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Impurity effects in coaxial-connector photonic crystals: A quasi-one-dimensional periodic system
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A one-dimensional coaxial connector photonic crystal has constructed from a series of standard high fre-
quency coaxial cable ‘‘tee’’ and ‘‘barrel’’ connectors, forming a quasi-one-dimensional periodic system with
periodicities comparable to microwave wavelengths. At the appropriate frequencies, ‘‘Bragg-like’’ reflections
of the gigahertz-frequency sinusoidal signals from the open ends of the tee connectors result in the formation
of stop bands for which transmission of signals at these frequencies is forbidden. Changing the amplitude
or/and phase of these reflections is analogous to the introduction of defects~impurities! in the periodic structure
and is evidenced by appearance of impurity peaks of enhanced transmission in the stop bands. This system
readily allows fixing of the defect location within a unit cell to one particular configuration. It also allows a
direct control over the location of defects relative to each other. By using this system a wide variety of
impurity-induced effects in photonic crystals such as surface effects, inter-impurity interactions, and stop band
widening have been demonstrated.@S0163-1829~99!06027-0#
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I. INTRODUCTION

Periodicity in a dielectric medium can have a profou
effect on the electromagnetic waves that propagate thro
it. The so-called photonic crystal can forbid photon transp
for certain bands of frequencies irrespective of polarizat
or propagation direction, leading to a complete photo
band gap~PBG!.1,2 Such photonic crystals are anticipated
have a significant technological impact on a wide range
photonic applications.3 The application of photonic crystal
will be enhanced by ‘‘doping’’ them with defects/impuritie
to generate defect/impurity states.4–6 Impurity effects are ex-
tremely sensitive to the configuration of the impurities
their respective unit cells, as seen in previous studies wh
the donor impurity levels split on displacment of the don
impurity relative to its lattice site.4 As the impurities begin to
approach within a characteristic length of each other, th
effects are also determined by the relative positions of ne
boring impurity sites; impurity modes were found to be d
pendent on whether the defects appeared on neighboring
tice sites or were separated by a lattice site.7

The coaxial connector photonic crystal~CCPC! used in
this study is constructed out of a series of ‘‘tee’’ and ‘‘ba
rel’’ connectors ~standardN-type high frequency coaxia
cable connectors! to form a quasi-one-dimensional~1D! pe-
riodic system, as shown in Fig. 1~a!. The open ends of the te
connectors reflect microwave frequency signals. The spa
period a and the heightb of the tees are parameters th
characterize this periodic system and are comparable to
crowave wavelengths~frequency; GHz!. Thus within the
appropriate band of frequencies, a ‘‘Bragg-like’’ constru
tive interference of the signals in the backward direction
sults in the formation of stop bands in the transmission sp
trum. Introduction of a defect into the CCPC perturbs t
amplitude and/or phase of the reflected signal from the o
end of a tee. The CCPC is a system which fixes the de
location within a unit cell to one particular configuration a
allows a direct control over the location of defects relative
PRB 600163-1829/99/60~4!/2410~6!/$15.00
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each other. Another advantage is that the CCPC may be
sembled from off-the-shelf components.

In previous work we reported on impurity effects in pol
styrene colloidal photonic crystals.8,9 Dopants of a different
particle size or material were substitutionally introduced in
a host matrix of polystyrene microspheres; broad impu
states arose in the stop band as a result of the doping. Ow
to the small deviations in the host and dopant polystyre
microsphere diameters, the impurity effects in the doped c
loidal crystal system represented an average over var
configurations of defects slightly displaced from their me
position in the unit cell. Moreover, being a self-assembli
system, there was no precise control over the configurat
of the defect site arrangements relative to each other. T
the ability to isolate a particular configuration with a we
defined position of the impurity ‘‘atom’’ within the fcc uni
cell was not possible. There was also no way of arranging
defects in a particular way relative to one another. T
CCPC system allowed us to overcome these limitations
replicate some of the impurity effects previously observed
doped colloidal photonic crystals.

II. EXPERIMENTAL DETAILS

The CCPC shown in Fig. 1~a! was based on componen
that are generically termed ‘‘N-connectors’’10 and had a
characteristic impedance of 50V in the 100-MHz–20-GHz
range. Connecting these elements as shown in Fig.~a!
yielded a periodic system with the spatial period (a512.05
cm! and the height of the tees (b52.35 cm! characterizing
its periodicity. Impurities were introduced at tee sites in t
CCPC by changing the amplitude and/or phase of the sig
reflected from the open end of the tee. The types of dop
performed on the CCPC samples is shown in Fig. 2~a!. De-
fects consisting of different combinations of connectors a
terminators had different dopant ‘‘strengths’’ and were us
2410 ©1999 The American Physical Society



m

av

de
d
.4

ut
he
c

od

a
a

f
ol-
%

ped
the
ds
e
fre-

ing

r
tra.

sta
ec
d

od

io

c
d
e
Th

e
of
own
ate

C:
n the

the
state

PRB 60 2411IMPURITY EFFECTS IN COAXIAL-CONNECTOR . . .
to perturb the reflected signal from a specific defect site.
The transmission through the CCPC was measured at

crowave frequencies~100 MHz–20 GHz!, generated with a
Hewlett-Packard HP83620A synthesized continuous w
~c.w.! generator. The c.w. signals were modulated~square
wave amplitude modulation! at a frequency of 1 KHz using a
Hewlett-Packard HP11720A pulse modulator to facilitate
tection using standard lock-in detection techniques. The
tector used was a Hewlett-Packard HP423B, 10-MHz–12
GHz, low-barrier Schottky diode detector with an inp
impedance of 50V. The transmission spectra through t
CCPC were normalized with those measured through a
axial cable~continuous nonperiodic system! to account for
any nonuniform spectral response of the source, pulse m
lator, and detection system.

III. DISCUSSION OF THE RESULTS

A. ‘‘Undoped’’ crystal

Figure 1~b! shows the transmission spectra through
undoped CCPC. This figure shows a stop band opening

FIG. 1. ~a! The coaxial connector photonic crystal~CCPC! is a
quasi-one-dimensional periodic system made up of a series of
dard high frequency coaxial cable connectors. The ‘‘tee’’ conn
tors have three female ends, theM barrels have two male ends, an
the F barrels have two female ends. The unit cell lengtha and the
height b of the tees are parameters that characterize this peri
system. The maximum number of unit cells in this study was 13.~b!
The transmission spectra through the CCPC are shown for var
number of unit cells~indicated above each curve!. The transmitted
power shown is normalized to the transmitted power through a
axial cable~non-periodic structure!. The spectra show a stop ban
centered at;2.10 GHz. Within the stop band an attenuation of ov
three orders of magnitude is observed for 10 or more unit cells.
stop band width is about 10% of the center frequency.
i-

e

-
e-
-

o-

u-

n
t a

frequencyf 052.10 GHz. The typical bandwidth is 10% o
the center frequency. In the case of typical polystyrene c
loidal crystals the stop band width is typically less than 3
for the undoped crystals and less than 5% for the do
crystals.8 For the N connectors the phase speed is 2/3
speed of light in vacuum. On using the Bragg law, one fin
that the spatial perioda512.05 cm alone does not determin
the characteristic period. Instead the stop band center
quency is very sensitive to the heightb of the tee connectors
that introduce the scattering. This was determined by vary
the height of the ‘‘tees’’ usingM- and F-barrel connectors.
However, use of the parameterb does not yield the cente
frequency of 2.10 GHz observed in the transmission spec
For example, in the structure of Fig. 1~a!, b52.35 cm. The
Bragg law is expressed as

f 05m
v

2ã
,

where ã is the characteristic period. Withã5b52.35 cm,
we get the first order (m51) stop band frequencyf 0'4.26

n-
-

ic

us

o-

r
e

FIG. 2. ~a! A doped CCPC: Introducing a defect/impurity in th
CCPC of Fig. 1~a! can be achieved by ‘‘capping’’ the open end
the tee with a combination of connectors and terminators as sh
at the top of~a!. Various combinations that may be used to gener
dopants~defects! with different ‘‘strengths’’ are shown. Defect type
A is a M barrel connected to the open end of the tee. TypeB is a
BNC adaptor and typeC is a combination of anM barrel,F barrel,
and BNC adaptor.~b! Transmission spectra for a doped CCP
Defect states or regions of enhanced transmission appear withi
stop band on introduction of the defects shown above. Changing
defect type changes the defect strength and shifts the defect-
location within the stop band.
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GHz. On the other hand,ã5a512.05 cm yieldsf 0'0.83
GHz . The observed first order stop band center frequenc
at f 052.10 GHz. The characteristic period for the 1D syst
of Fig. 1~a! lies between the two parametersa andb. In all
other respects this system behaves like a 1D system a
following discussion suggests. Thus it is appropriate to c
this system aquasi 1D periodic system. Figure 1~b! shows
the transmission spectra with an increasing number of
cells. The number of unit cells is indicated at the bottom
the individual curves. It is interesting to note that the tra
mission spectrum for a single unit cell is ‘‘flat.’’ Had th
interference effects within a single tee connector been
nificant there would have been sufficient attenuation from
single unit cell in a manner analogous to a single layer
flection coating. Instead the optical stop band formation
gins only after about three unit cells indicating a partial c
herent addition of components reflected from different t
in this quasi-1D system. The attenuation of transmitted s
nals in the stop band rapidly increases with number of u
cells with a23 dB attenuation per unit cell.

B. ‘‘Doped’’ crystal

The introduction of impurities of the types indicated
Fig. 2~a! significantly alters the internal details of the sto
bands. As in the case of the colloidal crystals, impurity
fects manifest themselves by the appearance of impu
modes in the stop bands. The details of the transmis
spectrum around the first order stop band is shown in F
2~b! for a crystal with 10 unit cells. The transmitted power
the frequencies of these impurity modes rose by at leas
order of magnitude relative to the stop band ‘‘floor.’’ Th
transmission spectra, shown here for the doped CCPC,
those for the defect typesA, B, andC shown in Fig. 2~a!. The
defect typeA is a male-maleN connector connected to th
free end of the tee connectors in the periodic system. TypB
is a maleN-to-BNC adapter and typeC is a series combina
tion of a male-maleN connector, a female-femaleN connec-
tor, and a maleN-to-BNC adapter. These three defects
different dopant ‘‘strengths’’ resulted in an impurity peak
a different position within the stop band, allowing for th
tunability of the defect mode frequency.

C. Investigation of ‘‘surface effects’’

In solid state systems the surface plays an important
since the surface atoms reside in a vastly different envir
ment from those in the bulk.11 We observed the effects of th
‘‘surface’’ ~end effects! in the coaxial connector crystal a
well. For example, if the impurity was located on the fir
unit cell near the source, the transmission properties o
doped crystal withN unit cells were difficult to distinguish
from those for an undoped crystal with (N21) unit cells. A
similar phenomenon occurred when the impurity was loca
close to the detector. These results are summarized in Fi
The inset shows the frequency range covering the entire
band for a 1D coaxial crystal with 13 unit cells. The dott
curve in the inset is the transmission through an undo
crystal while the solid curve is for a single impurity at th
center of the crystal. The main graph in Fig. 3 shows a m
nified section of the region indicated in the inset. The vario
impurity modes shown in Fig. 3 are for different locations
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a single defect within the 13 unit cell crystal. The position
the unit cell ~1 through 7! carrying the defect is also indi
cated. When the defect was located close to the source~input
‘‘surface’’! on the first tee there were no signs of impuri
effects within the stop band and the spectrum appeared s
lar to the undoped case. However, as the position of
single defect was moved inward, the height of the impur
peak rose and reached a maximum when the defect wa
cated ‘‘deep’’ inside the crystal. Impurity peaks appear
similar if the defect position was not within the first 3–4 un
cells from the surface. The following sections deal with a
ditional effects resulting from introduction of impurities. I
all subsequent studies, care was exercised to avoid
above-mentioned surface effects.

D. Effect of interaction between defects

Figure 4 shows a magnified region of the transmiss
spectrum containing the impurity modes with two impuriti
in a 13 unit cell crystal. The separation between the t
impurity positions (D) are indicated besides the curves
units of a. ThusD51 implies defects introduced in neigh
boring lattice sites. The curve withD56 is for the case
where the two defects were well separated~one each on unit-
cells 4 and 10 from the source!. In theD56 case the impu-
rity mode appeared at the same frequency (;2.15 GHz! as
the impurity mode resulting from a single defect~see the
inset of Fig. 3!. However the transmission coefficient at th
impurity mode was nearly an order of magnitude greater t
that in the single impurity case.

The separation between the two defects was system
cally reduced fromD56 to D51. The transmission spectr
at the impurity modes changed dramatically with reduct
in the separationD. As the defects approached each oth

FIG. 3. Investigation of ‘‘surface’’ effects: This graph shows th
effect of varying the site of a single defect@type C in Fig. 2~a!# in
a 13-unit cell CCPC. The inset shows the entire transmission s
trum from 1.6 to 2.6 GHz. The region around the impurity mode
the inset is magnified outside the inset. When the defect is loc
on the ‘‘surface’’ close to the source or the detector, the transm
sion spectra for the doped and the undoped CCPC are almost
tical. As the defect site is moved to the interior of the crystal fro
unit cell 1, the height of the impurity modes increases and reac
a maximum at unit cell 7.
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PRB 60 2413IMPURITY EFFECTS IN COAXIAL-CONNECTOR . . .
the impurity peak split into two distinct peaks. This can
seen more clearly for the cases whereD52 and 3. With
reducingD, the two distinct modes separated further. T
indicates a strong interaction between the impurity mod
Two well separated defects create an impurity mode wh
is, in a sense, a summing of their individual effects. Ho
ever, two closely spaced defects constitute an entirely dif
ent entity with a different impurity ‘‘strength.’’

The effects of multiple impurities became even more p
nounced with three defects introduced in the structure. Th
defects also permitted comparison of the result of dop
these structures with periodic or nonperiodic defects. Fig
5 shows the transmission spectra through a 13 unit cell st
ture with three defects. The two values ofD indicated for
these curves indicates the separation between defects 1
and defects 2 and 3 respectively. If these two separations
equal the defects are arranged periodically. With the th
defects well separated (D54,4), the transmission coefficien
at the resulting impurity mode was higher than the cor
sponding one and two defect cases. As in the crystal w
two defects, the impurity peak separated into multiple mo
as the impurities spatially approach each other. In the cry
with three defects, the impurity peak separated into th
modes. This can be seen very clearly for the case withD
52, 2. This separation into multiple impurity peaks occurr
even if the defects were not arranged periodically as can
seen in the curves labeledD53, 2 andD52, 3.

E. Impurity-induced stop band widening

In earlier work on impuritites in colloidal crystals it wa
observed that the optical stop bands displayed signific
widening on introduction of impurities.8 The widening was
unsymmetrical with the high energy edge remaining re

FIG. 4. Two defects: The stop band transmission spectra
impurity peaks are shown for a 13 unit cell CCPC doped with t
defects. The defects are located at two sites separated by a dis
D ~in units of a). D51 represents the case of neighboring defe
while D56 represents the case of two defects in unit cells 4 and
from the source. For theD56 case the impurity peak is at the sam
frequency as the single impurity peak~see inset of Fig. 3! but is an
order of magnitude higher. As the separation between the defec
reduced fromD56 toD51 this impurity peak splits into two peak
with their frequency separation increasing with decreasingD.
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tively immune to the effects of band widening. One of t
motivations behind this study of the CPCC was to check
the possible universality of such effects.

The CPCC displayed considerable widening of the s
bands on introduction of impurities, as seen in Fig. 6. T
dashed curve in the figure is the transmission spectrum fo
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FIG. 5. Three defects: The stop band transmission spectr
impurity peaks are shown for a 13 unit cell CCPC doped with th
defects. The two values ofD indicated for each curve are the sep
ration for defects 1 and 2 and that for defects 2 and 3. For the c
of well-separated defects (D54,4) the impurity peak appears at th
same frequency as the single and double impurity cases bu
height is higher than both cases. As the separation between
defects is reduced the impurity peak splits into three individ
peaks which further separate with decreasingD. This splitting oc-
curs for both the periodic~equalD) and nonperiodic~unequalD)
impurity cases.

FIG. 6. Defects and band widening: The transmission spe
shown above are for a 13 unit cell crystal with increasing num
~concentration! of defect sites from 0~undoped! to 3. With increas-
ing defect concentration the height of the impurity peak increa
with a corresponding increase in the impurity peak width. For
concentrations the impurity peak frequency remains unchanged
introduction of impurities, considerable stop band widening occ
and increases with increasing defect concentration. The stop b
widening appears to occur towards the lower energy edge~valance
band edge! of the stop band.
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2414 PRB 60RANJIT D. PRADHAN AND GEORGE H. WATSON
undoped crystal with 13 unit cells. The corresponding tra
mission curves for the crystals with 1, 2, and 3 defects
indicated. In the doped crystals, the defects were well se
rated to minimize their mutual interactions described earl
Note that the frequency of the impurity modes remain
fixed but the amplitude increased with increasing numbe
impurities. The width of the impurity peak also increas
and the stop band widened. This increase in width was
indefinite but saturated at some point. The increase in
width of the stop band was observed to be as large as 40
the undoped stop band width. This band widening is a
unsymmetrical with the high energy or the conduction ba
edge remaining immobile; the widening is almost entire
towards the lower energy side or the valance band edge

F. A coaxial connector photonic crystal superlattice

Figure 7~a! shows a different periodic arrangement of t
tees. It consists of a crystal consisting of 14 tees. The tees
grouped into pairs forming a single unit cell as shown in
figure; seven such unit cells form the ‘‘superlattice.’’
single defect is introduced in this structure at the center
the transmission spectrum is compared with that for a reg
crystal with 13 unit cells. The comparision of these two cry
tals is shown in Fig. 7~b!. The undoped cases for both th
regular crystal and the superlattice show that a noticea
band widening occurs with the introduction of the superl
tice. On doping these two types of crystals, impurity mod
occur in the stop bands. In both cases the stop bands
wider than the corresponding undoped cases. Again,
band widening is unsymmetrical and on the lower ene
side.

IV. SUMMARY

The effects of introducing defects in a periodic coax
structure displayed the same general trends seen in prev
work on doped polystyrene colloidal crystals. These effe
included the appearance of impurity modes in the stop ba
and unsymmetrical band widening. This quasi-on
dimensional system yielded stop band widths which w
typically 10% of the center frequency with an attenuation
over three orders of magnitude in the transmission coe
cient in a crystal with ten or more unit cells. With the intr
duction of impurities, the transmission coefficient rose
least an order of magnitude above the stop band floor.
duction of the inter-impurity spacing led to splitting of th
impurity modes and formation of an impurity band. A sim
lar effect occurs in degenerate semiconductors leading to
formation of impurity bands which may overlap either t
conduction or the valance band edges.12 This easily realiz-
able system can thus be used to reveal invaluable insi
O
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into some of the photonic band structure effects seen in
vious work on doped polystyrene colloidal photonic crysta
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FIG. 7. Superlattice:~a! A CCPC superlattice is constructed b
grouping two tee-connectors in a single unit cell as shown. Se
such unit cells form the superlattice with a total of 14 tees. A sin
defect was introduced at the center of the crystal.~b! Transmission
spectra for the undoped and doped CCPC superlattice~14 tees! are
compared with the corresponding cases for a regular CCPC wit
unit cells. The undoped stop band width for the superlattice
greater than that for a regular crystal. The superlattice show
higher impurity peak height and width and its stop band wide
towards the valance band edge as seen in the case of the re
CCPC.
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