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ABSTRACT

Ternary group-IV alloys have a wide potential for applications in infrared devices and optoelectronics. In connection
with photovoltaic applications, they are among the most promising materials for inclusion in the next generation of
high-efficiency multijunction solar cells, because they can be lattice matched to substrates as GaAs and Ge, offering the
possibility of a range of band gaps complementary to III-V semiconductors. Apart from the full decoupling of lattice and
band structures in Ge|_,_, SixSny alloys, experimentally confirmed, they allow preparation in a controllable and large range
of compositions, thus enabling to tune their band gap. Recently, optical experiments on ternary alloy-based films, photode-
tectors measured the direct absorption edges and probed the compositional dependence of the direct gap. The nature of the
fundamental gap of Gej_,_SixSny alloys is still unknown, as neither experimental data on the indirect edges nor electronic
structure calculations are available, as yet. Here, we report a first calculation of the electronic structure of Ge|_y_y,SixSny
ternary alloys, employing a combined tight-binding and virtual crystal approximation method, which proved to be useful
to describe group-IV semiconductor binary alloys. Our results confirm predictions and experimental indications thata 1 eV
band gap is indeed attainable with these ternary alloys, as required for the fourth layer plan to be added to present-day
record-efficiency triple-junction solar cells, to further increase their efficiency, for example, for satellite applications. When
lattice matched to Ge, we find that Gej_,_,SixSny ternary alloys have an indirect gap with a compositional dependence
reflecting the presence of two competing minima in the conduction band. Copyright © 2013 John Wiley & Sons, Ltd.
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Major advances in epitaxial growth techniques have con-
tributed to an improved understanding of the properties
of group III-VI materials and their alloys [1-3]. Modern
semiconductor technology requires materials with a pre-
cise prescription of both lattice parameter and band gap,
which has motivated the study of ternary and quaternary
alloys in order to be able to tune them independently [1-4].

The most efficient solar cells currently in produc-
tion use lattice-matched Ge/GaAs/GalnP triple-junctions
grown on bulk Ge substrates. Although these architec-
tures can achieve 39% efficiency by using solar concen-
trators (at 500 suns) [5], incorporating a fourth junction
could provide further improvements in efficiency [4]. The
material in this fourth junction should ideally be lattice

Copyright © 2013 John Wiley & Sons, Ltd.

matched to Ge and have a band gap of ~1eV. However,
prior to recent advances that make it possible to grow
device-quality Ge, GeSn, and GeSiSn alloys on Si sub-
strates, there had been no materials reasonably suitable to
meet these requirements [1,6-11]. The emergence of the
Ge_x_ySnySiy alloys provides the opportunity to incor-
porate them as a fourth junction in solar cells, taking
advantage of the possibility of widely adjustable band gaps
at a fixed lattice parameter identical to that of Ge. These
materials can also be grown directly, at low cost, on large
wafer size Si platforms [9,12]. Experimental results have
shown a full decoupling of lattice constant and band struc-
ture for Gej_,_,Sn,Siy [8,9] alloys and have suggested
that the Ge lattice-matched alloys might have a tunable
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band gap over the 0.8-1.4eV range [9]. Recently, the
fabrication of working prototype devices on group-IV plat-
forms was reported [12]. In particular, GeSiSn photodiodes
on Ge(100) substrates compatible with current multijunc-
tion solar cell architectures were produced, as well as
similar devices on Si(100) substrates. The latter exhibit
inferior crystal quality, induced by the lattice mismatch,
but if their photovoltaic performance could be improved,
huge cost reductions would ensue. Optical responsivity
measurements confirmed [12,13] that defect-free ternary
Ge|_y_ySn,Siy alloys lattice matched to Ge(001) sub-
strates possess direct absorption edges between (.88 and
0.98eV for small Si (x<0.2) and Sn (y <0.05) con-
centrations. The compositional dependence of the direct
gap was then derived, indicating important (and compo-
sitional dependent) bowing effects. Notwithstanding the
large atomic size differences between the components of
the ternary alloy, no dramatic deterioration of the I-V
or optical characteristics of the diodes was found when
the total doping into Ge was increased, at those small
Si and Sn concentration ranges, indicating that SiGeSn is
behaving like a conventional alloy and can be incorporated
into working devices [13]. Quantum efficiency measure-
ments yield values of at least 76% in the devices grown
on Ge [12].

In this paper, we report our electronic structure calcu-
lation for Gej_y_,SixSny ternary alloys. We used a com-
bined tight-binding (TB) and virtual crystal approximation
(VCA) approach, originally introduced for group-IV bulk
pure elements and binary alloys by Jenkins and Dow [14],
which we extended here in order to describe the ternary
alloys. Basically, we consider the ternary system as an
“effective binary alloy”’: one component corresponding to
Ge , and the second corresponding to a binary Si-Sn alloy.
Here, we report the electronic structure results obtained
in our TB + VCA approach for the concentration ranges
relevant for the envisaged applications in solar cells [9],
such that the lattice parameter of the ternary alloy equals
that of pure Ge, in order to avoid residual tension/strain
effects. The compositional formula for the ternary
alloy lattice matched to Ge is Gej_z(SigSnj_g)z, with
B =0.79 [9].

The TB calculations for electronic band structures are
useful because, besides their simplicity, many features
can be incorporated by suitably choosing the TB param-
eters. When applied to Ge, these methods proved not to
be straightforward, because a naive calculation consider-
ing only sp3 orbitals does not reproduce essential features
such as the indirect band gap and the bandwidths. This
arises from the mixing of d electrons in the conduction
bands of Ge, which for Si or C are not important, whereas
for Sn and Pb are responsible for their metallic behavior.
The role of d electrons could be mimicked by introduc-
ing a pseudo-orbital s*, without increasing the size of
the TB Hamiltonian. Finer properties, such as the exciton
spectrum of Ge cannot be explained without introducing
spin—orbit interactions. It is well-known that the TB + VCA
approach gives excellent predictions for many substitu-
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tional binary semiconductor alloys [15,16], in particular
for the electronic structure in the energy range around the
band gap. In 1984, Newman and Dow[16], presented a
complete TB model consisting of an sp3s* orbital basis for
the binary Ge|_ySiy alloy, using a simple VCA [17], which
provides an excellent description of the electronic struc-
ture of this binary alloy, which smoothly evolves between
the limiting cases corresponding to the pure components
as a function of alloy concentration. In 1987, Jenkins and
Dow [14] presented a complete TB model for the binary
Gej_ySny substitutional alloy, including spin—orbit[18], s*
orbitals, and second-neighbor interactions[19], and exam-
ined several properties of the binary alloy by using VCA.

In our extension of the TB + VCA approach of Jenk-
ins and Dow [14] for the Gej_,_,SixSny ternary alloys,
we will use the same 20-orbital TB basis (s, p, s* states)
they had introduced for the group IV elements, including
second-neighbor [14,18] and also spin—orbit interactions
[14,16]. Thus, we consider the following averages for the
TB + VCA Hamiltonian matrix of the ternary alloy:

Hi
Hjj

(1-x-y)[Ge] + x[Si] + y[Sn];
[(1-x-y)(Gel{age)? +x(Sil {asi )

+y[Snl {as)?] {aCx.))7 M

where Hj; and Hjj, respectively, denote the diagonal and
non-diagonal matrix elements of the Hamiltonian, and
subindices i and j refer to the TB-orbital states. By [Ge],
[Sn], and [Si], we refer to the TB Hamiltonian parameters
for Ge and Sn, which are given in Ref. [14], whereas for Si
are those given in Ref. [19]. The lattice parameters for pure
Ge, Sn, and Si, respectively, are as follows: age = 5.65 A,
asp = 6.46A, and ag; = 5.43A [20], and we are assuming
that Vegard’s law([21] is valid for the lattice parameter of
the ternary alloy, a(x,y) = (1 —x—Yy)ag, + xas; + yas, -

In Figure 1, we exhibit the TB + VCA band structure
obtained for each of the two “effective binary alloy” com-
ponents, which form the lattice-matched ternary alloy, pure
Ge, and SigSn;_g alloy with B = 0.79. Ge is seen to
exhibit an indirect gap (0.7¢V, i.e., close to the experi-
mental value of 0.67 eV at 300 K [20]) determined by the
maximum of the valence band at I', the Brillouin zone
center of the face-centered cubic diamond lattice, and the
minimum of the conduction band located at L. Notice that
Sig.79Sng 21 also possesses an indirect gap (0.87 eV) deter-
mined by the maximum of the valence band at I" and the
minimum of the conduction band here located near X (as
in pure Si). Meanwhile, for Sig79Sng 21 in TB + VCA, we
obtain for the direct gap (at I'): Eg = 2.98¢V, slightly
smaller than the expected value of 3.15 eV obtained, if one
uses a linear interpolation between the pure Si (4.1) and
a-Sn (0.4 eV) direct gap values [9].

Figure 2 exhibits the electronic structure we obtained in
TB + VCA for the Ge|_z(SigSnj_g)z ternary alloys lat-
tice matched to Ge (8 = 0.79)[9] and amplified around
the gap region. We plotted the band structure obtained for
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Figure 1. Tight-binding and virtual crystal approximation band
structure E(F) for Sig.79Snp21 and pure Ge, along with the
relevant Brillouin zone paths of the face-centered cubic diamond
lattice. Brillouin zone symmetry points: I' = (0,0,0), L =
Qmla)(1/2,1/2,1/2), X = 2wla)(1,0,0), U = 2rla)(1, 1/4,1/4), and

K = (2m/a)(3/4,3/4,0), being a the lattice parameter.
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Figure 2. Tight-binding and virtual crystal approximation
band structure for ternary alloys lattice matched to Ge:
Gej_z(Sip79Sn0.21)z, shown amplified near the gap. Alloy con-
centrations as indicated in the figure.
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the different alloy compositions: Z=0.05, 0.08, 0.10, 0.15,
0.25, 0.30, 0.40, and 0.50, corresponding to the same sam-
ples experimentally studied in Refs. [8], [9]. Notice that
the band structure changes smoothly and monotonously
as a function of the alloy concentration Z. The energy
of the maximum of the upper valence band, located at
T, is seen to be practically independent of concentration.
Moreover, as expected from the electronic structure of the
two components of the “effective binary alloy”, pure Ge
and Sig79Sng o of Figure 1, for the relatively small Sn-
concentrations shown in Figure 2, all ternary alloys formed
also possess indirect band gaps. Whereas in general, the
conduction band of the ternary alloy has four competing
minima, located respectively at I', U (orK), L (as in pure
Ge), and the minimum located near X (as in pure Si), only
the latter two are seen to define the fundamental (indirect)
gap for the ternary alloys depicted in Figure 2, which were
experimentally studied in Refs. [8], [9]. In these cases,
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Figure 3. (a) Tight-binding and virtual crystal approximation

total density of states for Gej_x_ySi»Sn, lattice matched to Ge

(alloy compositions indicated in figure) compared with pure

Ge DOS (dotted line). Inset: amplification around the gap. (b)

Tight-binding and virtual crystal approximation total DOS (solid

line) and partial densities of states (s-DOS: dotted line, p-DOS:
dashed line) for Geg.75Sin.20Sn0.05-

we found that the indirect gap is determined by the mini-
mum of the conduction band at L for all Ge compositions
1-Z > 0.674 (with indirect gap values ranging from
0.758eV at Z = 0.05 to 1.081eV at Z = 0.326). Instead,
it is interesting to notice that for smaller Ge compositions
Z > 0.326, the relevant minimum of the conduction band,
determining the indirect gap, has shifted to the Si-related
one near X, whereas, for example, the indirect gap value
obtained at Z = 0.5 is 1.092eV. In connection with these
results, it is interesting to mention that one of the final
remarks of Ref. [8] was that future experimental and theo-
retical works should concentrate on determining the nature
and energy of the indirect edges of these ternary alloys,
being of outmost significance the elucidation of the con-
duction band structure, because of the indications for near
overlap of various minima they found—as our electronic
structure calculations now confirm.

In Figure 3(a), we show the total density of states (DOS)
obtained in TB + VCA for the ternary alloy Ge|_y_ySixSny
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Figure 4. Compositional dependence of the band gap of

Ge1_z(Sip.79Sn0.21)z, matched alloys. Present (Tight-binding and

virtual crystal approximation) results: indirect gap (thick solid

line) and direct gap at I" (dashed line). Other data included for

comparison (experimental points and fits, from Refs. [9,13,25]:
see text for details) correspond to the direct gap.

compared with pure Ge. The inset shows an amplification
of the DOS in the energy range around the gap for several
alloy compositions, which ensure the same alloy lattice
parameter as in pure Ge [8,9]. The smooth dependence
on composition is again observed here. In Figure 3(b), we
show the total and partial densities of states obtained in
TB + VCA for Geg 75Sig.20Sng.o5. The partial DOS shown
corresponds to the projections of the total DOS onto the p
and (s +s*) orbital subspaces of the TB basis. Notice that
near the band gap, most of the DOS has p character, except
for a peak in the s-partial DOS that is located just above
the gap.

In Figure 4, we present our results respectively for the
direct (Egpg,yca) and the indirect (Ejpg, v, ) band gaps of
the ternary alloy Ge_z(Sig79Sng21)z lattice matched to
Ge, as a function of the total doping Z into Ge. Our band
gap results (in eV) can be fitted as follows:

Eorgovea @) = 0.800 + 2.081Z 2)

0.700 + 1.169Z ,Z <Z¢

1061 +0.062Z ,Z>70

Epgivea(?) =

where the indirect gap depends on a critical concentration:
Z. = 0.326, which in turn corresponds to respective critical
concentrations: x, = 0.258 of Si and y. = 0.068 of Sn. It
is clear that for the Ge lattice-matched ternary alloys stud-
ied, the fundamental gap is indeed predicted to be indirect
in TB + VCA approximation, as previously mentioned in
connection with Figure 2. Regarding their compositional
dependence, the direct gap depends linearly on composi-
tion, as might be expected in this approximation, whereas
the indirect gap clearly reflects the presence of two com-
peting minima in the conduction band, with concentration
Zc = 0.326 dividing two different linear regimes. For
compositions Z < 0.326, we find an indirect gap regime
determined by the conduction band minimum at L (as in
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pure Ge), instead, for larger Z, the indirect gap is deter-
mined by the minimum located near X (related to Si). This
can be compared with the behavior of binary Gej_,Siy
alloys, where the indirect gap is known to change from
Ge-like to Si-like at a critical Si-concentration of x = 0.15
[22]. Thus, we find that a small amount of Sn (y. = 0.068)
present in the ternary alloy has a profound effect on the
indirect gap behavior modifying greatly (x, = 0.258 in
the ternary alloy vs. 0.15 in the binary) the critical Si-
concentration at which the gap changes from Ge-like to
Si-like.

For comparison with our TB + VCA results in Figure 4,
we have also included three sets of recent experimental
data, from which direct gap values of the ternary alloys lat-
tice matched to Ge were obtained, which we shall discuss
in the succeeding texts. The first set of experimental results
for the direct gap included in Figure 4 was reported by
D’Costa et al. in Refs. [8,9], who used room-temperature
spectroscopic ellipsometry on ternary alloy films and who
compared three different fits with their measured data.
They find that their experimental results for the direct gap
[9] are best described by a quadratic fit (thin solid line in
Figure 4) obtained assuming that the compositional depen-
dence of the direct band gap Ey(Z) in the ternary alloy is
quadratic (as a result of phenomenological mixed bowing
effects[8,9]), namely:

Eo(Z) = E§® +AZ + BZ* )

where, E§¢ = 0.80eV, A = 1.70 & 0.42¢V, and B =
—1.62 + 0.96eV [9]. Figure 4 also shows the estimation
of the direct gap of the ternary alloy made in Ref. [9], by
linear interpolation (dotted line in Figure 4) between the
known values of the direct gaps for pure Ge (0.8eV), Si
(4.1eV), and @-Sn (-0.4eV) [23]. The increase of the band
gap value as a function of the total (Si+ Sn) concentration
Z is mainly because of the larger value of the Si direct
gap. Our TB + VCA results for the direct gap (dashed line
in Figure 4) describe a linear dependence on Z but with a
smaller positive slope (because of the difference discussed
earlier between the direct gap values of SigSn;_g, which
the TB + VCA and a simple linear interpolation predict)
somewhat closer to the experimental data. Notice that the
linear part of the quadratic fit of Equation (4) (dot-dashed
line in Figure 4), has a still smaller slope, although it is not
easy to infer what modifications in the TB + VCA approach
might achieve a similar effect. It would be interesting to
look into this problem in the light of the non-linearity
recently reported for the compositional dependence of the
lattice parameter in Ge|_ySny binary alloys [24].

The second set of experimental results for the direct gap
shown in Figure 4 was reported very recently by Beeler
et al. in Ref. [13], who measured the optical responsiv-
ity of ternary alloy photodetectors grown on Ge. The five
values of direct gap as a function of doping Z, (depicted
by empty triangles in Figure 4) obtained for respective five
devices, can be seen to lie slightly below the first set of
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experimental data discussed earlier [9], but agree with their
quadratic fit within the experimental error bars [13].

The third and most recent set of experimental data on
the direct gap of ternary alloys was obtained from high-
performance near-infrared (IR) photodetectors produced
with Gel,Z(SiﬂSnl_lg)Z layers on Ge(100) by Chi Xu
et al. [25]. The corresponding direct gap values appeared
and are included in Figure 4, depicted by empty cir-
cles, and are seen to be also consistent within error bars
with the experimental results [8,9,13] discussed earlier.
In particular, Chi Xu et al. fitted their data[25] by the
following:

Ep(x,y) = 0.803 + (1.86+£0.34)x — (240 1.4)y (eV).

&)

Lastly, comparing our gap results with the experimen-
tal data included in Figure 4 discussed earlier, we find that
our TB + VCA prediction for the fundamental gap (i.e.,
the indirect gap, according to our calculations) lies close
to the direct gap values obtained in films [9] and even
closer to the gap values most recently reported in devices
[13,25], especially if one takes into account the relatively
large error bars for the experimental data and their fits
(Equation (4) and Equation (5)). Although further experi-
ments are needed to ascertain the true nature of the funda-
mental gap in these ternary alloys, the comparison of the
experimental direct and TB + VCA fundamental gap data
in Figure 4 is quite suggestive. Especially, considering the
fact that there has been mention of experimental limitations
making it difficult for a reliable identification of indirect
and direct gaps in closely related compounds. Indeed, for
binary Ge_ySny alloys, it was mentioned that the direct
gap absorption could overlap with the indirect absorption
edge [26,27], thus making it difficult for the determina-
tion of the critical Sn-concentration (yj) for the indirect to
direct gap crossover in these compounds. This may explain
the large spread of values reported for yc* in the literature.
Starting from Atwater et al. [27], whose optical absorp-
tion experiments predicted 0.11 < y: < 0.15, Ladrén
de Guevara et al. [28] reported 0.10 < yj < 0.13 from
transmittance measurements, D’Costa et al. [26] reported
yi ~ 0.11 with ellipsometry experiments, and recently
Chen et al. [29] reported for the critical Sn-concentration
yz ~ 0.07 using photoluminescence. Theoretically, pre-
dictions for the critical Sn-concentration for the indirect
to direct gap crossover in the binary Ge|_ySny alloy yield
yzz 0.15 in TB + VCA [30], y:= 0.17 with a charge self-
consistent pseudo-potential plane wave method [31] and
yj: 0.11 with the empirical pseudopotential method with
adjustable form factors fitted to experimental data [32],
whereas with the full potential augmented plane wave plus
local orbital method within density functional theory y:=
0.105 [33].

Finally, we can also compare our TB + VCA predictions
for the indirect gap with the value estimated by D’Costa
it et al. in Ref. [8] for a ternary alloy sample not perfectly
lattice matched to Ge, namely Geg49Sig4Sng 11 (corre-
sponding to: Z = 0.51 and 8 = 0.785). By modeling a
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Ge/Ge 49Sig.4Sng 11 heterojunction using a combination
of known and extrapolated or assumed parameters, includ-
ing: band offsets, bowing parameters, and deformation
potentials to describe strain effects, they estimated an indi-
rect gap of 1.082eV[8]. The latter value agrees well with
the result we obtain with TB + VCA, yielding an indirect
gap of 1.091 eV for Geg 49Sig.4Sng 11-

Finally, we relax the condition of lattice matching to
Ge and focus on the electronic and lattice structure of
Ge|_x—ySixSny ternary alloys, which may exhibit the tran-
sition from indirect gap to direct gap as a function of
concentration. Starting from the binary Ge 75Sng »5 alloy,
with a direct gap in TB + VCA [30], we will now study
ternary alloys with similar concentrations. We introduced
three parameters to characterize the alloys at this stage:

() A = Epin(k = T) = Epin(k = L), which measures the
energy difference between the two competing min-
ima (I and L) of the conduction band, at this Ge
concentration range: a negative value (A < 0) indi-
cates that the gap is direct, whereas A > 0 indicates
an indirect gap.

(i) A‘f = aA—G‘; = a(x?% a parameter which mea-
sures the expansion (or contraction, if negative) of

the alloy lattice with respect to pure Ge.

a(x.y)=acGey_,Sny

(i) A = 2 Ad_ _ L7 . a parameter
Ge1_ySny AGe1_ySny

which measures the expansion (or contraction, if

negative) of the ternary alloy lattice with respect to

the lattice parameter of binary Gej_y,Sny (ag, Iy Sny)-

In Figure 5, we show the results obtained for alloys with
the same (75%) Ge content, smooth changes in the band-
structure are observed as a function of concentration, as
in all previous cases. Nevertheless, a crossover from the
direct gap in the binary Geg 75Sng 25 alloy to an indirect
gap in the ternary alloy is obtained as 1% of Sn is replaced

y
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Figure 5. Tight-binding and virtual crystal approximation elec-

tronic structure of Gej_xySixSny alloys with fixed Ge content:

x+y = 0.25 . Refer to inset for detailed alloy concentrations and

a table indicating corresponding values for the following param-

eters: A (sign indicates nature of gap: A < 0: direct gap; A > 0:

indirect gap), and the lattice expansion coefficients: Af{ and A,
defined in the text.
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Table 1. Delta and lattice expansion coefficients for
Ge|_x—ySixSny alloys with fixed Sn content.

y=0.25 alloys A (eV) A A
Geo.755n0.25 -0.003 0.0358 0
Geo.74Sno,25$io,01 0.010 0.0355 -0.0004
Ge(.73Sn0.25Si0.02 0.024 0.0351 -0.0008
Geo72Sn0.25Si0.03 0.034 0.0347 -0.0011
Table Il. Delta and lattice expansion coefficients for

Gej_xySikSny alloys with fixed Si content.

x=0.01 alloys A (eV) A Af
Ge.75Sn0.24Si0.01 0.018 0.0340 0
Gen.74Sn0.25Si0.01 0.010 0.0350 0.0010
Gen.73Sn0.26Si0.01 0.003 0.0370 0.0030
Geo.72Sn0.27Si0.01 -0.005 0.0380 0.0040

by Si. The replacement of Sn by Si is also accompanied
by a reduction of the alloy lattice parameter because of
the difference (rgj < rge < rsp) in atomic radii [20], for
all ternary alloys included in Figure 5, an expansion of
the lattice is obtained with respect to pure Ge, whereas a
contraction is obtained with respect to the binary alloy.

Similar trends are observed analizing the results for the
ternary alloys with fixed Sn content (y = 0.25) included
in Table I, or with fixed Si content (x = 0.01) included in
Table II. Notice in Table II, that even in the presence of
Si in a ternary alloy with an indirect gap, a direct gap is
attainable if sufficient Sn is introduced to replace Ge.

In summary, we calculated the electronic structure of
Ge|_y_ySixSny extending TB + VCA [14] to describe these
ternary alloys. We analized the gap as a function of con-
centration for the ranges of most interest for technologi-
cal applications [4,8], that is, Ge|_z(Sig San)Z ternary
alloys lattice matched to Ge (8 = 0.79). We found that
the fundamental gap is indirect, taking values between 0.7
and 1.1eV for Z<0.5, thus confirming previous expecta-
tions, and close to the indications of optical measurements
(ellipsometry) [8,9], and very recent experiments on new
devices, ternary alloy-based photodetectors [13,25], for the
direct gap. The competition of two minima in the conduc-
tion band is clearly distinguishable in the compositional
dependence of the fundamental indirect gap dominating
the pure Ge-related minimum at L for Z < 0.326 and
the Si-related minimum near X for larger Z. Because
no previous electronic structure calculations or experi-
ments had thrown light on the fundamental indirect gap
of these ternary alloys, we believe that our work repre-
sents a useful contribution in this rapidly advancing and
active field, which will prompt new experiments to reli-
ably identify the indirect and direct band gaps. Our results
provide support to previous suggestions indicating that
these ternary alloys would be suitable (fourth) components
to integrate the multijunction heterostructures envisaged
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for high-efficiency solar cells for satellites, allowing to
optimize the absorption frequency range [1,4,8,9].
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