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Bor“ing [II-nitride heterostructures have recently attracted significant attention for
improving the @ficiency of visible and UV light emitters. However, the fundamental material
properties of w N are largely unexplored. Here, highly accurate first principles calculations
are used to gain g t into internal strain, elastic constants and electronic band structure
deformation -1@ als. These parameters are key ingredients for simulating, and thus predicting,
electronic and oplremgproperties of boron-containing IlI-nitride-based light emitters. The ab initio
calculations show, for instance, that the quasi-cubic approximation for deformation potentials is a

poor approxi%r wurtzite BN.

1 In ction

Controllng, tgiloring and engineering the crystal phase of semiconductor materials has
received stronginterest in recent years!" 2. From the perspective of fundamental physics, crystal

phase controll ostructures are ideal candidates for demonstrating quantum effects (e.g. the
Aharanov-Boh excitons[l]) These all-binary quantum structures exhibit flat interfaces and
the absence of al uctuations!!l. In addition, changing the crystal phase of a material may allow for
changing its fu@‘tal properties. For instance, as demonstrated in Ref.?], while Ge is an indirect
bandgap matert e cubic (diamond) phase it becomes a direct gap material in the hexagonal

(lonsdaleite) p
to drive the unl

is finding is highly attractive for silicon photonic device applications. Overall,
ing of fundamental properties but also to design future devices, theoretical
tial ingredient. Here, density functional theory (DFT) plays an important role,
since (i) it can ffrovidp insight into the fundamental material properties from first principles and (ii)
the insight obt an form the basis and input for developing empirical atomistic® * but also
continuum-based odels that allow for simulating full device structures.

Here Qﬁ psent results from highly accurate hybrid DFT studies on the properties of wurtzzte
(WZ) BN. WhiloSggpreferentially crystallizes in the hexagonal (2D) or zincblende phase!”, it has
recently drawn attention for alloying WZ IlI-nitride semiconductors InN, GaN and AIN!?: 10 11.12,13]
Despite the fact that bulk WZ BN is difficult to synthesize, several works have succeeded in
incorporating small fractions of WZ BN (mainly up to 10%, with some exceptions of slightly larger
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values near 20%) into other WZ IlI-nitrides® '* 12 13, Using WZ BN in III-N materials is thus
attractive for optimizing the efficiency of e.g. light emitting diodes operating in the visible!® ] to
ultraviolet!!> " spectral range. Recent theoretical studies on WZ BN have mainly focused on the
band gap, piezoelectric coefficients and band offsets!'* 1. But, to perform full device simulations
using, e.g., continuum-based k 'p models, parameters such as band gap deformation potentials and
elastic constants are required. We provide insight into these properties, along with internal strain
parameters, which are essential for developing atomistic force-field models.

2 Rem and Discussion
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Figure 1: (Col&onlgle) The electronic band structure of wurtzite BN. The color-coding indicates
the s-and p -ogaatal character of the different bands. Labels for selected states (k ., T'., T, To

ingportant for deformation potential calculations, are also given.

All m“rameters in this work are derived from highly accurate hybrid functional DFT
calculations, usigsmig projector-augmented wave method implemented in the plane-wave-based ab
initio code VA @ I. The plane-wave cutoff is set at 600 eV and a | -centred s 8§« *point mesh
isused in all ca » Here, we employ the Heyd-Scuseria-Ernzerhof (HSE) functional[ 18]
with a screeninmeter of # =0.2 . To perform calculations for WZ BN, we use GaN as a starting
point. In doing first benchmark the outcome of our calculations with existing results for GaN
from the literaggge lggfore predicting data for WZ BN. Thus, we use the HSE exchange-mixing

parameter to ¢ to jhe experimental bandgap of WZ GaN (3.51 eV!"")); the resulting value (

Qthe bandgap of WZ BN has not been conclusively determined experimentally.

Figure 1 shows ained WZ BN band structure. Our calculations predict an indirect band gap of

P

r ., . . .
E::EK“ T ES 71 eV and a transition energyto I (see discussion below) of

E  <=E°~ 3.09 eV, which are in good agreement with theoretical literature datal!> 141,

Having considered the equilibrium electronic properties of WZ GaN and BN, we now proceed
to obtain parameters that come into play when the crystal is strained. In this work, we focus on the
deformation potentials « . and D, the elastic constants ¢, and the internal strain parameters ¢ .
We begin with the deformation potentials. These parameters are key ingredients when calculating the

electronic and optical properties of semiconductor heterostructures in the frame of semi-empirical
atomistic approaches (e.g. tight-binding!) or continuum-based models (like k "p theory®)). We

note however that care must be taken when deriving deformation potentials from our DFT data,
especially for usein k 'p models. Since the WZ Ill-nitrides InN, GaN and AIN are direct gap

This article is protected by copyright. All rights reserved






Defo. Pot. GaN BN
[eV]
Present Lit. Present Lit
a.7 D, -6.03 -5.81 -2.36 -
a, ~ D, -8.98 -8.92 -24.44 -
D, 5.38 5.47 2.71 3.90
D -2.95 -2.98 -2.74 -3.32

; 280 282 ~4.05 430

D, 3.95 3.95 6.42 -

ADPs

. ~8.60 = 333 -
= 6.22 - 21.42 -

a ot
D, el 256 -20.0 -0.97 -19.2
. 276 142 3.02 -14.0

D

The &gnd GaN deformation potentials obtained are summarized in Table 1. The GaN
data show very good agreement with previously published HSE-DFT data, lending trust that the
chosen approach should also provide highly accurate results for WZ BN. There exist no HSE-DFT
literature dameformation potentials of BN and even for DFT within the local density

approximation FT) the data are sparse (see e.g. Ref.!?]); the inaccuracies of LDA-DFT in
predicting eleoperties are well known and thus our HSE-DFT provides more accurate data,
WA

as well as data @ e not available before (e.g. D,a, ~ D, and a_~ D,).Overall, when
comparing GaN ™BN data, while most of the deformation potentials are similar in terms of sign
and magnitud# , 1s almost a factor of 3 larger in BN. Such a large deformation potential can

strongly affect d edges in a heterostructure and thus the carrier confinement. However, the
present approa: t allow us to distinguish if this will affect the conduction ( « ) or valence (

D) band more , since we only have access to a_,~ D, .Determining the absolute

(ADPs) from DFT is challenging. To gain first insight into the ADPs, we use
e reference point for our energy scale and assume this level is independent of
the applied straj tailed critical discussion of this approach can be found in Ref.[*”], but since we
are aiming for #Sights into the ADPs, this approach should be sufficient for our purposes.

The Amined for WZ BN and GaN are given in Table 1, along with literature data for

comparison. O s for the ADPs differ from those of Ref?®], e.g. we get different signs for »

deformation p
the 1s core level

2

. However, Ref. es not give information about the reference energy. It seems that the energy
scale set by tronic structure calculation is used- this is, however, not absolute. Thus, our
results should g1 ore accurate first insight into the ADPs. We briefly note that forboth « _~ D,

and «  — D, in BN, the CB accounts for most of the movement under strain.

In a further step, we study the validity of the quasi-cubic approximation (QCA), which is
often applied[28, 21] in studies of WZ III-N systems because not all deformation potentials may be
known accurately from experiment or theory. The QCA results, for instance, in b, * 2p,=0 and

D, T 4D, " J2 D, = 0. Using our calculated values, for GaN we find a value of -0.52 eV for
p,t 2D, which is consistent with Ref.[*); for WZ BN this value is -2.77 eV, deviating significantly

This article is protected by copyright. All rights reserved



from zero. Looking at p |+ 4p, V2p » Which again should be zero, for GaN we obtain -0.23 eV
but for BN it is -4.41 eV. All this shows that the QCA is a very poor approximation for WZ BN and
highlights the importance of our highly accurate first-principles calculations. It is interesting to
consider why WZ BN violates the QCA to a far greater extent than WZ GaN. We partly attribute this,
as in Ref.?’], to deviations of BN from the ideal WZ structure. However, these deviations are slight,
and GaN suffers similar deviations from ideality: the « -parameter of BN is, from Table 2, equal to
the ideal of 0.375, but its ¢/aratio is noticeably larger than the ideal NYEY value; the reverse is
true for GaN. As discussed in Ref.[29], further contributions to the breakdown of the QCA in WZ
materials may mm (strong) 3 “nearest-neighbor interactions. Indeed, the lattice constants of
BN are ~ 20% er than those of GaN, and as a consequence one could expect stronger 3
nearest-neighgiaigaactions in WZ BN than in WZ GaN, since the atoms are closer to each other.

To calcydgteglastic properties, we use the stress-strain method, since in general this leads to a
faster and smo@nvergence with respect to k -point sampling and cutoff energy[30]. Choosing
such an approac articularly beneficial for the numerically demanding HSE-DFT framework used
here. To detw elastic constants ¢, we employ the stress-strain relation:

OIS )

stress-tensor component and © = the, th strain-tensor component (Voigt

above and extract ¢ strain tensor from VASP allows determination of the ¢, by fitting (again

over the *29% strain range).

Table 2: Indep @ elastic tensor components ¢,

along with 1
literature (“L1t

and bulk modulus 5 of WZ GaN and BN,

constants and « -parameter, as predicted by this work (“Present”). WZ BN
ave been taken from Refs 26 15311 while for GaN data from Refs.[*> -39 are

given.
BN
Lit. Lit.
Present
377 390 1016 982
[GPa]
c, 137 145 144 134
[GPa]
C, 92 106 64 74
[GPa]
407 398 1113 1077
[GPa]
103 105 361 388
[GPa]
B 200 210 410 401
[GPa]
a[A] 3.174 3.189 2.534 2.549
¢ [A] 5.165 5.185 4.189 4.223
u 0.377 0.377 0.375 0.374
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Table 1 summarizes our calculated elastic constants, including the bulk modulus B, for WZ
GaN and BN. We also display the lattice constants and the « -parameter, and compare all data to the
literature. Overall, for GaN we find very good agreement with the literature!*?!. For WZ BN, the
agreement with the literature is also good. However, for ¢, ¢,, and ¢, our values are larger

P 122

while ¢, is lower compared to Ref.!*%), which uses LDA-DFT. It has already been discussed in the
literature that HSE-DFT is in general superior to LDA calculations for predicting structural
properties®3]. Thus, our results are expected to be more accurate. Comparing the results for GaN and
BN, we note that the diagonal components ¢ of the elastic tensor are a factor of order 3 larger in

WZ BN. This § portant observation for ¢ -plane WZ quantum wells (QWs), the “standard”
structure for II d optoelectronic devices. In such a system, the strain along the ¢ -axis can be
approximate ety ~ 2 (C, /C,, ¥, , Where€¢ is the strain in the growth (¢ ) plane given by

=(a, ~ aw)/mere a, (a,)is the well (barrier) in-plane lattice constant. Thus, given the

much larger va C, and smaller value of ¢, in BN when compared to GaN, the ratio

c,./C,, shd¥ &= when adding BN to a GaN QW. Also, when considering a BGaN QW grown
on AlN the s ttice mismatch results in a reduction of ¢ This means that the overall strain in

such a system Mmaller compared to GaN/AIN, in turn causing a reduction in the piezoelectric
polarization field this should be highly beneficial for the radiative recombination rate in
BGaN/AIN owever, further studies are required to gain insight into this question.

Finally, ermine the internal strain parameters we proceed largely as described in Ref [,
Starting from the unstrained atomic positions of the two anions and cations in the WZ unit cell (see
Figure 2), we apply strain to the lattice so that the positions become!*”!

)

9 Tty

D

r, denote the unstrained atomic positions, isthe 3 *3 identity,  the

0 0 0
strain tensor a a e internal stram displacement vectors. Since we use different coordinates to
Ref.*% each ¢ by : = & ¢, where Ris the change-of-basis matrix and +* is found from

Equation (9) 0[@ using the basis-transformed strain tensor, ¢'=Rr '®, i.e.
¢

where r,

P

1

e+ ¢e e + € — ¢

5 Cs 6 , Cl 4 Cs( 1 2) ’Cz (61' + 62')_ C}?J (4)
< , 2 2 J

¢ € ¢ (6'—6') 1

al strain parameters ¢, (i=1—5) by applying the four strain branches from

We obtain

before and fitting e above expressions.
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Figure 2: (Cojpr on¥ne) The unit cell used in this study for the WZ crystal structure. Red (blue)
den 1ons (anions), and stripe-filled circles belong to adjacent unit cells.

N —
In allﬂlations we constrain the internal displacements of the ions in the unit cell to

conform to thegymmetry of the WZ crystal, similar to Ref.[30]. This minimizes the impact of any
numerical erro e finite # -point sampling. We observe that this symmetry-constraining has
almost no effect deformation potentials and elastic constants, but is important for ¢ , ¢, and

4

ain parameters obtained are shown in Table 3. For GaN we find very good

usly published results, except forS, . In general, sincé, ¢ angl, are

54

agreement with pre

determined from strain branches that break the original ¢, WZ symmetry to smaller groups, they

are quite seﬁne details of the calculation, like whether or not one uses the “symmetry
constraining” nugiggfed above. Presumably, we and Ref.[30] use somewhat different settings in our

calculations, whg explain the deviations in ¢, . The exact origin of the sensitivity irff, §, and

ic but beyond the scope of this work. A comparison with the literature is not

possible forw since there are no previously published data. An accurate theoretical
n b

determinatio ¢ internal strain parameters is important for three reasons. Firstly, it is
experimentally @ pssible to determine these parameters with approaches currently available.

Secondly, inte sy 2 rameters ¢ provide input to, but also a way to benchmark semi-empirical

¢. is an impo

5

6]. Thirdly, internal strain parameters are tightly linked to local polarization
kials, which in turn can lead to strong carrier localization effects[3, 35].
and BN, we find that the internal strain parameters ¢ are much smaller in BN,

interatomic potg
effects in III-
Comparing WZ

This means the the atomic positions is mainly determined by the macroscopic strain, so local
piezoelectric eftettsand contributions to carrier localization effects may be reduced.

Table 3: TheQnsionless) internal strain parameters ¢ ,of WZ GaN and BN (“Present”), &
ed in this work. GaN literature data are also given’! (“Lit.”).

3 GaN BN
‘ Present Lit. Present
: 0.155 0.156 0.051
3 0.082 0.083 0.015
3 0.156 0.159 0.007
3 0.199 0.201 0.049
<: 0.097 0.141 0.051
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3 Conclusion

In summary, by using highly accurate first principles calculations, we provide insight into
internal strain, elastic constants and electronic band structure deformation potentials of WZ BN. This
material has attracted significant attention as a potential candidate to improve the efficiency of IlI-
N-based device e parameters determined are key ingredients for simulating, and thus
predicting, ele@nd optical properties of boron-containing III-N light emitters. Our calculations
show, for insta at the QCA for deformation potentials is a poor approximation for WZ BN,
highlighting sesssssinfor and importance of our accurate DFT study.
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Table of Contents text

The deformation potentials, elastic constants and internal strain parameters of wurtzite (WZ)
BN are determined using hybrid density functional theory. WZ BN is a promising material for
optimizing the efficiency of Ill-nitride-based devices, and these parameters are essential input for
modelling of such systems. The results also show e.g. that the quasi-cubic approximation is very

inaccurate for WZ BN.
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