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Strain relaxation and band-gap tunability in ternary In,Ga,;_ N nanowires
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The alloy formation enthalpy and band structure of InGaN nanowires were studied by a combined approach
of the valence-force field model, Monte Carlo simulation, and density-functional theory (DFT). For both
random and ground-state structures of the coherent InGaN alloy, the nanowire configuration was found to be
more favorable for the strain relaxation than the bulk alloy. We proposed an analytical formula for computing
the band gap of any InGaN nanowires based on the results from the screened exchange hybrid DFT calcula-
tions, which in turn reveals a better band-gap tunability in ternary InGaN nanowires than the bulk alloy.
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I. INTRODUCTION

The InGaN alloys have attracted great interest as they can
be used to cover the emission spectral range from the ultra-
violet to the near infrared by varying the InN composition.
This makes InGaN an excellent candidate material for light
emitting diodes,' laser diodes, and high-efficiency multijunc-
tion solar cells.2 Unfortunately, for a composition of InN
from ~15%—85%, spinodal decomposition occurs leading to
the formation of In-rich and Ga-rich regions in InGaN, which
have been attributed to the large lattice mismatch (~10%)
between bulk InN and GaN.? Thus, there is a great effort to
synthesize homogeneous InGaN alloys without phase sepa-
ration.

A breakthrough was achieved recently by Kuykendall et
al.* who synthesized single-crystalline In,Ga,_,N nanowires
(NWs) across the entire compositional range (0=x=1) by
low-temperature halide chemical vapor deposition.* The ex-
ceptional composition tunability was suggested to be due to
the low process temperature and the ability of the NW mor-
phology to accommodate strain-relaxed growth, which sup-
presses the tendency toward phase separation.* However, an
atomic level understanding of the role of strain relaxation in
alloy NWs is lacking, which is the key to understand the
recent experiments. Furthermore, the knowledge of the elec-
tronic structure properties of the InGaN NWs is far from
satisfactory, e.g., the dependence of the band gap of the alloy
NWs as a function of In composition and NW diameter (D)
remains unclear.

In order to address these issues, we employed atomic
models to investigate the energetics and electronic properties
of ternary In,Ga;_ N NWs. Our study provides direct evi-
dence that the NW configuration is more favorable for strain
release than the bulk In,Ga;_,N alloy, which explains the
recent experimental observations.* Furthermore, an analyti-
cal formula for computing the band gap of alloy InGaN NWs
with any diameters and In concentration was derived.

II. COMPUTATIONAL DETAILS

Due to the large system size involved in the alloy NW
calculations, we employed a hierarchy approach, namely,
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valence-force field (VFF) model,’>~” Monte Carlo (MC) simu-
lations, and density-functional theory (DFT), to obtain reli-
able results with reduced computational cost. It is well
known that for lattice-mismatched isovalent semiconductor
alloys, the major contribution to the formation enthalpy is
the strain energy. The strain energy could be described well
by the VFF model’>”” which considers the deviation of the
nearest-neighbor bond lengths and bond angles from the
ideal bulk InN and GaN values. The VFF parameters were
taken from Refs. 8 and 9. In order to reduce the supercell that
simulates the random InGaN alloy, the special quasirandom
structure (SQS) model'®!'! was used. MC simulations were
used for two purposes: (i) generate SQS for In,Ga;_ N NWs,
in which the deviation of the correlation function from the
one for ideal random alloy acts as the cost function; (ii)
combined with the VFF model, it was used to determine the
ground-state (GS) structures of the In,Ga;_ N NWs. For
small NWs, DFT calculations within the local-density ap-
proximation (LDA) (Ref. 12) were performed in order to
check the accuracy of the VFF method. It is well known that
DFT with local or semilocal exchange-correlation function-
als yields a negative fundamental band gap for InN,'? instead
of the recent experimental value of about 0.7 eV.!* Therefore,
in order to obtain a realistic description of the electronic
structure of In,Ga;_,N NWs, we performed hybrid DFT cal-
culations employing the screened Heyd-Scuseria-Ernzerhof
06 (HSEO06) hybrid functional.!’>'7 The DFT calculations
were performed using the projected augmented wave (PAW)
method!® as implemented in the Vienna ab initio simulation
package (VASP).!” For the NWs, the surfaces were passivated
by pseudohydrogen atoms.?>?! In this work, the physical
properties of In,Ga;_,N alloys were calculated at x=0.5 in
which the alloy formation enthalpy is close to the maximum.
The axis of NWs was chosen to be along the [0001] direc-
tion, as experimentally observed.*

IIL. In,Ga; N ALLOY STRUCTURES

As mentioned above, the random InGaN alloys were
modeled by SQS structures,'®!!>2 where the cation sites are
occupied by In or Ga atoms and the anion sites are occupied
by N atoms in the wurtzite structure. Under coherent growth
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FIG. 1. (Color online) Lowest energy structures for (a) bulk
Iny 5Gay 5N alloy and (b) IngsGagsN NW. Here red/gray or white
arrows in (b) indicate two N atoms bonded with 3 In+1 Ga or
3 Ga+1 In.

condition, InGaN alloys can adopt the GS structure instead
of the random ones at low temperature. With the VFF model,
the enumeration of all possible structures of the alloy with 16
cations or less indicates that the structure shown in Fig. 1(a)
is the GS structure for the bulk InysGaysN alloy.?? In this
configuration, each N atom bonds with two Ga and two In
cations, which also occurs in the GS structure (chalcopyrite
type) of the zinc-blende alloy.?* It is noted that Fan et al.?
suggested a GS structure of the wurtzite A, 5B, 5C alloy from
a search of possible structures within a fixed 2X2X?2
supercell.?> Our LDA calculations showed that the global GS
structure identified in this work has a lower energy by about
0.05 eV/4 atoms than the GS structure suggested by Fan et
al.® We found that these two structures differ in their next-
nearest-neighbor pair-correlation function despite of the
same local environment of N atoms. MC simulations indi-
cated that the structure shown in Fig. 1(b) is the GS structure
for the NW.2° Here, N atoms in the inner part of the NW
have a similar bonding character as the bulk GS structure.
However, there are two N atoms near the surface bonded
with three In or three Ga atoms.

IV. FORMATION ENTHALPY

The formation enthalpy of isovalent semiconductor alloys
In,Ga,_,N is defined as

AH = E(x,0) = [xEpn(ap) + (1 = x)Egn(agan)]s (1)

where E are the total energies and ap,y (agan) i the equilib-
rium lattice constant for pure InN (GaN). Using the SQS and
GS structures discussed above for the bulk and NW systems,
we calculated the enthalpy formation using the VFF model
and DFT-LDA methods. The results are reported in Table I.
Using both methods, we found a smaller formation enthalpy
for the NWs than for the bulk systems. As discussed before,
the VFF method takes into account only the strain energy.
Hence, strain release plays an important role for the lower
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TABLE 1. Alloy formation enthalpy (eV/4 atoms) of bulk
Ing sGag sN alloy and IngsGagsN NWs with a diameter around 1
nm.

SQS (VFF)  SQS (DFT)  GS (VFF)  GS (DFT)
Bulk 0.165 0.198 0.075 0.053
NW 0.073 0.066 0.048 0.029

formation enthalpy and thus the increased incorporation of In
composition in NWs.

The experimental synthesized NWs have larger diameters
than we discussed above.* Thus, to obtain further insight into
the role played by the strain energy, we calculated the strain
energy of InjysGay sN NWs as a function of the diameter with
the VFF model and SQS structures. The results are shown in
Fig. 2. We found that the strain energy increases with diam-
eter, as expected. We explain the results by using a simple
core-shell model. In the core-shell model, the core part inside
the shell part (with a width R, nm) is similar to bulk. The use
of this model is supported by the characteristic of our GS
structure models for NW alloys [Fig. 1(b)]: the core part
looks similar to the bulk case, while there are some differ-
ences in the outer part. Providing that the number of cations
is proportional to the volume, the total strain energy (per four
atoms) can be written as

E=E.(R-R)*R*+E[R*- (R-R,*R?, (2)

where E, and E are the strain energies of the core part and
shell part, respectively. Here R is the effective radius of the
NW defined as R=[Nyw\3/(27)]"%a/2, where Ny is the
number of atoms (not counting the surface pseudo-H atoms)
of the NW with the unit length ¢ and a is the average bulk
lattice constant: a=xap,n+ (1—x)ag,n. Fitting the calculated
values with the core-shell model, we obtain E,
=0.161 eV/4 atoms, a much smaller E;
=0.038 eV/4 atoms, and R;=0.28 nm. From Table I, we
can see that E, is indeed close to the energy of the bulk case
(0.165 eV/4 atoms). As shown in Fig. 2, the dependence of
the strain energy on the radius is well described by the core-
shell model, which indicates that the better ability of accom-
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FIG. 2. (Color online) (a) Illustration for the core-shell model.
(b) Strain energy dependence of IngsGaysN NWs upon the radius
of the NWs. The solid line is the fitted result according to the
core-shell model [Eq. (2)]. The strain energies of the core part (E,)
and shell part (E;) are indicated by horizontal lines.
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TABLE II. Band gaps (E,) and bowing parameters () of the
IngsGaysN alloy and related compounds. The diameters of the
NWs are about 1 nm.

E b

V) (V)
LDA HSE06 LDA HSE06
Bulk GaN 2.127 3.445
Bulk InN -0.244 0.841
Bulk GS In sGagsN 0776 1.909
Bulk SQS IngsGag sN 0527 1674 166 188
NW GaN 3.660 5.143
NW InN 1.538 2.574
NW GS IngsGagsN 2370 3.567
NW SQS Ing sGag sN 2354 3548 098 124

modating strain in NWs is mainly due to the large surface-
to-volume ratio of NWs.

Based on the regular solution theory®>?’ and calculated
formation enthalpy, we can estimate the critical temperature
(T,) above which the disorder alloy is formed. In this theory,
the free energy (per cation) of mixing for In,Ga,;_,N can be
approximated as

AG=Qx(1 —x)+kT[x In(x) + (1 —=x)In(1 —=x)], (3)

where the first and second terms are the mixing enthalpy and
entropy contribution, respectively. Here the mixing enthalpy
parameter () is diameter dependent and could be deduced
from our above results for the Iny;GaysN NWs with differ-
ent diameters. The critical temperature can then be calculated
as TC:%. From the formation enthalpy of the InjsGajsN
with the SQS structure, we can obtain () and thus 7. Using
the formation enthalpy predicted by the VFF model,
T.(NW)/T.(bulk)=0.44 for the NW with D=1 nm. DFT
predicts an even smaller ratio 7.(NW)/T,.(bulk)=0.33. Ho
and Stringfellow® predicted that 7,.(bulk)=1523 K, 7, for
In,Ga;_,N NWs can be much lower. However, we note that
the above arguments are based only on the thermodynamic
consideration. As mentioned by Kuykendall et al,* the
growth of In,Ga,;_,N nanowires is not a fully equilibrium
process. If we assume the growth occurs on the nanowire
surface layer and atoms beneath the surface do not diffuse
due to the low growth temperature, then the miscibility is
determined by the strain energy of the shell part E; therefore
large diameter homogeneous InGaN nanowires could be
grown at low temperature.4

V. ELECTRONIC STRUCTURES

Now we turn to the discussion of the electronic properties
of ternary InGaN alloys. The HSEO06 band gaps of related
nitrides are listed in Table II. For comparison, the results
from the LDA calculations are also shown. Our calculations
indicate that the HSEO06 band gaps (3.445 and 0.841 eV,
respectively) for bulk GaN and InN are in good agreement
with the experimental values (3.47 and ~0.7 eV, respec-
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tively). For NWs, the band gaps are larger than the corre-
sponding bulk value as a result of quantum confinement: the
LDA and HSE06 band gaps for the GaN (InN) NW with the
diameter about 1.1 (1.3) nm are 3.660 and 5.143 (1.538 and
2.574) eV, respectively. For In,Ga,_,N alloys, the depen-
dence of the band gap on the In concentration x can be de-
scribed by a bowing parameter b.”® Here, the bowing param-
eters are deduced from the band gaps of InN, GaN, and
Ing sGay sN. For the random bulk InjsGajsN alloy, the gap
bowing parameter extracted from the HSE06 band gaps is
1.88 eV. While for the Iny sGaysN NW, it is smaller by 0.64
eV than the bulk case. The LDA functional is found to re-
produce the same trend of the bowing parameter as the
HSEOQ6 functional. The main difference is that the HSE06
bowing coefficients are larger by about 0.2 eV than the LDA
values due to increased conduction-band state coupling. Lee
and Wang® found similar increase in the bowing parameter
in their screen-exchange local-density calculations on bulk
cubic In,Ga,;_,N. We note that our LDA bowing parameter
for bulk InjsGajsN alloy is consistent with previous results
obtained with the zinc-blende structure.?8-3%

Now we discuss how the band gap depends on the diam-
eter D. It was shown that the band-gap difference (AE,)
between the NW and bulk can be described as?' AE (D)
=f/D% LDA calculations with modified pseudopotential®!
showed that a=1.1. Using this « value and the HSE06 band
gaps for NWs, we obtain

AE,(D,,InN) =2.27/D} ",
AE,(D,,GaN) = 1.98/D;",

AE,(D3,Iny sGaysN) = 2.31/D} " (4)

Here AE, is in eV and D is in nm. From Eq. (4), we can
obtain the bowing parameter b(D) for InysGay sN NWs,
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FIG. 3. (Color online) Estimated HSE06 band gaps (in eV) for
In,Ga;_ N NWs with the diameters D using Eq. (6). The solid line
is the contour line with E,=2.3 eV.
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b(D3,In0.5Ga0.5N) =- 075/1);1 + bbulk’ (5)

where by, =1.88 eV (see Table II).

Given the above results on the band gap of GaN, InN, and
Iny sGaysN NWs, we can now estimate the band gap of an
alloy In,Ga;_ N NW with any diameter D and x through the
following formula:

E,(D,x) =xE,(D;,InN) + (1 — x)E(D,,GaN)
- b(D3,In0'5GaO'5N)x(l - X)
1+0.11 1x)“
D

+ E (bulk,x), (6)

=[1.98 +0.75x - 0.71x2](

where Dy, D,, and D5 are the diameters of the corresponding
InN, GaN, and InysGaysN NWs with the same Nyw as the
In,Ga;_ N NW. The band gaps of In,Ga;_ N NW calculated
as a function of x and D are shown in Fig. 3. Due to the
quantum confinement effect, the band-gap tunability of the
alloy NWs is better than the bulk alloy: not only the band
gap extends to a larger range but also to obtain a given band
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gap, we can tune either the diameter or the In concentration
of the alloy NW. For example, to achieve desirable green
light emission at E,=2.3 eV, we can use either an InN NW
with a diameter about 1.5 nm or Iny;Gay,N NW with a
diameter larger than 25 nm, as shown in Fig. 3. For multi-
junction solar cell application, one can either use an In-rich
tapered InGaN NWs (Ref. 4) or NWs with a constant diam-
eter but with varying In concentration along the NW axis
direction.

VI. CONCLUSION

In summary, our calculations identified the alloy struc-
tures of In;sGaysN and demonstrated enhanced alloy solu-
bility and band-gap tunability in ternary InGaN NWs.
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