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We consider theoretically the spaser that is excited electrically via a nanowire with ballistic quantum
conductance. We show that, in the extreme quantum regime, i.e., for a single conductance-quantum

nanowire, the spaser with a core made of common plasmonic metals, such as silver and gold, is

fundamentally possible. For ballistic nanowires with multiple-quanta or nonquantized conductance, the
performance of the spaser is enhanced in comparison with the extreme quantum limit. The electrically
pumped spaser is promising as an optical source, nanoamplifier, and digital logic device for optoelectronic
information processing with a speed of ~100 GHz to ~100 THz.
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Active or gain nanoplasmonics was introduced [1] by
spaser (surface plasmon amplification by stimulated emis-
sion of radiation). The spaser is a nanoscale quantum
generator and ultrafast nanoamplifier of coherent localized
optical fields [1-5]. The spaser is a nanosystem constituted
by a plasmonic metal and a gain medium. The spaser is
based on the compensation of optical losses in metals by
gain in the active medium (nanoshell) overlapping with the
surface plasmon (SP) eigenmodes of the metal plasmonic
nanosystem. There are many experimentally observed and
investigated spasers where the gain medium consists of dye
molecules [6-8], unstructured semiconductor nanostruc-
tures and nanoparticles [9-18], or quantum-confined
semiconductor heterostructures: quantum dots [19,20],
quantum wires (QWs), or quantum wells [21].

Classified by mode confinement, there are spasers with
one-dimensional [9,11,13], two-dimensional [10], or three-
dimensional (3D) confinement [6,7,18]. The spasers can
also be classified by the spasing-eigenmode type, which
can be either localized SPs [6,7,14,18] or surface plasmon
polaritons (SPPs) [22,23], as in the rest of the cases.
Among the observed spasers, most are with optical
pumping, including all the spasers with strong 3D confine-
ment [6,7,14,18]. Only a few SPP spasers, whose
confinement and losses are not strong, are with electric
pumping [9,11,13].

There have been doubts expressed in the literature
regarding the viability of the nanospaser with strong 3D
confinement [24], especially with electrical pumping [25].
In direct contrast, the possibility of the optically pumped
strongly 3D-confined spaser has been both theoretically
shown [1,3,26,27] and experimentally demonstrated
[6,7,14,18]. Here, we theoretically establish that the elec-
trically pumped spaser is fundamentally possible. A prin-
cipal difference of our theory from the previous works
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[24,25] is that we consider ballistic, quantum electron
transport instead of classical, dissipative transport.
Another important difference is that the contradicting theo-
retical work [24,25] on spasers (sometimes also called
plasmonic nanolasers) has ignored the distinction between
the threshold condition of spasing and the condition of
developed spasing with N,, ~ 1 quanta (SPs) per generat-
ing mode. While, for macroscopic lasers with an enor-
mously large number of photons, this distinction is not
significant, for spasers, where N, ~ 1, it is very important,
as we show below in conjunction with Fig. 1.

One of the most important problems in nanoplasmonics,
both fundamentally and from the application standpoint, is
the development of an electrically pumped 3D-confined
nanospaser, which can serve as a versatile nanoscopic
source of optical near-field energy or as an ultrafast nano-
scale amplifier which has the same form form factor as the
field-effect transistor (= 30 nm linear dimensions) but is
~10° times faster [3], with prospects of large-scale
integration in petahertz-bandwidth systems. Such a spaser
has not yet been observed. This Letter demonstrates
that the electric spaser in the extreme quantum regime,
i.e., pumped under the minimum required voltage via a
quantum wire with a single-quantized-conduction channel,
is fundamentally possible.

Our goal is to formulate a condition of spaser operation
in the extreme quantum limit where it is only limited by
laws of quantum mechanics and expressed through funda-
mental constants. The corresponding model is comprised
by a single-mode spaser with electric excitation via a QW
(or a quantum point contact) with N, open conduction
channels. The conductivity of such a QW is [28-31]
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where G is the conduction quantum and e is elementary
charge; N. = 1 in the extreme quantum limit. Such a QW
may be a ballistic semiconductor channel [30,31], a metal
point contact [28,32,33], a carbon nanotube (N, = 2) [34],
or a graphene sheet [35,36].

In the same spirit of the extreme quantum limit,
we assume perfect (100%) quantum efficiency of the
electron-to-SP energy conversion. This requires that the
potential difference U along the QW accelerates an elec-
tron to acquire just the energy of one plasmon, U =
hw,/e, where w, is the spasing frequency. In view of
Eq. (1), this results in the current along the QW,

Jow = N.ew, /. )

We assume developed spasing where the stimulated emis-
sion into the spasing mode dominates over the spontaneous
emission. As the theory of the spaser has demonstrated [3],
due to the very strong feedback in the nanospaser, the
developed spasing occurs already for N, = 1. Under
such conditions, the excitation process described above
leads to an accumulation of the mean number of SPs per
spasing mode in the stationary (continuous wave, or cw)
regime,

Nn = 7-nJQW/e’ (3)

where 7, = 1/(2,) is the SP lifetime, v, = y,(w,) is the
SP amplitude spontaneous decay rate [1,5] at w,,,

dR
y, = Imsm(w,,)/esy”(w"), 4)
Jw,

and g, is the permittivity of the spaser plasmonic metal.

Substituting Eq. (2) into Eq. (3), we obtain a fundamen-
tal expression for the mean number of the SP quanta per the
spasing mode for a spaser pumped electrically via a single-
quantum-of-conduction channel,

N}’l = NLQ(a)n)/W«' Q(w}’l) = a)n/(ZYn): (5)

where Q(w,) is the SP quality factor at the spasing fre-
quency in its standard definition [5]. Note that the expres-
sion for N,, (5) depends only on the spasing frequency and
the permittivity of the plasmonic metal, which, in turn, is
determined by the fundamental constants (e, 7, and elec-
tron mass m) only. It does not depend explicitly on the
geometry of the spaser or on the properties of the spaser
gain medium and the QW. As we show below (see the
following paragraphs), the condition of the developed
spasing N, = 1, where N,, is given by Eq. (5), is funda-
mentally different from the spaser threshold condition.

In the extreme quantum regime of N, = 1, the mean
number of SPs per spasing mode N, (5) is plotted in
Fig. 1(a) for three plasmonic metals: silver (Ag), gold (Au),
and aluminum (Al). The values of g,, of Ag and Au that are
used are from Ref. [37] and those of Al are from Ref. [38].

Figure 1(a) clearly demonstrates that the electrically
pumped spaser in the extreme quantum limit can funda-
mentally undergo the developed generation: The number

()
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FIG. 1 (color online). For three plasmonic metals, Ag, Au, and
Al, we show the dependencies of the working parameters of the
cw-regime spaser on the spasing frequency w, expressed as the
corresponding SP energy hw. (a) Mean number of SPs per
spasing mode N, in the extreme quantum limit, computed
from Eq. (5) for a single-conduction quantum channel,
N, = 1. (b) Threshold gain g, required for spasing as computed
from Eq. (6). (c) The nanowire current required for developed
spasing with a single SP quantum per the spasing mode for the
three plasmonic metals, as indicated (solid lines). The current of
the single-channel QW under the minimum required potential
difference is shown by the dashed line. Developed spasing is
possible for the spectral regions where the corresponding Jow
curves are below this line.
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of the SP quanta per spasing mode is N,, = 15-30 for Agin
the near-infrared (IR) and visible spectral regions; in the
near-IR and red-yellow visible spectrum, it is N,, = 6-7;
and, for Al, itis N,, = 2-3 in the ultraviolet spectral region.

Compare the condition of the developed spasing N, = 1
with the condition [3] for the spaser threshold, which is
obtained for N, = 0 and infinitely strong pumping (full
population inversion). For self-containment, we give below
this threshold condition in the form of Ref. [5],

w, Res(w,)

= C\/&TJ 1 — Res(a)n) Imsm(a)n)’ (6)

8 = 8w &th

where g is the gain that an infinite gain medium made up
of the spaser gain material should have, c is speed of light,
g, is the permittivity of the dielectric medium into which
the spaser is embedded, and s(w) = [1 — g,,(w)/e,] 7! is
Bergman’s spectral parameter [39]. The gain g of the gain
medium is given by the standard expression,

_ 47Twn \/a|d12|2”c
& 3¢ hr12 ’

(7

where d;, are the transition dipole matrix elements for the
spasing transition in the gain medium, n, is the density of
these transitions (i.e., the density of the excitons or the
recombination of the electron-hole pairs in the gain
medium), and I'j, is the spectral width of the spasing
transition.

To illustrate quantitative differences between the devel-
oped spasing and the spasing threshold, we plot in Fig. 1(b)
the threshold gain gy as a function of the spasing fre-
quency expressed as the energy hw, of a SP quantum.
Note that a realistic gain that one can obtain for
dye molecules or direct band gap semiconductors is
g ~ 10* cm™!. Thus, it is obvious from Fig. 1(b) that one
can build nanospasers with silver or gold as plasmonic
metals, in agreement with experimental demonstrations
[6,18], but an aluminum-based spaser would require
gwm ~ 10° cm™!, which is very high, thus making spasing
on aluminum problematic. At the same time, the mean SP
population numbers for Au and Al in the developed spasing
regime illustrated in Fig. 1(a) are on the same order,
N, ~ 1-5.

Hence, the condition of developed spasing N, = 1 is
fundamentally different from the spasing threshold condi-
tions, e.g., Egs. (6) and (7). The reason is that the expres-
sion (3) for the mean number of quanta per a single
generating mode is only valid for the case of the developed
spasing, i.e., well above the spasing threshold when the
stimulated emission dominates over the spontaneous one.
This is evident already from the fact that the coherent SP
population N,, in Eq. (3) is proportional to the pumping
current. It depends only on the spasing frequency w, and
the SP quality factor Q(w, ), which, in turn, only depends
on metal permittivity &,. Equation (3) does not depend
whatsoever on the properties of the gain medium.

In sharp contrast, the threshold conditions (6) and (7) are
those in the absence of the coherent SP population, i.e., for
N,, = 0. Physically, they mean that the unphased system of
the nanoplasmonic core and the gain shell at the threshold
of spasing become unstable. Above the threshold, this
instability is resolved by a nonequilibrium phase transition
with a spontaneous breakdown of symmetry: A coherent
state of the spaser emerges with a finite mean SP popula-
tion N, whose phase is established completely randomly
but is sustained afterward. Note that the threshold condi-
tions Egs. (6) and (7) impose requirements to the gain
medium and contain its microscopic parameters d,, 7.,
and F12'

Confusion of the conditions of the developed spasing
and of the spasing threshold is not unusual in the litera-
ture—see, e.g., Ref. [25]. Note that the difference between
the conditions of the developed spasing and of the spasing
threshold is numerically much more pronounced for a
nanoscopic spaser, which spases at N, = 1, than for a
macroscopic laser, which lases at N, > 1.

It is also important to investigate what currents are
required for the spaser pumping and whether real nano-
wires can withstand them. Consider a current required to
sustain a single SP per the spasing mode, which can be
found from Eq. (3), as Jow = 2evy,,. This is illustrated in
Fig. 1(c) for the three plasmonic metals under considera-
tion. To compare, a good semiconductor nanowire, such
as the channel in a high-performance metal-oxide-
semiconductor field-effect transistor (MOSFET) [40], has
a ~20-30 nm width and supports a working (drive) current
of ~20-30 wA. As comparison with Fig. 1(c) shows, such
a nanowire is sufficient to pump both the Ag- and Au-based
spasers in their respective plasmonic regions. However, the
current required to pump the Al-core nanospasers is large,
Jow ~ 200 wA. Note that, even if such currents are sup-
plied, the Al-based nanospasers may not be generated
because the existing gain media main not provide the
gain required for the spasing, which is an independent
condition—cf. Fig. 1(b).

Another quantity of interest for the extreme quantum
regime is the current that a single-quantum-channel nano-
wire conducts at the minimum potential drop required for
the one-electron-to-one-SP conversion U = hw/e, which
is given by Eq. (2) for N, = 1. This is plotted in Fig. 1(c)
by the dashed line. As one can see, that current is rather
large: It is sufficient not only for Ag- and Au-core spasers
but also for Al-core spasers.

Now, we discuss the role of optical phonons and whether
they can dissipate so much energy that the ballistic electron
acceleration to the required energy of hw, becomes
impossible. In a semiclassical picture, the excitation of
optical oscillations with frequency w,, (emission of an
optical phonon) occurs when an electron reaches the opti-
cal phonon energy hw,,, which requires acceleration time
t, = (2m*wop/h)1/2L/a)n =~ 10 fs, where m* is the elec-
tron effective mass, the applied electric-field force is
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hw,/L, L ~ 100 nm is the nanowire’s length, and we
adopt values for GaAs: m" = 0.067m and hw,, =
36 meV. Obviously, this acceleration time is too short
tqy K Iy, compared to the period of optical phonons
top = 27/ Wy, ~ 100 fs. Thus, this classical picture is
inapplicable: On the time scale of 7, ~ 10 fs, the nanowire
lattice appears ‘“frozen” and the optical phonons cannot
manifest themselves.

Instead, one has to invoke quantum mechanics where an
electron acquires energy by undergoing a quantum transi-
tion with frequency w, rather than gradual classical
acceleration. In Landauer’s electron transport picture
[29], such quantum transitions occur with a period of
27/ w, ~ 1-3 fs for w, in the optical range. Thus, the
emission of optical phonons in our case is analogous to
that following an electronic transition in semiconductor
crystals. To take all or a significant part of the electronic
transition energy ~hw, ~ 1-3 eV, it would require the
emission of ~w,/w,, ~25-80 optical phonons, whose
probability is obviously negligible.

The electron—optical-phonon coupling in direct band
gap semiconductors such as InGaAs is known to be
particularly weak [41]: the Frolich coupling constant
a = 0.05-0.06 < 1 in contrast to ionic solids such as,
e.g., KCl, where a = 3.4. Consequently, the effects of
the electron-phonon coupling may only be significant for
resonant intersubband-type transitions whose frequencies
are in a 3040 meV range [42] but not for optical-
frequency transitions: The emission of optical phonons
accompanying a transition in the ~1-3 eV range cannot
consume a significant part of the transition energy.

Moreover, in our case, there is not only poor temporal
matching (w, > w,,) and weak coupling (a K1)
between the electronic transitions and optical phonons
but also a very poor spatial overlap: The characteristic
optical phonon wavelength, which is on the order of the
lattice constant ~a = 0.4 nm, is much less than the exten-
sion ~L ~ 100 nm of the electron transition current. This
leads to another suppression factor of ~(a/L)* < 1.
Based on the above arguments, we can safely conclude
that the emission of optical phonons under our conditions
is unlikely to significantly deplete the energy hw, acquired
by electrons in the quantum wire.

As a concluding discussion, we have found conditions of
the developed cw spasing for the electric pumping in the
extreme quantum case, i.e., via a ballistic contact QW with
a single-conduction quantum N, = 1 under the minimum
required potential drop U = hw,,/e. It is of fundamental
importance that the contact nanowire possesses ballistic
conductance to allow for accumulating the maximum elec-
tron energy and to prevent heat production in the nanowire
and preserve its integrity under the required current load.
Note the regime that we have considered for a single-
conduction quantum N, = 1 is the most stringent: QWs
with N. > 1 or non-quantum-confined ballistic nanowires
will always supply higher currents, relaxing the spasing

conditions and allowing for higher SP numbers. As we
have shown, the Ag- and Au-core electrically pumped
nanospasers have excellent spasing characteristics for real-
istic QWs, but there are problems for Al as the spaser-core
plasmonic metal.

Above, in this Letter, we have shown a fundamental
possibility of the electrically pumped spaser, or rigorously,
that such a spaser is not fundamentally impossible, even for
a single-channel QW. We have considered an idealized
spaser in the extreme quantum limit but not problems asso-
ciated with its experimental realization, including the cou-
pling of the QW to the gain medium needed to utilize the
kinetic energy accumulated by the electrons upon their
passage of the QW. Note that the ballistic nanowires with
necessary characteristics are well studied and widely used, in
particular, as channels of the high-performance MOSFETs.

Because currents Jgw ~ 10-100 pA that we predict to
be sufficient for the developed spasing are on the same
order as those in the common MOSFETs [40], which also
have comparable nanoscopic sizes, we expect that there
will be no severe problems with management of the heat
that is released, which is mostly due to the Ohmic losses in
the plasmonic metal. The heat dissipation in the electri-
cally and optically pumped spasers should be on the same
order of magnitude. Note that the optically pumped
strongly 3D-confined nanospasers do work without dam-
age in the wide range of intensities [6,7,14,18].

With regard to potential experimental implementations,
one of the possibilities is provided by conventional diode
gain media used in both spasers (nanolasers) [9,11,13] and
in microlasers [43]. In such a case, the diode’s emitting
region should be within the plasmonic eigenmode spatial
extension. Another possibility for midinfrared spasers is to
use the quantum-cascade gain medium [44] also located
within the plasmonic eigenmode extension. In both these
cases, the diode or the quantum-cascade wells should be
properly biased so that the energy accumulated by an
electron as a result of Landauer’s transition is matched to
the quantum energy of the electron-emitting region. Yet
another possibility is the proposed use of the Schottky
contact as the gain system [45] where the semiconductor
electrically contacts the plasmonic metal. In such a case,
the kinetic energy of the hot electron is directly trans-
formed into that of the plasmon [45] in a process that is
reversed with respect to the generation of hot electrons by
plasmon decay [46,47].

Based on this Letter’s results, we conclude that
achieving an electrically pumped nanospaser is fundamen-
tally possible and practically plausible. Such a nanospaser
will be especially important for future optoelectronic
processors. It will serve as an optical source for SPP
waveguide [22,23] interconnects between transistors,
which will eliminate delays and heat production related
to the capacitive charging or recharging of the electric
interconnects and increase the processing rate to a
~100 GHz transistor-limited speed. In perspective, the
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nanospaser can also replace the transistor as the logic
active element, which will potentially bring about all-
optical information processing to ~10-100 THz spaser-
limited speed.
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