity.

Figure 3 shows the room temperature photocurrent exci-

tation spectra of an h-BN epilayer measured at different bias

voltages, Vb, from 1 to 100 V corresponding to applied elec-

tric fields of 1.1� 103 V/cm to 1.1� 105 V/cm. A photocur-

rent excitation spectrum effectively records the increase in

the free carrier concentration (electrons and holes) due to

photoexcitation and the peaks in these spectra form as a

result of carriers/excitons making transitions from different

energy levels or bands. For instance, the free exciton transi-

tion peak in a photocurrent spectrum is formed through the

processes of resonant excitation of free excitons (absorbing

photons with an energy equal to that of the free exciton tran-

sition) and subsequent dissociation of a fraction of excitons

into free carriers in the presence of an applied electric field.

The peak height increases with an increase of the applied

voltage or electric field due to the fact that the process of

breaking-up of free excitons as well the efficiency of charge

collection is enhanced by an increase of the bias voltage or

electric field. Transition peaks at 4.17, 5.39, 5.69, and

6.42 eV are clearly resolved in the photocurrent excitation

spectra shown in Fig. 3. The 4.17 eV transition is due to the

well-known donor-acceptor-pair (DAP) transition involving

a nitrogen vacancy (VN) donor with an energy level at about

0.1 eV, and a deep level acceptor possibly associated with

the carbon impurity occupying the nitrogen site with an

energy level of 2.3 eV.29–32 The transition at 5.39 eV has

been previously identified and is most likely due to another

DAP transition involving the same shallow VN donor and a

deep acceptor with an energy level of about 1.1 eV.15,31 The

trend shown in Fig. 3 indicates that lower energy transition

peaks require relatively higher bias voltages to observe. This

is because an additional electric field is needed to further

break-up the carriers or excitons bound to impurities into

FIG. 1. (a) XRD h-2h scan of an h-BN epilayer grown by MOCVD. The

inset shows the layer structure of h-BN epilayers used in this study. (b)

Optical images of a fabricated detector used for measuring the photocurrent

excitation spectra.

FIG. 2. I–V characteristics of dark (open squares) and photocurrent (open

circles) under the illumination of a broad spectrum light source.
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free carriers. Consequently, the DAP transition at 4.17 eV is

observable at highest Vb. It is interesting to note that high

energy transition peaks at 5.69 eV and 6.42 eV are observ-

able at a bias voltage as low as Vb¼ 20V.

Figure 4 plots the comparison between the photocurrent

excitation and PL emission spectra of an h-BN epilayer.

Figure 4(a) is the 300K photocurrent excitation spectrum

obtained at 100V. Figure 4(b) shows the low temperature

(10K) PL spectrum which shows that the free exciton emis-

sion line near 5.735 eV is the dominant transition line,15

whereas Fig. 4(c) is the PL emission spectrum obtained at

300K where the dominant emission line near 5.5 eV is due

to the recombination of an impurity bound exciton.15

Comparing the results shown in Figs. 4(a) and 4(b), the tran-

sition at 5.69 eV observed in the photoexcitation spectrum in

Fig. 4(a) can be attributed to the free exciton transition. The

free exciton transition peak in the photocurrent excitation

spectrum is quite broad. This may be partly due to a possible

nonuniformity in the charge collection efficiency. Due to the

specific interdigital finger contact architecture shown in Fig.

1(b), the electric field at the center of the detector is slightly

higher than that near the edge, leading to a nonuniformity in

the charge collection efficiency. Moreover, a spectral overlap

with a possible peak associated with an impurity bound exci-

ton transition near 5.5 eV appearing in the room temperature

PL spectrum in Fig. 4(c), which is not resolved in the photo-

current excitation spectrum, could also contribute to the

broadening of the 5.69 eV peak in the photocurrent excitation

spectrum.

The most significant result is the observation of the

6.42 eV peak. This transition peak corresponds well with the

previously observed optical absorption edge at around 6.4 eV

(Refs. 19 and 20) and hence can be assigned to the direct

band-to-band excitation in h-BN epilayers. The fact that this

is the highest energy peak in the spectrum also suggests that

the 6.42 eV line corresponds to the band-to-band transition.

The direct observation of the band-to-band transition is not

expected from PL emission spectra due to the exceptionally

large exciton binding energy in h-BN (around 0.7 eV). With

the direct observation of the band-to-band and exciton transi-

tion lines, important information regarding the band structure

and basic parameters of h-BN can thus be obtained.

By attributing the 6.42 eV line to the band-to-band tran-

sition, we directly obtain the room temperature energy

bandgap of h-BN: Eg¼ 6.42 eV. This value is slightly

smaller than the low temperature value of Eg¼ 6.5 eV

deduced indirectly from the temperature dependent exciton

recombination lifetime in h-BN bulk crystals23 and from the

theoretical calculations.16–18 The 80meV difference may be

accounted for by the energy gap variation with temperature

from room to low temperatures.33 If we ignore the tempera-

ture effect, the present results together with previous experi-

mental studies19,20,23 provide a bandgap value for h-BN in

between 6.4 and 6.5 eV. The free exciton binding energy

(Ex) can also be directly obtained from the energy separation

between the band-to-band and the exciton transition peaks:

Ex¼ 6.42 eV � 5.69 eV¼ 0.73 eV. This value agrees very

well with the value of 0.74 eV deduced from the temperature

dependent exciton recombination lifetime in h-BN bulk crys-

tals23 and also with the theoretical calculations.14,16–18

Furthermore, by comparing the results of Figs. 4(a) and 4(c),

the binding energy of the impurity bound exciton can also be

obtained: Ebx¼ 5.69 eV� 5.5 eV� 0.2 eV. This value again

agrees well with the energy difference between the free and

impurity bound exciton emission lines observed in h-BN
bulk crystals34 and epilayers.15 Based on these results,

we have constructed in Fig. 5, the energy band diagram for

FIG. 3. Room temperature photocurrent excitation spectra of h-BN epilayers

measured at different bias voltages (Vb).

FIG. 4. Comparison of (a) photoexcitation spectrum obtained at 300K and

Vb¼ 100V, (b) free exciton PL spectrum obtained at 10K, and (c) impurity

bound exciton PL spectrum obtained at 300K for an h-BN epilayer.
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h-BN at room temperature, illustrating the energy bandgap

(Eg), exciton binding energy (Ex), and binding energy of

impurity bound exciton (Ebx). In constructing Fig. 5, we are

not considering possible effects due to strain. Since MOCVD

growth of h-BN is considered belonging to the class of van

de Waals epitaxy, the possibility for the presence of strain

and its effects on the optical and electrical properties of

h-BN are unknown at this point.

The present results also have implications for under-

standing the nature of the energy bandgap of h-BN—direct

vs. indirect, which is still very controversial at this stage.

Most theoretical calculations16–18 suggest an indirect

bandgap, while many experiments have revealed evidence

for a direct energy bandgap.1–4,12–14 The direct observation

of the band-to-band transition in the photocurrent excitation

spectra with its spectral peak position corresponding well

with the energy bandgap certainly implies that h-BN is a

direct bandgap semiconductor. Otherwise, a phonon has to

be involved to satisfy the conservation of both momentum

and energy, leading to an immeasurable photocurrent.

Moreover, the theoretically predicted indirect bandgap

around 5.95 eV (Ref. 16) was not observed in the photocur-

rent excitation spectra shown in Fig. 3. In addition to the

direct observation of the band-to-band transition reported

here, all previous experimental results, including (a) the PL

emission intensity of h-BN being two orders of magnitude

larger than that of AlN,4,14 (b) huge optical absorption coeffi-

cient in the order of 7.5� 105/cm for above bandgap pho-

tons,12,13 (c) lasing of h-BN under e-beam pumping3 and (d)

recent identification of only one direct intrinsic free exciton

transition with all of its phonon modes being associated with

the center of the Brillouin zone in h-BN bulk crystals34 all

support the view that h-BN is a direct bandgap semiconduc-

tor. An interesting remaining question is concerning the

observation of exciton dissociation at an applied voltage as

low as 20V (corresponding to an electric field �2.2� 104 V/

cm), considering the very large exciton binding energy in

h-BN. The exciton dissociation phenomenon seems to

resemble the high efficiency of free charge carrier generation

in organic materials, in which excitons can dissociate via

various mechanisms despite their huge binding energies (can

be as large as >1 eV).35 In h-BN, the presence of local fields
induced by ionized defects (donors and acceptors) could also

enhance the long-range exciton dissociation as in the case of

organic solar cells.35 Moreover, increased exciton recombi-

nation lifetime under an applied electric field could also

enhance the dissociation of excitons. However, this phenom-

enon of high free charge carrier generation efficiency under

a moderate applied electric field in h-BN remains to be

understood.

In summary, photocurrent excitation spectroscopy has

been utilized as an effective means to probe the fundamental

band parameters of h-BN. Transitions corresponding to

the direct band-to-band, free excitons, and impurity bound

excitons have been directly observed. From the observed

transition peak positons, the determination of the room tem-

perature bandgap (Eg� 6.42 eV), binding energy of excitons

(Ex� 0.73 eV), and binding energy of impurity bound exci-

tons (Ebx� 0.2 eV) in h-BN has become straightforward.

The determination of these fundamental parameters in h-BN
is important for both the basic understanding as well as

potential applications of this emerging ultra-high bandgap

semiconductor.
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