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Tunable Photonic Crystals with Semiconducting Constituents
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We propose that the photonic band structure (PBS) of semiconductor-based photonic crystals (PCs) can
be made tunable if the free-carrier density is sufficiently high. In this case, the dielectric constant of the
semiconductor, modeled as e(w) = go(1 — wlz, /®?), depends on the temperature 7 and on the impurity
concentration N through the plasma frequency w,. Then the PBS is strongly T and N dependent; it is
even possible to obliterate a photonic band gap. This is shown by calculating the 2D PBS for PCs that

incorporate either intrinsic InSb or extrinsic Ge.

PACS numbers: 42.70.Qs, 72.80.Tm, 78.20.Nv, 85.60.—q

It is a well-known fact of semiconductor physics that
band gaps are temperature dependent. In this Letter we
demonstrate that photonic band gaps (PBGs) may also de-
pend on temperature. The two phenomena are, however,
unrelated.

Photonic crystals (PCs) or PBG materials [1] are pe-
riodic structures (in 1D, 2D, or 3D) constructed of two
or more (homogeneous) materials, at least one of which
is transparent to light. Early investigations involved di-
electrics such as glasses. The periodically spaced inclu-
sions and the lattice constant were measured in millimeters.
With a judicious choice of the structure, and sufficiently
large dielectric contrast between the two constituent mate-
rials, a PBG was then found in the microwave region [2].
Applications include high-power mirrors, low-loss wave-
guides, and antenna substrates [1].

The photonic band structure (PBS) is known to scale
with the inverse lattice constant; hence downsizing of PCs
soon began in an attempt to attain PBGs in the optical
range of the spectrum. In these studies very pure semi-
conductors—essentially insulators—were used; AlGaAs
compounds are favored because they have large dielectric
constants (DCs) and relatively wide band gaps that mini-
mize absorption. By now 2D and 3D PCs with lattice con-
stants on the order of hundreds of nanometers are being
fabricated by means of microlithographical techniques [3].
The ensuing PBGs are then indeed in the optical region.
Such structures are of great interest for thresholdless lasers
and, in general, optoelectronics [1-3].

To date, the PBS of any given PC has been immutable.
Namely, once the PC has been fabricated, its PBS remains
unaltered. Obviously, the possibility to change the PBS ex-
ternally would invest PCs with considerable flexibility, and
could lead to novel applications such as an optical shutter
whose performance is controlled in some specified man-
ner. It has already been proposed that PCs constructed with
ferroelectric or ferromagnetic materials could be tuned by
means of an external electric or magnetic field, respectively
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[4]. Very recently, it was also suggested that PCs of the
inverse opal type could be doped with a liquid crystal; in
order to achieve a desired optical response, such a structure
could be tuned and even reprogramed by means of a mesh
of surrounding wires, each of which can produce a local-
ized electric field [5]. In this Letter we describe a third
possibility for tuning PCs—such that incorporate a semi-
conducting constituent. The idea is based on variations of
the concentration of free carriers within the semiconductor
by means of changes in the temperature or in the density
of dopants.

Of course, even a very pure semiconductor has an in-
trinsic density of electrons and holes in its conduction and
valence bands, respectively. Such concentrations of free
carriers can be substantial for narrow-gap semiconductors.
Nevertheless, the effect of free carriers on the PBS has not
been considered previously. Now, doping by means of cur-
rent injection provides a mechanism for manipulating the
PBS. Further, variations in the temperature of the semicon-
ductor will change the density of free carriers; this could
lead to a simple, external control of the PBG. We consider
that the physical interest and possibility of applications, in-
volved in these ideas, outweigh the detrimental aspect of
free charges, namely, absorption. Below we present an
outline of a theory of PBS that incorporates finite densi-
ties of electrons and holes [6]. This theory is applied to
2D PCs that include a semiconducting constituent, char-
acterized by a simply modeled dielectric constant &(w).
Specifically, we study the dependence on temperature of
the PBS of an array of intrinsic InSb rods in air. We also
consider intrinsic Ge that is delta doped in such a way
that an array of extrinsic Ge cylinders forms. We show
how doping or temperature variation can change, and even
close, the PBG.

A convenient measure of the amount of free charge is the
screened plasma frequency w,. It depends on the densities
n; and effective masses m; of the free electrons and holes
in the relevant conduction and valence bands (labeled 7).
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As is well known [7],
w2 = 247Tniez/miso, 1)

where g is the static (background) DC. As a first approxi-
mation, we neglect absorption (to be considered later on),
which implies a real DC. Then, provided that the frequen-
cies of interest are well below the far infrared resonance
region [8], our model DC is

e(w) = eo(l — w;/w?). 2)
If, on the other hand, w is substantially above the phonon
resonance, then gy in Egs. (1) and (2) is replaced by &,
the optical DC.

For £y = 1, Eq. (2) describes the DC of a simple metal.
The PBS for metallic inclusions thus modeled, surrounded
by air, was calculated for periodic systems in 1D, 2D, and
3D [9]. A PBG can arise at low frequencies and just above
the plasma frequency; well above w,, however, there can
be no PBGs. This is because, for o = 2w,, e(w) ~ 1;
hence the PBS becomes very similar to that obtained from
the empty-lattice model applied to vacuum. The low-
frequency behavior (for @ < w,) was confirmed experi-
mentally for metallodielectric PCs in the GHz regime [10].
Of course, w, for metals is strictly constant, with the con-
sequence that the PBS cannot be altered. On the other
hand, the plasma frequency of a semiconductor may de-
pend strongly on the temperature 7. In order to exhibit
the ideas involved, first we consider InSb, which has the
advantages of a small band gap and a high mobility. The
narrow gap (0.18 eV at room temperature) gives rise to
w, = 1.6 X 10" s~! in the intrinsic case. As we see in
Fig. 1 (dashed line on right side), @, increases essentially
exponentially with temperature. Hence &(w) is very sensi-
tive to temperature variations in the far infrared. Thus,
for a PC with an InSb constituent, we can expect sub-
stantial variations of the PBS with temperature in this im-
portant spectral region. Moreover, sufficiently below the
phonon resonance (wr = 3.5 X 103 s71), damping ef-
fects should be moderate [11].

For semiconductors gy = 10, and this, as we shall see,
causes strong departure from the empty-lattice behavior.
For the sake of generality, the DCs of the (infinitely long)
cylinders and of the host material are both modeled ac-
cording to Eq. (2), however with different values of the
parameters gy and w,. The special case of semiconduc-
tor cylinders in air is obtained by substituting g9, = 1 and
wpp = 0, while the conjugate case is specified by 9, = 1
and w,, = 0. Note that &9 and w, are both doubly peri-
odic functions of the position vector r in the plane of pe-
riodicity. The wave equation for the electric field E(r) is

VXVXE-=(w/c)ie(w)E
= (w/c)f’sll — w;(r)/@’]E. (3)

By defining n(r) = 1/g9(r) and Q(r) = wlz,(r)/cz,
Eq. (3) may be written as

)V XV X E(r) + Qr)E(r) = (w/c)’E(r). (4)
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FIG. 1. PBS for two temperatures of circular semiconducting
InSb cylinders that form a square lattice. The light is polarized
parallel to the cylinders. The DC of the intrinsic InSb cylin-
ders is modeled according to Eq. (2), with g9 = 17.7, m,/m =
0.015 [7], and n, = 5.76 X 10732 exp(—0.13/ksT) (T in
K, kgT in eV, and n, in cm™3); the lattice constant is a =
40 pm and f = 0.25. The cross-hatched bands extend from
w, — 1/7, t0 w, + 1/7,, making regions of exclusion where
absorption is strong. The first three PBGs (shaded) and the
passbands (blank) in between are displayed on the right side as
functions of temperature. Note that the second gap closes at
T = 325 K. The dashed line is w,(T), with strong absorp-
tion in its vicinity. The inset is the irreducible part of the
Brillouin zone.

Temperature °K

Of course, 1(r) and Q(r) are also periodic functions of
their argument, and hence can be expanded in 2D Fourier
series.

We consider only waves that propagate parallel to the
plane of periodicity. Then 2D PCs support two indepen-
dent modes, with either the electric or the magnetic field
being parallel to the cylinders [13]. Here we shall study
only the former, so-called E mode. It is a transverse wave,
hence the double rotational in Eq. (4) reduces to —V2E(r).
By applying the Bloch theorem to E(r), Eq. (4) becomes

G -6k + G+
G/

Q(G — G)EL(G') = (w/c)*Ex(G). (5)

Here G is the reciprocal lattice vector, 17(G) and (G) are
the Fourier transforms of 7(r) and Q(r), and E(G) is the
amplitude of the Bloch wave of wave vector k + G.
Equation (5) constitutes the eigenvalue problem for v =
(k) and thus determines the PBS for our 2D semiconduc-
tor system. It is notable that the matrix operator on the left
side does not depend on the eigenvalue, which is to say
that the eigenvalue problem has been cast in the standard
form—much easier to solve numerically [14]. Of course,
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such a simplification is not feasible for an arbitrary model
of e(w). The function Q(G) is

1 —6r _ |9, G =0,
Q@) = A, [A dr Qr)e {F(G)«SQ, G #0,
(6)

where A, is the area of the unit cell, Q is the aver-
age of Q(r), 6Q is the “contrast” Q, — Q, = (wf,a —
a)lz,b)/cz, and F(G) = A]! [ ,dre /67 is the structure
factor; the integral is taken over the cross-sectional area
of one cylinder. In the special case of circular cylinders,
F(G) = 2fJ1(GR)/GR, where R is the cylinder radius, J;
is a Bessel function, and f = 7R?/A. is the filling frac-
tion. The formulas for 1(G) are completely analogous to
Eq. (6).

Equations (5) and (6) have been applied to a PC made up
of intrinsic InSb cylinders in air. The PBSs are displayed
in Fig. 1 for the temperatures 200 and 260 K. There is a
low-frequency PBG that extends up to a frequency slightly
below w,(T), and the first passband is parabolic. Such
a behavior is characteristic of the E mode, if the DC of
the cylinders is sufficiently negative [9,10]. There are
also two higher-lying PBGs in the exhibited frequency
region. This situation differs from the metallic case [with
g9 = 1 in Eq. (2)], where no gaps were found above the
second band [9]. The most dramatic aspect of Fig. 1 is the
rapid increase with 7" of low-frequency PBG. This can be
attributed directly to the increase in w,(7') (dashed line in
Fig. 1), namely, to more and more electrons being excited
from the valence band of InSb to its conduction band. On
the other hand, all the subsequent PBGs decrease with
T. The explanation for this is that, for a given w, &(w)
becomes smaller as the temperature is raised, giving rise
to a diminished dielectric contrast in comparison to the
air cylinders. We also note that the midgap frequencies
and, indeed, the entire PBS keep rising with 7. However,
because our neglect of the lattice contribution in Eq. (2),
the upper part of Fig. 1 has only semiquantitative validity
(although absorption there remains small).

On the right side of Fig. 1, the first three PBGs (shaded)
and the passbands (blank) between them are shown as a
function of T beyond 260 K. Itis seen that the second PBG
is actually obliterated at 7 = 325 K; in this sense the PC is
“completely tunable.” Clearly, the equifrequency surfaces
w (k) = const are expected to undergo dramatic changes,
similar to those described in Ref. [4]. The dashed line
is w,(T); in its vicinity absorption is important because
Ime > Ree for the semiconductor. Similar results were
obtained for air cylinders in an InSb host.

The other PC that we consider is made entirely of Ge.
We assume that an intrinsic sample of Ge is delta doped
by donor impurities, in such a way that a 2D, periodic ar-
ray of strongly extrinsic, n-type Ge cylinders is formed.
By Eq. (1), in this regime w, is proportional to the square
root of the impurity density N. Then, using an experimen-
tal value of w, for N = 10! cm™3 [15], we may write
w,(N) = 1.45 X 10"[N(em™3) x 107192 571, As we

see on the right side of Fig. 2, for N = 3 X 10! cm™3,
the dielectric contrast between extrinsic and intrinsic Ge is
sufficiently great for the formation of two PBGs. As N de-
creases, these gaps also decrease. The first gap disappears
when the cylinders become intrinsic themselves, while the
second gap is obliterated at N = 0.4 X 10! cm™3.

Figures 1 and 2 demonstrate that the PBS can be very
sensitive to changes in the temperature or the impurity con-
centration. This is to say that the PBS can be externally
controlled or tuned by means of suitable variations of tem-
perature or current injection. There are important impli-
cations for the optical response of PCs with a substantial
density of free carriers. For example, consider the PC con-
stituted by the intrinsic InSb cylinders. Suppose illuminat-
ing this PC by light incident in a direction perpendicular
to the cylinder axes, and that is polarized parallel to the
axes, giving rise to the £ modes considered here. For v =
1.75 X 10" s71, the light will be reflected in part and
transmitted in part (see Fig. 1) if T < 281 K. If, now, the
temperature is raised slightly, no propagation is possible
in the PC, and the light will be totally reflected. With
an additional increase of the temperature, to 7 > 297 K,
transmission will occur again. Clearly, these ideas could
serve as the basis for a temperature-controlled optical shut-
ter. Further, at fixed 7, the PC has passbands defined by
certain lower and upper bounds. By changing T, these
bounds shift. Simply stated, the passband is tunable. The
same considerations remain valid if temperature control
is replaced by current injection control, as is clear from
Fig. 2.
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FIG. 2. PBS of a square array of circular cylinders generated
by delta doping of an intrinsic Ge host. The right side of the
figure corresponds to N = 3 X 10'° donor atoms per cm®. The
left side shows the variation of the two PBGs with N. The low-
frequency gap disappears when the cylinders become intrinsic,
and the second gap is obliterated for N = 0.4 X 10" cm™3.
Here ¢ = 158 [7], a = 5 pum, and f = 0.25.

1877



VOLUME 85, NUMBER 9

PHYSICAL REVIEW LETTERS

28 Auagust 2000

In the figures w is limited to the far ir, which is the op-
erative regime of mesoscopic PCs at the present. The band
gap of InSb is in the far ir itself, hence it is not possible
to reach the near ir. On the other hand, semiconductors
with larger gaps would require extremely high levels of
doping for w,, to lie in the far ir; this would likely cause
prohibitive absorption. However, it is important to note
that such semiconductors are promising for tuning in the
microwave and short wave regimes where absorption is
negligible. For instance, between 280 and 320 K, intrinsic
Ge gives rise to substantial variations of @, (~10 GHz).

In conclusion, we have shown that, in PCs with semicon-
ducting constituents, it is possible to alter and even close
the PBGs by means of external control: doping or chang-
ing the temperature. Similar calculations for the H mode
(magnetic field parallel to the cylinders) and for 3D PCs
are of obvious interest. The corresponding PBSs can be
readily calculated for Eq. (4) which, conveniently, leads to
the standard eigenvalue problem, for any dimensionality of
the periodicity. There is a downside, of course, namely, ab-
sorption. It can be minimized, however, by careful choices
of the materials, the geometric parameters, and the spectral
range. Transmission studies, both experimental and theo-
retic, would be desirable. Preliminary calculations of the
reflectivity of semiconductor-based superlattices, incorpo-
rating phonon dispersion and damping, are encouraging.

The first author thanks Carlos Navarro for preliminary
calculations, and Alfonso Torres and Roberto Murphy, and
Adan Sanchez for helpful comments. The first and second
authors are recipients of CONACyT Grants No. 32191-E
and No. 489100-5-3878PE, respectively.

Note added.—In two recent experiments, PCs were
infiltrated with liquid crystals, whose indexes of refrac-
tion are temperature dependent. Tuning was achieved by
changing the temperature of the samples [16].
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