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ABSTRACT

We explore the potential of highly mismatched alloys (HMAs) for realizing lossless plasmonics. Systems with a plasmon frequency at which
there are no interband or intraband processes possible are called lossless, as there is no two-particle loss channel for the plasmon. We find
that the band splitting in HMAs with a conduction band anticrossing guarantees a lossless frequency window. When such a material is
doped, producing plasmonic behavior, we study the conditions required for the plasmon frequency to fall in the lossless window, realizing
lossless plasmons. Considering a generic class of HMAs with a conduction band anticrossing, we find universal contours in their parameter
space within which lossless plasmons are possible for some doping range. Our analysis shows that HMAs with heavy effective masses and
small high-frequency permittivity are most promising for realizing a lossless plasmonic material.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0095766

The field of plasmonics relies on surface plasmon polariton (SPP)
modes, which can be excited on metal-dielectric interfaces.'” These
SPP modes can enhance and concentrate electric fields at subwavelength
scale,”” with applications in metamaterials,” optoelectronics,” '* and
photocatalysis."” The applications range from the established surface-
enhanced Raman scattering (SERS) technique'* to new proposals in
quantum optics~ such as quantum teleportation.'

In practice, many plasmonic applications are hindered by loss
and decay of the plasmonic modes."”'? Although some plasmonic
applications such as SERS are still viable in the presence of losses,”’
and in cases such as photodetection and photocatalysis losses are
beneficial,''*'”*" the loss problem is one of the main challenges in
the fields of plasmonics and metamaterials.”**

Many approaches have been proposed to reduce and mitigate
losses in plasmonic systems, including improvements in fabrication,”
employing optical gain,”* spectrum modification,”” and, of course,
searching for alternative plasmonic materials.”” "' Khurgin and Sun
presented a strategy to find lossless plasmonic modes by considering
the fundamental conditions creating loss.”* Often, the most important
loss channel for SPPs is decay into electron-hole excitation. They
argue that dissipating the energy of an electromagnetic mode in this
way requires empty electronic states. In a material with the appropriate
electronic structure, such empty states may be absent for a range of
energies, offering a lossless window of frequencies. Hence, they con-
clude that if the plasma frequency falls inside the lossless window, the
primary decay mechanism will have been removed, producing an

essentially lossless plasmonic material. Khurgin and Sun proposed a
few classes of materials that can potentially realize their conditions for
lossless plasmons, and some of them have been investigated with
promising results.”” >

In this work, we propose highly mismatched alloys (HMA) as a
candidate class for realizing mid- to far-IR lossless plasmons. This
possibility was briefly mentioned but not elaborated in Ref. 36. We
consider the one-particle and plasmonic structure of HMAs and find
the alloying and doping requirements to achieve lossless plasmons.
We describe universal contours in the parameter space of HMAs in
which lossless plasmons are possible for some range of doping. These
contours show that HMAs with large effective masses and small
high-frequency permittivity ¢, are most likely to be able to realize the
conditions needed for lossless plasmons with reasonable frequency.
We consider the most-studied HMAs with conduction-band anti-
crossings, ZnCdTeO and GaPAsN, and show that they are unable to
realize lossless plasmons when the alloy fraction x is larger than 1073,
due to the light effective masses of the host bands and ¢,,. We con-
clude by describing the properties of desirable materials and discussing
one candidate: MgO. In the remainder of this work, we use the term
“lossless window” in the sense of Ref. 32.

HMAs are a class of semiconductor alloys where the alloying ele-
ments have very different electronegativity than that of the host.
Reference 37 described that localized states form around the mismatch-
ing elements and proposed a band anticrossing (BAC) model, which
successfully describes the energy spectrum of HMAs. According to the
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BAC model, the localized level E; and the host conduction band (CB)
with dispersion Ey hybridize at each wavevector k independently with a
single coupling factor V, while the valence bands (VBs) are not
affected,” as depicted in Fig. 1. The CB splits into two new bands, with
dispersion

1
Et = E <Ek -+ Edi (Ek - Ed)z + 4V2x)7 (1)

where x is the alloy fraction of the mismatching element. The two split
bands E+ are shown as solid black curves in Fig. 1. When E, is far
from the VB edge, both the emergence of the E+ bands and that the
VB is largely unchanged are supported by various first principles cal-
culations of band structure’*" and optical properties*” ** for a range
of HMAs, tight-binding and k - p models,"”** and experimental stud-
ies.”** Here, we consider a class of HMAs where the localized level
anticrosses with a parabolic CB with Ej, = h*k?/2m, the bottom of
which is taken to be the zero energy level, as shown in Fig. 1. All such
HMAs are described by three scalar parameters: V\/x, E, and m.

We now describe the range of excitation energies that can be lost
to particle-hole excitations in a doped HMA. We consider that the
excess electrons occupy the E_ band, and we consider the temperature
to be small compared to the energy gaps in the problem, so the chemi-
cal potential i lies somewhere in E_, as in Fig. 1. Although E_ is a nar-
row band, it inherits a part of the propagating states of the original CB,
and it is not perfectly flat. Exotic physics such as the Mott transition or
other correlation-induced states has not been observed in doped
HMAs. Rather, we expect that the free electrons in E_ produce plas-
monic behavior'’ while, at the same time, providing two channels for
dissipating energy. First, an excitation of any amount of energy up to
the bandwidth AE_ of the E_ band can move an electron from a filled
state to an empty state within the E_ band. The excited electron and
hole can then dissipate their energy into a set of excitations with infini-
tesimal energy by moving electrons near the Fermi surface to nearby
empty states. Figure 2 shows the range of excitation energies and p
where dissipation into particle-hole excitations can occur; the gray
area under the horizontal dashed red line represents this intraband

E

FIG. 1. (left) The conduction band of the host material E4 and the localized state
Ej, coupled through V. The energy reference is at the bottom of Ey. (right) The split
bands of the BAC model, E, and E_. The interband loss starts for energies larger
than Ey, and for the energies below E_ bandwidth AE_, intraband dissipation is
possible. Doping determines the chemical potential . The interband transitions
bound plasmon energy fw, to Ex = mine, (B — E ).
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FIG. 2. The lossless window of excitation energies (white area) and h), (dark blue
line) as a function of chemical potential 1. ficy, is bounded by hwp and E,.. The
blue shaded strip shows the range of x where fic, falls in the lossless window.

lossy region. Second, an electron can be excited to the E.. band. The mini-
mum energy for such interband transitions is Ey = E; (k= 0) —
which is labeled in Figs. 1 and 2. Excitations with energy higher than E,
can then be lost through a combination of inter- and intraband transi-
tions. The gray area above the slanted dashed line in Fig. 2 represents
the second lossy region. In principle, it is possible that an excitation with
energy larger than AE_ generates two electron-hole pairs through
electron—electron scattering within E_. However, such processes, which
are beyond the Khurgin and Sun scheme, require Umklapp scattering,”’
which is not likely in the lossless HMAs. The lossless plasmons in these
HMAs are achievable in low-doping regimes, where the Fermi momen-
tum k. is small. So for Umklapp processes, the two electrons involved
need to scatter to large momenta. However, E_ is mainly made out of
the localized states at large momenta and has a vanishing weight.”” The
phase space for creating two electron-hole pairs with the electrons at
large momenta with total energy larger than AE_ and smaller than Ey;
is negligibly small.

Excitations with energy between AE_ and Ey are lossless, ie.,
have no single-particle decay channels, if Ey > AE_. The white area
in Fig. 2 shows this lossless window, which linearly shrinks with
increasing u. Measuring energies from the bottom of Ey, it turns out
that E; (k =0) = AE_, so Ey = AE_ — . So, there is always a loss-
less window if 1 < 0. Moreover, since the minimum of E_ is always
negative, for any HMA, there is always a doping level below which
there exists a lossless window.

The next step is to check when the plasmon energy fiw, falls in
the lossless window. /i, depends on the carrier concentration and
hence on p, which ranges between the bottom and the top of E_ at
zero temperature. As shown by the blue curve in Fig. 2, hiw, initially
rises with u as free carriers enter the E_ band and fall back to zero
when the band is full.*’ Depending on the HMA parameters, hw, can
fall in the lossless window for some range of doping, as in the case in
the figure.

In previous work,” using a single-particle Green’s function that
describes the disorder-averaged propagation in a system consisting of
the original CB and the defect level, we determined w,. Here, we also
include ¢, to phenomenologically account for the screening effect of
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processes much faster than @, including interband transitions to
remote bands. The result is

2 2
@p = Dpo

0 -

mc

1+ (@) I (wp):| ) (2)
in which o is the reduced plasma frequency in the absence of
E_ — E. transitions, and the second term in the bracket represents
the effect of such transitions, where ¢ is a length scale that determines
their strength, which needs to be determined for each HMA. We pro-
vide more details in Section A of the supplementary material.
Reference 49 derived a closed algebraic form for @,y and an integral
for I, (w), which has a singularity at hw = E, = ming, (E — E),
where kg is the Fermi momentum. Interband transitions are only
important when fiwy is close to or larger than E, and typically
keep hiw), below E,, as Fig. 2 shows. Note that since E is the mini-
mum distance between E, and the filled part of E_ at the same k, it is
always larger than Ey, which does not have the same k restriction
(see Figs. 1 and 2).

If we normalize all energies to E,, = 2mc*/e2 x 1077, then we
can accommodate this entire class of HMAs in a 2D plane spanned by
VX = Vy/x/Ey and E4 = E4/E,,. Since 2mc* is of the order of
MeV for typical semiconductors, the factor of 10~° brings E,, to
the more relevant meV range. For the bare electron mass m, and
¢ =1, E,; = 1 meV, so for any other effective mass m and ¢, one
can scale all dimensionless energies by m/m.c2 to find the approxi-
mate value in meV. Section A of the supplementary material shows
why the normalization factor &2 appears.

We can determine for any point in the (V' /%, E;) plane whether
there is a doping range in which /i, falls in the lossless window, real-

izing lossless plasmons. Then, with fixed / = ¢mc/he.,, where h/mc
is the reduced Compton wavelength, there is a universal contour in
the (V\/x, E;) plane within which such HMAs fall. Figure 3 shows
these universal contours of lossless plasmonic HMAs for a few values
of 0. The solid black contour shows the £ = 0 case without interband

140

FIG. 3. Universal contours showing regions with lossless plasmons for several
¢ = mcl/hen, with energies all normalized by E, = 2mc? /sg0 x 10~°. The color
scale shows the smallest normalized plasmon energy in the lossless window, which
is always equal to AE_ /E,, independent of 2.

scitation.org/journal/apl

transitions, where @, = wy. The contours do not vary significantly
from the £ = 0 case until £ = 100 since I, () in Eq. (2) is significant
only for hwp near E,. However, since in the lossless window
hw, < Ey < Ex, the interband processes can move fiw, away from
hayy only when { is large. For estimated typical values of ¢ = 1 — 10 A,
¢ ~ (250-2500)m/meé.. Using @y in place of ), as in the (=0
case, allows us to derive an analytic expression for the lossless con-
tour, which is presented in Section B of the supplementary material.

The color scale of Fig. 3 shows the smallest /i, in the lossless
window. As Fig. 2 shows, the minimum value of hwp in the lossless
window is always AE_, which does not depend on ¢. Therefore,
min(fiw,/E,) is the same for lossless contours belonging to different
£. Although the largest i, in the lossless window is somewhat differ-
ent for each /, the typical difference between max(hw,) and
min (k) is of the order of a few E,, for all cases.

Since E,, oc m/e*, Fig. 3 shows that HMAs with heavier m
and smaller &4, can achieve lossless plasmons for a wider range of
V/x and E,. Since the typical values of V are of the order of eV,
increasing the range of V\/x is particularly crucial because other-
wise the required x may be too small to realistically show alloying
effects.

To illustrate this point, consider two standard quaternary HMAs,
Zn,_,Cd,Te;_,O, in which oxygen is the mismatching element, and
the classic HMA, GaP,As,; _,_,N,, where nitrogen is the mismatching
element. Table I shows the range of BAC parameters for these quater-
naries, determined from studies of alloy-dependent bandgap”™”' * as
well as &, value for the corresponding hosts.” Doping of the E_ band
of these HMAs has, for example, been demonstrated with chlorine in
ZnCdTeO.”* In both quaternaries, E, is tunable and goes from nega-
tive to positive by changing y or z, as Table I shows. Given the small
m/ mesf>C for these standard HMAs, E; needs to be near zero for them
to be inside the lossless contour. Using bowing parameters C; = 0.46 eV
for ZnCdTe’ and C, = 0.19 eV for GaPAs,” obtaining E; ~ 0
requires y ~ 0.318 and z ~ 0.274. Then, using linear interpolation
of the values listed in Table I for V, m, and &, we find m/ mesf)o
~2.26 x 107 for ZnCdTe and m/m,e2, ~ 8.3 x 10~* for GaPAs.
The result is that the maximum value of x for which Zn,_,Cd,Te, O,
falls in the lossless contour is 5.8 x 107, and it is 7.8 x 10~ for
GaP,As; . ,N,. With such small x values, the gap between the E_ and
E bands is not truly developed, so the lossless plasmon in E_ band is
more a formal statement than a realizable result. Moreover, with the
small m/m,e2_ in these cases, the available fiw, in the lossless contour
is always less than 1 meV. For such small ficw,, phonons could directly
couple to the plasmons, providing a new channel for dissipation and
breaking the lossless condition.

TABLE |I. The range of BAC parameters and e, for Zns_,Cd,Te;_,O, and
GaPAsy_, N, /50

Parameters y=0 y=1 z=0 z=1
E;(eV) —0.27 0.38 0.22 —0.6
V(eV) 2.8 22 2.8 3.05
m (m,) 0.117 0.09 0.067 0.13
0o 6.9 7.1 10.86 8.8
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The existing HMAs with CB anticrossing may not be able to realize
lossless plasmons, but they should still show the suppression of electronic
decay channels in the lossless window in experiments. Our lossless con-
tour map shows that a material with a heavier effective mass and smaller
&5, would allow both for larger x and lossless plasmons with higher hiw,.
Even for possible yet-to-be-characterized HMAs with larger m/m,&> ,
the lossless plasmons likely will be in the THz to far-IR range. Observing
these low plasma frequencies may require low temperatures, as Eq. (2) is
derived in the low temperature limit. At higher temperatures, the occupa-
tion fraction of states in the E_ band must be taken into account.

Although overall HMAs with heavier m and smaller &, are more
promising in realizing lossless plasmons, not everything favors them.
Interband transitions shrink the lossless contour, as shown in Fig. 3,
and ¢ increases linearly with m/¢..

HMAs with valence band anticrossings’””* could be good candi-
dates, as they typically have heavier effective masses, though the theory
of their plasmon frequencies has not yet been worked out. For
instance, MgO has heavy holes with m ~ 2m, and ¢, ~ 3,” so could
be a candidate host for an HMA capable of realizing lossless hole plas-
mons. Despite serious challenges, HMAs present exciting potential for
realizing a lossless plasmonic medium and are worth more theoretical
and experimental investigations.

See the supplementary material for the details of the plasma
frequency equation and the analytic expression of the lossless contour
for the case of £ = 0.
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