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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-
guency 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 défeptsities 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 demonstrat¢80163-18289)06027-0

[. INTRODUCTION each other. Another advantage is that the CCPC may be as-
sembled from off-the-shelf components.

Periodicity in a dielectric medium can have a profound In previous work we reported on impurity effects in poly-
effect on the electromagnetic waves that propagate througstyrene colloidal photonic crystals. Dopants of a different
it. The so-called photonic crystal can forbid photon transporparticle size or material were substitutionally introduced into
for certain bands of frequencies irrespective of polarizatiora host matrix of polystyrene microspheres; broad impurity
or propagation direction, leading to a complete photonicstates arose in the stop band as a result of the doping. Owing
band gap(PBG).2? Such photonic crystals are anticipated toto the small deviations in the host and dopant polystyrene
have a significant technological impact on a wide range ofnicrosphere diameters, the impurity effects in the doped col-
photonic application$.The application of photonic crystals |oidal crystal system represented an average over various
will be enhanced by “doping” them with defects/impurities configurations of defects slightly displaced from their mean
to generate defect/impurity stat&€.Impurity effects are ex-  position in the unit cell. Moreover, being a self-assembling
tremely sensitive to the configuration of the impurities in system, there was no precise control over the configurations
their respective unit cells, as seen in previous studies whergy ihe defect site arrangements relative to each other. Thus
the donor impurity levels split on displacment of the donoryhe apjjity to isolate a particular configuration with a well-
impurity relative to its lattice sit& As the impurities begin to defined position of the impurity “atom” within the fcc unit

approach within a characteristic Iength of eac_:h other, th_esge" was not possible. There was also no way of arranging the
effects are also determined by the relative positions of ne'ghdefects in a particular way relative to one another. The

boring impurity sites; impurity modes were found to be de- S
pendent on whether the defects appeared on neighboring Ia?-CPC system allowed us to overcome these limitations and

tice sites or were separated by a lattice Site. replicate some of the impurity effects previously observed in
The coaxial connector photonic crysta8CPQ used in  doped colloidal photonic crystals.

this study is constructed out of a series of “tee” and “bar-

rel” connectors (standardN-type high frequency coaxial

cable connectojgo form a quasi-one-dimensionélD) pe- ll. EXPERIMENTAL DETAILS

riodic system, as shown in Fig(d). The open ends of the tee

connectors reflect microwave frequency signals. The spatial The CCPC shown in Fig.(&) was based on components

period a and the heightb of the tees are parameters thatthat are generically termed N-connectors®® and had a

characterize this periodic system and are comparable to mgharacteristic impedance of 80in the 100-MHz—-20-GHz

crowave wavelengthéfrequency~ GHz). Thus within the range. Connecting these elements as shown in Ha. 1

appropriate band of frequencies, a “Bragg-like” construc-yielded a periodic system with the spatial peri@=12.05

tive interference of the signals in the backward direction rem) and the height of the teed€2.35 cm characterizing

sults in the formation of stop bands in the transmission speats periodicity. Impurities were introduced at tee sites in the

trum. Introduction of a defect into the CCPC perturbs theCCPC by changing the amplitude and/or phase of the signals

amplitude and/or phase of the reflected signal from the opereflected from the open end of the tee. The types of doping

end of a tee. The CCPC is a system which fixes the defegterformed on the CCPC samples is shown in Fig).2De-

location within a unit cell to one particular configuration and fects consisting of different combinations of connectors and

allows a direct control over the location of defects relative toterminators had different dopant “strengths” and were used
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FIG. 1. (@) The coaxial connector photonic cryst&lCPQ is a FIG. 2. (a) A doped CCPC: Introducing a defect/impurity in the

quasi-one-dimensional periodic system made up of a series of sta:CPC of Fig. 1a) can be achieved by “capping” the open end of
dard high frequency coaxial cable connectors. The “tee” connecihe tee with a combination of connectors and terminators as shown
tors have three female ends, tkiebarrels have two male ends, and at the top of(a). Various combinations that may be used to generate
the F barrels have two female ends. The unit cell lengtand the dopantgdefects with different “strengths” are shown. Defect type
heightb of the tees are parameters that characterize this periodi€ iS @M barrel connected to the open end of the tee. Tips a
system. The maximum number of unit cells in this study wagiz. BNC adaptor and typ€ is a combination of aM barrel,F barrel,

The transmission spectra through the CCPC are shown for varioi@'d BNC adaptor(b) Transmission spectra for a doped CCPC:
number of unit cellgindicated above each cuiveéThe transmitted Defect states or regions of enhanced transmission appear within the
power shown is normalized to the transmitted power through a costop band on introduction of the defects shown apove. Changing the
axial cable(non-periodic structude The spectra show a stop band defec_:t type (_:hanges the defect strength and shifts the defect-state
centered at-2.10 GHz. Within the stop band an attenuation of over location within the stop band.

three orders of magnitude is observed for 10 or more unit cells. The

stop band width is about 10% of the center frequency. frequencyfy,=2.10 GHz. The typical bandwidth is 10% of
the center frequency. In the case of typical polystyrene col-
loidal crystals the stop band width is typically less than 3%
for the undoped crystals and less than 5% for the doped

; X crystals® For the N connectors the phase speed is 2/3 the
Hewlett-Packard HP83620A synthesized continuous Wavgpeed of light in vacuum. On using the Bragg law, one finds
(c.w. generator. The c.w. signals were modulateduare that th tial period=12.05 | d ¢ determi
wave amplitude modulatigrat a frequency of 1 KHz using a at the spatial periog=.2.9> cm alone does not determine
Hewlett-Packard HP11720A pulse modulator to facilitate de—the characterlsnc p(_a_nod. Instead_ the stop band center fre-
tection using standard lock-in detection techniques. The dgdUency is very sensitive to the heighof the tee connectors
tector used was a Hewlett-Packard HP423B, 10-MHz—12.4that introduce the scattering. This was determined by varying
GHz, low-barrier Schottky diode detector with an input the height of the “tees” usingl- and F-barrel connectors.
impedance of 500. The transmission spectra through the However, use of the parametbrdoes not yield the center
CCPC were normalized with those measured through a cdrequency of 2.10 GHz observed in the transmission spectra.
axial cable(continuous nonperiodic systero account for ~For example, in the structure of Fig(al, b=2.35 cm. The
any nonuniform spectral response of the source, pulse modiragg law is expressed as
lator, and detection system.

to perturb the reflected signal from a specific defect site.
The transmission through the CCPC was measured at m.
crowave frequencie€l00 MHz—20 GHz, generated with a

\Y
IIl. DISCUSSION OF THE RESULTS fo=m—,
A. “Undoped” crystal

Figure 1b) shows the transmission spectra through arwherea is the characteristic period. Wita=b=2.35 cm,
undoped CCPC. This figure shows a stop band opening at\ae get the first orderrh=1) stop band frequencfy~4.26
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GHz. On the other handa=a=12.05 cm vyieldsf,~0.83 W
GHz . The observed first order stop band center frequency is | Defect site: unit cell-7 e
atf,=2.10 GHz. The characteristic period for the 1D system
of Fig. 1(a) lies between the two parameteaasandb. In all
other respects this system behaves like a 1D system as th
following discussion suggests. Thus it is appropriate to call
this system aguasi 1D periodic systenfigure 1b) shows

the transmission spectra with an increasing number of unit
cells. The number of unit cells is indicated at the bottom of
the individual curves. It is interesting to note that the trans-
mission spectrum for a single unit cell is “flat.” Had the
interference effects within a single tee connector been sig-
nificant there would have been sufficient attenuation froma 2
single unit cell in a manner analogous to a single layer re- T Y
flection coating. Instead the optical stop band formation be- 2.0 2.15 220

gins only after about three unit cells indicating a partial co- Frequency (GHz)

herent addition of components reflected from different tees FIG. 3. Investigation of “surface” effects: This graph shows the
in thi_s quasi-1D system. The _attenuation .Of transmitted Sig.'effect 6f \./arying the site of a single defe[d:ybec in Fig. 2@] in

nals in the stop band rapidly increases with number of UNIL 13 unit cell CCPC. The inset shows the entire transmission spec-

A/

Impurity

W)

N’
mode

Transmitted Power

cells with a—3 dB attenuation per unit cell. trum from 1.6 to 2.6 GHz. The region around the impurity mode in
the inset is magnified outside the inset. When the defect is located
B. “Doped” crystal on the “surface” close to the source or the detector, the transmis-

sion spectra for the doped and the undoped CCPC are almost iden-

. P . . tical. As the defect site is moved to the interior of the crystal from
Fig. Aa) significantly alters the internal details of the stop unit cell 1, the height of the impurity modes increases and reaches

bands. As in the case of the colloidal crystals, impurity ef- . .

. . ..a maximum at unit cell 7.
fects manifest themselves by the appearance of impurity
modes in the stop bands. The details of the transmission L ) .
spectrum around the first order stop band is shown in Figd Single defect within the 13 unit cell crystal. The position of
2(b) for a crystal with 10 unit cells. The transmitted power at e unit cell (1 through 7 carrying the defect is also indi-
the frequencies of these impurity modes rose by at least aftéd- When the defect was located close to the sdumpat
order of magnitude relative to the stop band “floor.” The Surface”) on the first tee there were no signs of impurity
transmission spectra, shown here for the doped CCPC, afdffects within the stop band and the spectrum appeared simi-
those for the defect typel B, andC shown in Fig. 2a). The Ia_lr to the undoped case. However, as _the position of t_hls
defect typeA is a male-maleN connector connected to the Single defect was moved inward, the height of the impurity
free end of the tee connectors in the periodic system. Bype Peak rose and reached a maximum when the defect was lo-
is a maleN-to-BNC adapter and typ€ is a series combina- Cated “deep” inside the crystal. Impurity peaks appeared
tion of a male-maléN connector, a female-femalé connec- similar if the defect position was not within the first 3—4 unit
tor, and a maleN-to-BNC adapter. These three defects Ofc_e!ls from the surfacc_a. The foI_Iowing St_actions_ deal_v_vith ad-
different dopant “strengths” resulted in an impurity peak at ditional effects result!ng from introduction _of impurities. In
a different position within the stop band, allowing for the &l subsequent studies, care was exercised to avoid the
tunability of the defect mode frequency. above-mentioned surface effects.

The introduction of impurities of the types indicated in

C. Investigation of “surface effects” D. Effect of interaction between defects

In solid state systems the surface plays an important role Figure 4 shows a magnified region of the transmission
since the surface atoms reside in a vastly different environspectrum containing the impurity modes with two impurities
ment from those in the bulkl We observed the effects of the in a 13 unit cell crystal. The separation between the two
“surface” (end effects in the coaxial connector crystal as impurity positions Q) are indicated besides the curves in
well. For example, if the impurity was located on the first units ofa. ThusA=1 implies defects introduced in neigh-
unit cell near the source, the transmission properties of &oring lattice sites. The curve with=6 is for the case
doped crystal withN unit cells were difficult to distinguish where the two defects were well separatede each on unit-
from those for an undoped crystal with ¢ 1) unit cells. A cells 4 and 10 from the sourcdn the A=6 case the impu-
similar phenomenon occurred when the impurity was locatedity mode appeared at the same frequeney2(15 GH2 as
close to the detector. These results are summarized in Fig. 81e impurity mode resulting from a single defdsee the
The inset shows the frequency range covering the entire stopset of Fig. 3. However the transmission coefficient at the
band for a 1D coaxial crystal with 13 unit cells. The dottedimpurity mode was nearly an order of magnitude greater than
curve in the inset is the transmission through an undopethat in the single impurity case.
crystal while the solid curve is for a single impurity at the  The separation between the two defects was systemati-
center of the crystal. The main graph in Fig. 3 shows a mageally reduced fromA=6 to A=1. The transmission spectra
nified section of the region indicated in the inset. The variousat the impurity modes changed dramatically with reduction
impurity modes shown in Fig. 3 are for different locations of in the separatior. As the defects approached each other,
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FIG. 4. Two defects: The stop band transmission spectra of FIG. 5. Three defects: The stop band transmission spectra of
impurity peaks are shown for a 13 unit cell CCPC doped with twoimpurity peaks are shown for a 13 unit cell CCPC doped with three
defects. The defects are located at two sites separated by a distardefects. The two values d indicated for each curve are the sepa-

A (in units ofa). A=1 represents the case of neighboring defectsration for defects 1 and 2 and that for defects 2 and 3. For the case

while A =6 represents the case of two defects in unit cells 4 and 1®f well-separated defecta\(4,4) the impurity peak appears at the

from the source. For th& =6 case the impurity peak is at the same same frequency as the single and double impurity cases but its

frequency as the single impurity peéee inset of Fig. Bbutis an  height is higher than both cases. As the separation between the

order of magnitude higher. As the separation between the defects éefects is reduced the impurity peak splits into three individual

reduced fromA =6 to A =1 this impurity peak splits into two peaks peaks which further separate with decreasingThis splitting oc-

with their frequency separation increasing with decreading curs for both the periodi¢equalA) and nonperiodi¢unequalA)
impurity cases.

the impurity peak split into two distinct peaks. This can be

seen more clearly for the cases wheYe=2 and 3. With tively immune to the effects of band widening. One of the

reducingA, the two distinct modes separated further. Thismotivations behind this study of the CPCC was to check on

indicates a strong interaction between the impurity modesthe possible universality of such effects.

Two well separated defects create an impurity mode which The CPCC displayed considerable widening of the stop

is, in a sense, a summing of their individual effects. How-bands on introduction of impurities, as seen in Fig. 6. The

ever, two closely spaced defects constitute an entirely differdashed curve in the figure is the transmission spectrum for an

ent entity with a different impurity “strength.”

The effects of multiple impurities became even more pro- — T T
nounced with three defects introduced in the structure. Three -
defects also permitted comparison of the result of doping 10°F .
these structures with periodic or nonperiodic defects. Figure
5 shows the transmission spectra through a 13 unit cell struc-&
ture with three defects. The two values &findicated for B 1o+
these curves indicates the separation between defects 1 and 3
and defects 2 and 3 respectively. If these two separations are%
equal the defects are arranged periodically. With the three 2
defects well separated\(=4,4), the transmission coefficient §
at the resulting impurity mode was higher than the corre- g i ;
sponding one and two defect cases. As in the crystal with& . ’ F:’7‘\1 defect
two defects, the impurity peak separated into multiple modes  10°
as the impurities spatially approach each other. In the crystal R T S

1

10° |

Undoped
" 1 1

with three defects, the impurity peak separated into three L7oo1s e 200 21 22 23 24 23
modes. This can be seen very clearly for the case with Frequency (GHz)

=2, 2. This separation into multiple impurity peaks occurred g, 6. pefects and band widening: The transmission spectra
even if the defects were not arranged periodically as can bghown above are for a 13 unit cell crystal with increasing number

seen in the curves labeled=3, 2 andA=2, 3. (concentratiopof defect sites from Qundoped to 3. With increas-
ing defect concentration the height of the impurity peak increases
E. Impurity-induced stop band widening with a corresponding increase in the impurity peak width. For all

concentrations the impurity peak frequency remains unchanged. On
In earlier work on impuritites in colloidal crystals it was introduction of impurities, considerable stop band widening occurs
observed that the optical stop bands displayed significardnd increases with increasing defect concentration. The stop band
widening on introduction of impuritie$ The widening was  widening appears to occur towards the lower energy édakance
unsymmetrical with the high energy edge remaining relaband edggof the stop band.
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undoped crystal with 13 unit cells. The corresponding trans- ﬁﬁﬂ:ﬂﬂ:ﬂ:ﬁﬂﬂ:ﬁﬂ:ﬂm""'

mission curves for the crystals with 1, 2, and 3 defects are sgurce

indicated. In the doped crystals, the defects were well sepa- 14 “tees”

rated to minimize their mutual interactions described earlier. ., OmemBmer—rrm Detfzcg’r
Note that the frequency of the impurity modes remained %
fixed but the amplitude increased with increasing number of +—Single unit cell—> — —
impurities. The width of the impurity peak also increased Tee  M-Barrel F-Barrel
and the stop band widened. This increase in width was not (a)

indefinite but saturated at some point. The increase in the
width of the stop band was observed to be as large as 40% ol

the undoped stop band width. This band widening is also  10°
unsymmetrical with the high energy or the conduction band T
edge remaining immobile; the widening is almost entirely
towards the lower energy side or the valance band edge. E -
@]
F. A coaxial connector photonic crystal superlattice % ]
8 undoped
Figure Ta) shows a different periodic arrangement of the ‘é . | one defect |
i iati 10
tees. It consists of a crystal consisting of 14 tees. The tees arez 3 3
grouped into pairs forming a single unit cell as shown in the & "Superlattice”
figure; seven such unit cells form the “superlattice.” A iR S U S W AL % /A unfioped
single defect is introduced in this structure at the center and - | 1. o one defect
the transmission spectrum is compared with that for a regular ST S N S T S T S TR S S 3
crystal with 13 unit cells. The comparision of these two crys- Lz L& L 20 2l 22 230 24
tals is shown in Fig. (). The undoped cases for both the Frequency (GHz)
regular crystal and the superlattice show that a noticeable (b)

band widening occurs with the introduction of the superlat-

tice. On doping these two types of crystals, impurity modes g|G, 7. Superlatticeta) A CCPC superlattice is constructed by
occur in the stop bands. In both cases the stop bands aggouping two tee-connectors in a single unit cell as shown. Seven
wider than the corresponding undoped cases. Again, theuch unit cells form the superlattice with a total of 14 tees. A single
band widening is unsymmetrical and on the lower energyefect was introduced at the center of the crystal Transmission
side. spectra for the undoped and doped CCPC superlditi¢eees are
compared with the corresponding cases for a regular CCPC with 13
IV. SUMMARY unit cells. The undoped stop band width for the superlattice is
greater than that for a regular crystal. The superlattice shows a
The effects of introducing defects in a periodic coaxialhigher impurity peak height and width and its stop band widens
structure displayed the same general trends seen in previouswvards the valance band edge as seen in the case of the regular
work on doped polystyrene colloidal crystals. These effectCcPC.

included the appearance of impurity modes in the stop bands ) ,
and unsymmetrical band widening. This quasi-one-'mo some of the photonic band structure effects seen in pre-

dimensional system yielded stop band widths which wera/ious work on doped polystyrene colloidal photonic crystals.

typically 10% of the center frequency with an attenuation of
over three orders of magnitude in the transmission coeffi-
cient in a crystal with ten or more unit cells. With the intro- ~ We would like to thank Dr. Vivek Agrawal, Toralf Bork,
duction of impurities, the transmission coefficient rose atand Dr. Yanusz Murakowski, from Dr. Dan Van de Weide's
least an order of magnitude above the stop band floor. Regroup in the Department of Electrical Engineering, Univer-
duction of the inter-impurity spacing led to splitting of the sity of Delaware, for assistance with their Hewlett-Packard
impurity modes and formation of an impurity band. A simi- 100MHz-20GHz synthesized generators and for their helpful
lar effect occurs in degenerate semiconductors leading to thdiscussions. We would like to thank John A. Bloodgood for
formation of impurity bands which may overlap either the his work on this project during the initial stages. This work
conduction or the valance band eddédhis easily realiz- was supported by the National Science Foundation under
able system can thus be used to reveal invaluable insightSrant No. DMR-9510460.
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