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Boron nitride polymers: Building blocks for organic electronic devices
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~Received 13 November 2000; published 13 March 2001!

Modern electronic devices are increasingly being designed by combining materials with different electronic
properties. The conventional semiconductor industry has achieved this by building heterostructures, such as
quantum wells and superlattices, from materials with the same crystal structure but different constituent atoms.
We propose that boron nitride polymers, with the same structure as organic polymers, will allow the same idea
to be applied to polymer materials, already recognized as a cheap alternative to inorganic semiconductors. We
demonstrate the similarity between organic polymers and their boron nitride analogues and then explore the
potential innovations, including band gap tuning, that these new polymers could bring to organic polymer
research.
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In recent years, the electronic properties of polymers h
been the subject of intense research because of the pote
application of these materials as alternatives to conventio
semiconductors for building low-cost electronic devices.

Current research focuses on conjugated organic polym
which have a delocalizedp-electron system along the carbo
backbone.1 The choice of organic polymer used in a partic
lar electronic application is determined by the need to ob
the desired properties~such as the band gap!, which gener-
ally depend upon the arrangement of the constituent car
atoms and by the addition of suitable side groups. On
other hand, the semiconductor industry achieves this by
ploiting materials with the same crystalline structure b
made of different atoms~e.g., the IV, III-V, and II-VI semi-
conductors such as Si, GaAs, and ZnSe!. Thin layers of ma-
terials with different gaps~e.g., GaAs and AlAs! can also be
alternated to form superlattices and quantum wells wh
electrons and holes are confined in the region of narrow
material; this allows tuning of the band gap to desired val
by varying the heterostructure parameters~e.g., layer thick-
ness! and the constituent materials. Band-gap engineerin
conventional semiconductors has dramatically expanded
range of possible applications for electronic devices.

Carbon and boron nitride~BN! share many common
structures, e.g., diamond and cubic BN, and the graph
forms of carbon and BN. Nanotubes can also be made u
these two compounds.2,3 Since in those structures two carbo
atoms are replaced by one boron and one nitrogen atom,
worth investigating whether this substitution is also possi
in organic polymers. In fact, borazine, a BN analogue of
benzene ring which is a common building block of polyme
does exist and is easily synthesized. Among the carb
based structures wherep bonding plays an important role
conjugated polymers can be ranked between benzene
graphite in terms of their dimensionality. These two e
tremes exist as BN compounds, which suggests that
polymers could also be formed.

Borazine-based polymers have indeed been synthes
with a structure equivalent to the carbon polymer po
(p-phenylene!; for reviews on BN polymers see Refs. 4 an
5. The experimental work on BN polymers has so far
cused on finding good precursors to BN ceramics. Howe
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BN polymers might have other potential applications a
advantages derived from their electronic properties, wh
to the best of our knowledge, have not yet been investiga
The substitution of carbon by boron and nitrogen in po
mers is analogous to making a III-V compound out of
group-IV semiconductor, which does not change the str
ture of the material but only its electronic properties. It
therefore appealing to explore how the electronic proper
can be tailored when BN polymers are combined with th
carbon counterparts. In this paper, we focus our study on
structures based on carbon polymers, poly(p-phenylene! and
poly(p-phenylenevinylene!, sketched in Fig. 1, as example
of how this can be achieved and of the properties that can
obtained.

We have carried out density-functional theory~DFT! cal-
culations using a pseudopotential total-energy scheme for
riodic systems in which the wave functions are expanded
a plane-wave basis.6 The local-density approximation7,8

~LDA ! is made for the exchange-correlation energ
Troullier-Martins pseudopotentials9 are used for the boron
carbon, and nitrogen atoms, and a modified Ker
pseudopotential10 for hydrogen. A cutoff of 60 Ry is em-
ployed for the plane-wave expansion. The polymers
modeled in a periodic cell with a large distance (.5Å) be-
tween neighboring chains to minimize their interactio
Eight k-points were used for the sampling of the Brillou
zone. The dimensions of the simulation cell, as well as
atomic coordinates, are fully relaxed. Although certain c

FIG. 1. Structures of the polymers studied~hydrogen atoms
omitted!.
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bon polymers are known to have a torsion angle betw
adjacent monomers, in order to simplify the calculations,
consider unit cells containing only one monomer which e
force a planar configuration. In a test calculation of po
(p-phenylene! with two monomers per cell, we obtain a to
sional angle of 26° which is in the range reported in t
literature.11 However, the difference in total energies b
tween the twisted and untwisted configurations is rat
small, less than 0.005 eV/bond.

Poly(p-phenylene! ~PPP! is constructed by concatenatin
benzene rings. To form the equivalent BN polymer, po
(p-borazylene! ~PBZ!, the benzene rings are replaced by b
razine rings. We can carry out the analogous substitution
carbon atoms by boron and nitrogen in po
(p-phenylenevinylene! ~PPV! to get the BN polymer, poly
(p-vinyleneborazylene! ~PVB!. Comparison of the charg
densities of the carbon and BN polymers clearly reveals
polarity of the B–N bonds.

To investigate the energetics of these different structu
we have calculated their total binding energies with resp
to their constituent atoms. Table I shows the calculated
erage bond energies, defined as the total binding energ
vided by the number of bonds in the structure. In the carb
systems, the carbon atoms in benzene are all equivalent,
bonded to two neighboring carbon atoms and one hydro
atom, whereas in graphite every carbon atom is bonde
other carbon atoms. In the polymers PPP and PPV, ca
atoms in both kinds of bonding environment are found.
the BN system, there are more kinds of bonding environm
since three species are now involved. The calculated ave
bond energies for the BN systems show the same trend a
carbon systems. The benzene and borazine molecules
only slightly lower bond energies than their respective g
phitic forms. The bond energies of the two polymers cons
ered fall in between these extremes reflecting their mix
bonding environment. These results suggest that the che
try of the BN polymers should be similar to that of the ca
bon polymers.

In experiments, PBZ was found to be soluble in ether12

whereas PPP is known to be insoluble. This is certainly
lated to the fact that the BN polymers have polar bonds
are therefore more readily soluble than their carbon coun
parts. For insoluble polymers, side chains must be attac
to the backbone of the polymer in order to make it solub
which may lead to complex systems difficult to process. T
fact that BN polymers may already be soluble is a desira
property that would facilitate the formation of films from
solution in the making of a device. Moreover, if no sid

TABLE I. Average bond energies~eV! for carbon and boron
nitride systems. The quoted energies of the graphitic phases ar
isolated sheets.

C system BN system

Benzene 5.67 Borazine 5.19
PPV 5.69 PVB 5.22
PPP 5.72 PBZ 5.25
Graphite 5.90 Graphitic BN 5.44
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chains were needed, the polymers would have more free
to align, which often leads to sharper features in the el
tronic spectra and higher mobility.

Along with stability and increased processibility, the ele
tronic properties of these polymers represent an impor
aspect for device application. In general, BN compoun
tend to have larger energy gaps than their carbon analo
due to the polarity of the chemical bonds. This effect is se
when the band gaps of group-IV semiconductors are co
pared to those of III-V and II-VI semiconductors. The sam
also occurs for first row elements, e.g., cubic BN has a lar
band gap than diamond and graphitic BN is a wide gap
sulator, whereas graphite is a semimetal. We therefore ex
the same behavior in the polymers. In Figs. 2 and 3 the b
structures from the Kohn-Sham eigenvalues obtained in
calculations are plotted. To quantitatively describe the
sorption spectra of polymers, the electron–hole interact
which leads to the formation of excitons, needs to
considered.13,14 However, the comparison of these ban
structures~even though they do not include this interactio!
should still capture the crucial qualitative features of the

for

FIG. 2. Band structures for PPP~left! and PBZ~right!.

FIG. 3. Band structures for PPV~left! and PVB~right!.
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BORON NITRIDE POLYMERS: BUILDING BLOCKS . . . PHYSICAL REVIEW B 63 125207
systems, as confirmed in BN nanotube calculations.15 The
Kohn-Sham eigenvalues are known to underestimate
band gap, as can be seen from our results for PPV in wh
we obtain a Kohn-Sham gap of 1.2 eV, whereas the kno
optical gap is 2.5 eV.1 However, the error does not scale wi
the magnitude of the gap and is usually less for large ba
gap compounds.

The band gaps of the BN polymers are indeed mu
larger than those of the equivalent carbon systems and, w
the electron-hole interaction is accounted for, are expecte
be in the UV region of the spectrum. There is an interestper
se in wide gap materials, as testified, for example, by
rapidly developing research on GaN. Pure BN polymers w
have band gaps even larger than GaN, making them suit
candidate materials for ultraviolet detectors and emitters.
energy gap in the occupied states for the BN system, wh
is typical of compounds made from two different elemen
is also present. In PBZ, the conduction states atG and at X
have the same energy, which means that we cannot rule
the possibility of an indirect gap in this polymer, whereas
PPP system has a direct gap atG. Using the information
about the symmetry of the valence and conduction statesG
and X in both the models for PPP and PBZ that we ha
calculated, we can determine that the direct transition aG
and at X are optically allowed for light polarized along th
polymer chain. There is also less dispersion in the states
the Fermi level in PVB than in PPV, as well and in PBZ th
in PPP. These differences and the large gaps will affect
interaction between electrons and holes and will lead to
ferences in the absorption spectra of the carbon and BN p
mers.

Current research focuses mainly on polymers with ba
gaps smaller than our forecasts for BN polymers. Howev
it is desirable to have polymers with band gaps spanning
whole spectral range, from infrared to ultraviolet, thus e
panding the possibilities for applications. One can consi
combining carbon and BN monomers in the same chain
form a one-dimensional superlattice or copolymer. By an
ogy with conventional semiconductor superlattices and qu
tum wells, we expect to be able to tune the gap by chang
the lengths of the BN and carbon segments in the copolym
Copolymers derived from borazine and silazane have b
successfully synthesized16 for use as precursors to SiNC
ceramics. Here we focus on the electronic properties of
bon and BN copolymers, and investigate how polym
made of a mixture of organic and inorganic monomers p
form. It is indeed possible to obtain a range of optical ga
using conjugated chains of different lengths or polymers
which the conjugation is broken by adding different comp
nents. The systems suggested here are characterized by
ing essentially the same polymer structure over its en
length. Given the difference in band gap between the car
and BN systems, the range of band gap tuning will be fa
large, thus covering a large region of the spectrum and be
of interest for a wide range of applications.

The variation of the band gap is shown in Fig. 4, whe
the calculated energy gaps for copolymers of PPP and P
are shown as a function of the number of PPP monom
There are three sets of data differing in the number of
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monomers in between the carbon regions. All the ene
gaps of these copolymers lie in between the pure PPP
PBZ values~1.81 and 4.66 eV, respectively, if calculate
within DFT-LDA!. Again we should keep in mind the un
derestimation of the energy gap and our neglect of
electron-hole interaction. However, the tuning trend is qu
tatively clear. Because the large difference in the gap of B
and C-based polymers, the HOMO and LUMO states wo
be mainly confined in the carbon segment, spreading ac
the interface with the BN segment. If the BN segment
short, limited to one unit, there is a significant overlap of t
states localized in the carbon segments opposite to the
segment, as can be seen by visualizing the HOMO
LUMO orbitals. This results in a lower energy gap than f
larger BN segment, where the overlap is less significant
the gap would mainly depend on the length of the carb
segment. Figure 4 also includes the calculated gaps for
corresponding oligomers, i.e., isolated segment of car
PPP polymer. The large differences between these res
and the copolymer further indicate that the PN segments
not only cut the carbon chain but that the interaction betw
the carbon and BN regions is important

Incidentally, the calculated energy cost for the formati
of the copolymers is about 1 eV per unit cell. The fact th
this value is independent of the carbon polymer length s
gests that is essentially due to the the cost involved in
formation of the C–B and C–N bonds at the interface b
tween segments of the different polymers.

The BN monomer lacks inversion symmetry; therefo
the two bonds at both ends of the BN segment are differ
in the copolymer, being C–N and B–N. This results in
different charge distribution at the two interfaces, as can
seen by visualizing the states close to the Fermi level. T
highest occupied state resides mostly in the carbon reg
but is weighted towards the end bonded to the nitrogen a
with significant weight also on the nitrogen. On the oth
hand, the lowest unoccupied state is weighted towards
opposite end of the region near the boron atom. By altern
ing the orientation of consecutive BN regions, thus doubl
the unit cell, it is possible to create inequivalent carbon
gions, one terminated by a boron atom at each end and
other by nitrogen atoms.

FIG. 4. Calculated band gaps for copolymers. Four sets of d
are shown, three for a different number of BN monomers betw
the carbon regions and one for oligomers.
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In many applications, it is desirable to mix carbon and B
polymers in the solid state. In the case of the graphitic for
of carbon and BN, the interactions between the sheets
known to be comparable with similar interlayer spacings
graphite, graphitic BN and in mixtures of these compoun
as has been seen in nanoparticles and nanotubes made
sheets of the two compounds.17 There are also indications18

that the solid phase of PBZ consists of a layered struc
with spacings between 3.4–3.7 Å, which suggests a sim
interaction to that in the conjugated carbon polymers.
further complement our study, we have calculated the st
tural and electronic properties of the crystal phases of a m
ture of carbon and BN polymers. Since the unit cell leng
of carbon and BN polymers are very similar, they can
combined in the same crystal. We started from the cry
structures of the pure carbon phases, because we believe
the inter-chain interactions are similar. For PPP, we used
orthorhombic crystal~space groupPbam! which has two
polymer chains in its primitive cell and we replaced one
these by its BN equivalent. We did not consider the twist
angle between adjacent monomers, which is seen in exp
ment, since it is found to be energetically indistinguisha
in our calculations. For PPV, we used the monoclinic str
ture with symmetryP21 /n. Upon relaxation of the lattice
parameters and atomic coordinates, using a 43434 k-point
grid, we found no significant deviation from the initial con
figurations, i.e. the chains remained separated with li
change in the volume of the cell.

Figure 5 shows the electronic densities of states for b
crystals, decomposed by projection into separate contr
tions from the different chains. The states on the BN ch
are shown by the upper curve and the states on the ca
chain are shown by the inverted lower curve. There are
states on the BN polymers in a region between215 and
210 eV, which is characteristic of the polar compound. T
energy gap between occupied and unoccupied states is l
for the BN chain than for the carbon chain. It is also inte
esting how the states line up near the Fermi level. On b
the occupied and unoccupied sides of the gap, the ca
states are closer to the Fermi level than the BN states, w
indicates that electrons and holes in these mixed solids
reside predominately on the carbon polymers. We there
expect larger ionization energies and lower electron affini
for the BN polymers than for the carbon polymers. The
s
.
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properties might be used in a mixed device of carbon and
polymers in which holes can be injected into the BN syst
and then transferred to the carbon system.

In conclusion, our study demonstrates the potential in
vations of using BN polymers, particularly in combinatio
with organic polymers with the same structure. The B
polymers have larger gaps than their carbon counterparts
are therefore relevant for applications in a different spec
range. However, when BN and carbon polymers are co
bined in one-dimensional heterostructures, the band gap
be tailored to a desired value over a wide range, in a sim
manner to what is done in conventional semiconductor h
erostructures. While BN polymers are currently synthesi
for other purposes, e.g., as precursors to ceramics, a b
understanding of their electronic properties opens new p
sibilities for the making of non-conventional electronic d
vices.
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FIG. 5. Electronic densities of states~DOS! for solids of PPP
1PBZ ~left! and PPV1PVB ~right!. The zero of the energy corre
sponds to the Fermi level. A 434316 k-point grid was used in the
calculation of the DOS to sample the Brillouin zone.
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