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We demonstrate a terahertz multichannel microfluidic sensor based on a parallel-plate waveguide

geometry with two independent integrated resonant cavities. The resonant frequency of each cavity

exhibits an approximately linear dependence on the index of refraction of the material inside the

cavity and each cavity is demonstrated to respond independently with no measurable crosstalk. The

sensitivities of the two cavities in terms of the change in resonant wavelength per refractive index

unit (RIU) are measured to be 1.21� 106 nm/RIU and 6.77� 105 nm/RIU. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4724204]

Considerable interest has focused in recent years on

developing resonant structures in the terahertz (THz) regime

to be employed for sensing applications, particularly micro-

fluidic sensing. For example, resonant structures such as cav-

ities in photonic crystal waveguides,1,2 asymmetric split-ring

resonators,3 thin metallic meshes4 and Bragg filters and pho-

tonic band gap structures integrated into parallel-plate wave-

guides (PPWGs)5,6 have been proposed for sensing

applications. On-chip THz devices incorporating ring reso-

nators and band-pass and band-stop filters to measure the

properties of very thin dielectric layers have also been dem-

onstrated.7,8 In previous work, we demonstrated a different

kind of resonant structure: a cavity integrated into a PPWG.9

In this geometry, the resonant cavity is a rectangular groove

machined into the lower plate of the waveguide, which acts

as a narrow-band filter for terahertz radiation propagating

inside the waveguide in the lowest-order transverse-electric

(TE1) mode.10 This structure acts as a refractive index sen-

sor; when the cavity is filled with a dielectric material, there

is a corresponding change in the resonant frequency depend-

ent on the material’s refractive index. This geometry has the

advantage that it is compatible with liquid flow, and can

therefore be implemented easily in microfluidic sensing and

real-time flow monitoring applications. However, a key

capability for a microfluidics platform is parallelism—the

ability to interrogate more than one fluid sample simultane-

ously and independently.11 In this work, we demonstrate that

our sensing platform can be used for parallel monitoring, by

exploiting the broad bandwidth of single-cycle terahertz

pulses.

The PPWG microfluidic sensor consists of two polished

aluminum plates assembled with a 1mm plate separation

provided by glass spacers. To demonstrate the independence

of multiple resonators, two rectangular grooves are machined

into the bottom plate of the waveguide perpendicular to the

direction of propagation of the terahertz wave. These two

grooves have different geometries, which are designed to

give rise to independent resonances that are well-separated

in frequency and therefore uncoupled. Groove 1, closer to

the input face of the waveguide, has a depth of 406 lm and

width of 711 lm. Groove 2, located 2.08mm further from

the input face, is narrower than groove 1, with the same

depth and a width of 457 lm. This geometry is based on

results from finite element method (FEM) simulations,12 in

which we optimized the width of each groove and the separa-

tion between them to obtain two resonances well-separated

in frequency that each arise from only one of the grooves.

The input face of this waveguide is illuminated with pulsed

terahertz radiation with the electric field oriented parallel to

the plates to excite the TE1 mode of the waveguide,9 as

required for coupling to this waveguide geometry. The radia-

tion propagates along the waveguide and is collected after it

emerges from the output face. A diagram of the waveguide

design and experimental setup is shown in Figure 1.

The resonant behavior of this PPWG structure is charac-

terized using a commercial THz time-domain spectroscopy

system to obtain the time-domain waveforms, which are then

Fourier-transformed and compared to a waveguide without

grooves which serves as a reference. A time window of 1550

ps is used to obtain frequency resolution of �0.6GHz. These

experimental spectra are compared to results from FEM

simulations.12

The experimental power transmission spectrum for the

multichannel PPWG is shown by the black curve in Figure

2(a). The spectrum displays the two resonances, with fre-

quencies of 265 GHz (with a Q-factor of 32) and 290GHz

FIG. 1. Diagrams of the PPWG sensor and experimental setup, showing the

orientation of the waveguide with respect to the incident THz beam and the

geometry of the waveguide and grooves.

a)Present address: Eastern Illinois University, 600 Lincoln Avenue,

Charleston, Illinois 61920-3099, USA.
b)Author to whom correspondence should be addressed. Electronic mail:

daniel@rice.edu.

0003-6951/2012/100(23)/231108/4/$30.00 VC 2012 American Institute of Physics100, 231108-1

APPLIED PHYSICS LETTERS 100, 231108 (2012)



(Q¼ 88). Over the course of several trials, the standard devi-

ations for these frequencies were r1¼ 1.65GHz and

r2¼ 1.17GHz. This variation is most likely due to slight var-

iations in the plate spacing as the waveguide was assembled

and disassembled for each trial, with the observed standard

deviations corresponding to a variation of �10 lm in plate

spacing.13 The gray curve in Figure 2(a) shows the spectrum

predicted by mode-matching analysis, with resonant frequen-

cies of 265.7 GHz and 291.0GHz, within the standard devia-

tions of the measured frequencies. Additionally, electric field

patterns obtained from FEM simulation (Fig. 2(b)) illustrate

the concentration of energy in each groove at its respective

resonant frequency, with little interaction between the two

grooves, as needed for independent operation of the two

channels.

To establish the capability of this PPWG as a multi-

channel microfluidic sensor, we test the response of each res-

onance individually to the presence of a liquid in the associ-

ated groove. The liquid test materials were the series of

simple straight-chain alkanes from octane (C8H18, referred

to as C8 for simplicity) through hexadecane (C16H34,

referred to as C16), which have well-established refractive

indices in the terahertz range14 and have been used previ-

ously to characterize the performance of the single-channel

PPWG microfluidic sensor.10

In order to obtain reproducible results, it is important

that the groove filling be a carefully controlled process. The

grooves are filled with liquid using precision syringes to

ensure a consistent volume. In order to find a maximum fill

level, the grooves were gradually filled by increments of

0.25 ll for groove 1 and 0.1 ll for groove 2. As volume of

liquid in the groove increased, there was initially no change

in the resonant behavior until a certain minimum filling level

was obtained (approximately 6 ll for groove 1 and 3 ll for
groove 2), at which point the resonance begins shifting to

lower frequencies. The degree of this resonant shift increases

in a roughly linear fashion until the groove begins to over-

flow and the response saturates. In order to ensure reproduci-

bility and avoid over-filling, we use a consistent volume just

below the point of overflow/saturation of 11.5 ll for groove
1 and 8.5 ll for groove 2. To avoid cross-contamination of

fluids, a designated syringe was used for each liquid, and

then cleaned after use. Each spectrum is compared to one

obtained immediately prior with both grooves empty to

account for the small variation in the resonant frequencies of

the unfilled waveguide as described above. Between each

data set the waveguide was disassembled and cleaned using

hexane (C6H14) to remove any residue. The resonance shift

caused by the liquid is calculated from the difference in fre-

quency for a particular resonant feature in the filled vs.

unfilled groove.

To test the independence of the two channels and

refractive-index dependence of the shifts in resonant fre-

quency due to liquid filling, data sets were obtained for sev-

eral combinations of two fluids in the two grooves, using

various alkanes. As an initial test, transmission spectra were

compared for three filling scenarios: (1) C14 in both grooves

(Fig. 3, light gray curves) (2) C10 in groove 1 and C14 in

groove 2 (Fig. 3(a), dark gray), and (3) C14 in groove 1 and

C10 in groove 2 (Fig. 3(b), dark gray). In Figure 3, each ex-

perimental data set differs only in the filling material of one

of the grooves, while each pair of transmission spectra dif-

fers only in the frequency of the resonance arising from that

groove. This clearly demonstrates the independent nature of

the resonances. When the same groove is filled with C14 in

two different experimental sets, the resonances overlap with

very little variation. Table I illustrates this independence

quantitatively by comparing the shifts in resonant frequency

FIG. 2. (a) Power transmission spectra for the empty PPWG sensor, experi-

mental (black curve) and from mode-matching theory (gray curve). The two

resonant features arising from the two grooves are clearly visible at

265.0GHz for groove 1 and 290.2GHz for groove 2 for the experimental

spectrum and at 265.7GHz and 291.0GHz for the theoretical case. (b) FEM

simulation images of the electric field pattern inside the waveguide at the

theoretical resonant frequencies.

FIG. 3. Power transmission spectra for the PPWG with alkanes filling both

grooves. In both plots, light gray curves represent the transmission when

both grooves are filled with C14. (a) Dark gray curve: Groove 1 filled with

C10 and groove 2 filled with C14. (b) Dark gray curve: Groove 1 filled with

C14 and groove 2 filled with C10.
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for each groove and for each alkane fill. The small offset

visible in the overlap of the spectra in Figure 3 is a result of

the differences in the resonances for the empty PPWG as dis-

cussed earlier—the resonance shifts are almost identical.

To extend this test, we expand our test liquids to include

the full range of alkanes from C8 to C16. For one series of

data sets, groove 1 was filled with a substance from the C8 to

C16 alkanes, while C14 filled groove 2. By using a consist-

ent substance in one groove, its resonant peak could be

monitored to see if it was affected by the filling fluid in the

other groove. The same method was applied in a second se-

ries of data sets with the constant material, C14, in groove 1

and the range of C8-C16 in groove 2. Figure 4 summarizes

these results. We observe that for the groove with the vari-

able liquid filling, the shift in the resonant frequency

increases as the refractive index increases, whereas the fre-

quency shift from the groove with a consistent filling mate-

rial stays constant.

We note that the two grooves have somewhat different

sensitivities to small changes in the refractive index of the

filling liquid. In particular, the frequency shifts are higher for

groove 1 (the larger groove) than for groove 2, although both

grooves display a roughly linear relationship between reso-

nant shift and refractive index. Similar to our earlier work,10

this type of sensor has a high sensitivity as expressed in the

resonance shift per refractive index unit (RIU). Using linear

fits (dashed lines), for the range of index values spanned by

the liquid alkanes the sensitivity is Df/Dn¼ 225GHz/RIU

for groove 1 and Df/Dn¼ 170GHz/RIU for groove 2.

Converting frequency into wavelength gives a sensitivity of

Dk/Dn¼ 1.21� 106 nm/RIU for groove 1 and Dk/Dn¼ 6.77

� 105 nm/RIU for groove 2. These values are slightly higher

than the measurement of 3.7� 105 nm/RIU for the single-

channel sensor, indicating no loss in sensitivity due to multi-

plexing.10 These values are more than an order of magnitude

higher than the previous highest (theoretical) value reported

that of a photonic-crystal-based THz microfluidic sensor.2

From these sensitivities and the standard deviations of the

experimental data (Figure 4, error bars), we estimate the

minimum detectable refractive index difference to be

Dn� 10�2 RIU, while the theoretical resolution as limited

by the spectral resolution of the time-domain THz system

(0.6GHz) would be on the order of 10�3 RIU.

In order for this system to serve as a useful microfluidic

sensor, several experimental issues remain to be addressed.

The relationships of resonance shift to varying refractive

index in the plots above are not precisely linear to within the

error bars though they show a clear linear trend, while the

“unchanging” resonance does exhibit some fluctuation

between the different data sets. These fluctuations in the data

could have occurred due to several factors. Since the wave-

guide is disassembled after each data set for cleaning, it may

not be reassembled in exactly the same manner, causing

slight variations in the plate spacing and alignment which

correspond in turn to slight variations in the observed reso-

nant shift. The effects of evaporation must also be taken into

consideration for the lighter alkanes C8, C9, and C10. To

minimize evaporation effects a shorter time window was

sometimes employed, but this limited the spectral resolution

of the measured transmission spectra. In addition, the fill vol-

ume must be controlled very carefully and small variations

could result in considerable fluctuation in the resonant shift

for near-full volumes. These factors will all be important for

any industrial or experimental implementation of the PPWG

multichannel sensor geometry, particularly the repeatability

of the fill volume. Many of these issues could be avoided by

including an enclosed liquid channel in the structure, for

example, with a thin Teflon cap covering the resonator to

prevent evaporation and provide a well-defined fill volume.

Despite these issues of implementation, we have clearly

demonstrated several key results: the independent nature of

the two resonances, the dependence of each resonance on the

refractive index of the filling material of the corresponding

groove, and the potential of this design based on two inde-

pendent resonant cavities integrated into a parallel-plate wave-

guide for multichannel microfluidic sensing applications.
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TABLE I. Frequency shifts (relative to the empty waveguide) for the spec-

tra presented in Figure 3.

Material in

groove 1

Freq. shift

of resonance

1 (GHz)

Material in

groove 2

Freq. shift

of resonance

2 (GHz)

C10 30.3 C14 20.4

C14 35.0 C14 20.5

C14 35.7 C10 16.6

FIG. 4. Plots of the shift in resonant frequency caused by liquid filling in

the grooves vs. refractive index of the liquid. In the top plot, groove 1 is con-

sistently filled with C14 while groove 2 is filled with varying alkanes, and

the shifts of both resonances are plotted versus the index of the material in

groove 2. In the bottom plot, groove 2 is consistently filled with C14 while

the material in groove 1 varies and the shifts are plotted versus the index of

the material in groove 1. The dotted lines indicate linear fits of the data.
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