
Received 28 July 2022, accepted 22 August 2022, date of publication 29 August 2022, date of current version 8 September 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3202537

Sensitive and Robust Millimeter-Wave/Terahertz
Photonic Crystal Chip for Biosensing Applications
YIXIONG ZHAO 1,2, JAN-HENDRIK BUCHHOLZ3, THORBEN GRENTER1, XUAN LIU 2,
GERD VOM BÖGEL1, KARSTEN SEIDL1,4, (Member, IEEE), AND JAN C. BALZER 2
1Fraunhofer Institute for Microelectronic Circuits and Systems (IMS), 47057 Duisburg, Germany
2Chair of Communication Systems (NTS), Faculty of Engineering, University of Duisburg-Essen (UDE), 47057 Duisburg, Germany
3University of Duisburg-Essen (UDE), 47057 Duisburg, Germany
4Department of Electronic Components and Circuits and Center for Nanointegration Duisburg-Essen (CENIDE), University of Duisburg-Essen, 47057 Duisburg,
Germany

Corresponding author: Yixiong Zhao (yixiong.zhao@uni-due.de)

This research was Funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) – Project-ID 287022738 –
TRR 196. We acknowledge support by the Open Access Publication Fund of the University of Duisburg-Essen.

1

2

3

4

5

6

7

8

9

10

11

12

13

14

ABSTRACT In recent years terahertz (THz) technology has attracted great interest in biosensing applica-
tions. Due to the interaction between analyte and electromagnetic (EM) field, a THz resonator is sensitive
to changes in the refractive index of the analyte and can be used as a thin-film sensor for rapid pathogen
diagnosis. To achieve high sensitivity and reliability, the sensor should have a high Q factor, a high field
concentration at the site of the analyte, and the ability to compensate for temperature effects. However,
conventional metamaterial methods have a low Q factor, which may lead to ambiguous detection and no
attention has been paid to address the temperature effects. Here, we present a photonic crystal (PhC) based
chip consisting of a reference channel and a sensing channel with two identical PhC slot resonators. The
resonance difference between the resonators is temperature invariant and can be used for analyte detection.
The dual-channel PhC chip has a Q factor of 5063 and a figure of merit of 3.1 /RIU/µm (RIU is refractive
index unit), which are higher than that of metamaterial sensors. The chip is designed and simulated for theW
band by 3D field simulations and is verified by measurements. Our results suggest that THz PhC resonators
can provide high sensitivity and high resistance to environmental effects. We anticipate our work to be a
starting point for future biosensing applications.
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INDEX TERMS High Q factor, photonic crystal resonator, temperature invariant, terahertz, thin-film
sensing.

I. INTRODUCTION17

Millimeter wave/terahertz (THz) radiation, falling between18

microwave and infrared band, has emerged as a hot topic19

for sensing applications due to its characteristics such as20

low photo energy for nondestructive detection [1] and small21

wavelength for high resolution imaging [2]. Of particular22

interest is the thin-film sensor for biosensing applications [3].23

To detect pathogen detection applications, target pathogens,24

such as bacteria, can be bonded to specific sites with spe-25

cific antibodies, forming a monolayer with a thickness in the26

The associate editor coordinating the review of this manuscript and

approving it for publication was San-Liang Lee .

micrometer range on the sensor surface [4]. The interaction 27

between the thin-film analyte and electromagnetic (EM) field 28

makes it possible to detect the change in the refractive index 29

and the volume of the analyte [3]. A challenge is how to 30

achieve a reliable sensing capacity with only a small amount 31

of analyte. 32

THz metamaterial-based sensors are a widely studied 33

method. Current research focuses on achieving a high Q 34

factor to facilitate detection and enhancing the field concen- 35

tration. Taleb et al. fabricated a free-standing metamaterial 36

resonator with an asymmetric structure leading to a Fano res- 37

onance with a Q factor of 29 [5]. Singh et al. demonstrated a 38

metamaterial based on quadrupole and Fano resonances with 39
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a Q factor of 65 [6]. The metamaterial sensors can be easily40

characterized by spectrometers. However, the Q factor is still41

limited due to high radiation losses and the resonance shift is42

small compared to the full width at half maximum (FWHM),43

which may lead to ambiguous detection. To increase the44

confinement of the waves and reduce radiation losses, all-45

dielectric photonic crystal (PhC) methods are investigated.46

Cheng et al. demonstrated a PhC cavity structure with a Q47

factor of 529 for thin-film sensing [7]. However, a high-48

level alignment is required and the free-space measurement49

has high path loss. Islam et al. presented a porous core PhC50

fiber for chemical sensing [8] and a squared hollow-core51

PhC fiber sensor for protein detection [9]. The PhC fiber52

has the advantages of high confinement and low propagation53

attenuation along the fiber. However, it is not clear how to54

bind the pathogen in the fiber and the field concentration55

is lower than for resonant methods. Furthermore, Ju et al.56

fabricated a 3-dimensional PhC structure using direct writing57

technology for liquid sensing [10]. But a resonant structure58

with a high interaction between EM waves and the analyte is59

difficult to achieve.60

Okamot et al. showed a PhC slab resonator at 318 GHz61

with a Q factor of 10800, which can detect 5µm thick dielec-62

tric polyester tape [11]. Compared with the other approaches,63

the PhC slab resonator has high field concentration at the64

resonance frequency, high transmission efficiency through a65

waveguide-coupled measurement setup, mature fabrication66

technology, and the ease to immobilize the analyte on its67

surface. However, although a highQ factor has been achieved,68

little attention has been paid to the interaction between elec-69

tric field and the analyte. The electric field is mostly con-70

centrated within the silicon of the PhC resonator, while the71

analyte is only captured on the surface of the resonator. This72

leads to a weak interaction and lowers the sensitivity of the73

sensor [12]. Furthermore, few researchers have addressed74

environmental effects. The refractive index and the physical75

dimension of the fabricated material varies with temperature,76

which leads to a shift of the resonance frequency [13]. For77

reliable measurements, a reference or a stable temperature is78

required.79

In this paper, we present a sensitive and reliable PhC sensor80

chip consisting of two channels with individual resonators.81

The resonators have a slot in the middle to achieve a strong82

interaction between the analyte und electric field and were83

optimized for a high Q factor and a high sensitivity to a84

micrometer thin layer of the analyte. The two channels with85

the resonators work as a sensing channel and a reference86

channel to eliminate the influence of the temperature and87

simplify the measurement. The sensing capacities of the sin-88

gle resonator and the dual-channel sensor chip were analyzed89

using the EM simulation tool CSTMicrowave Studio. To vali-90

date the design, a single PhC slot resonator and a dual-channel91

PhC sensor chip for sub-THz frequencies were fabricated92

with a laser-cutting technique for fast prototyping. They were93

experimentally characterized with sodium chloride (NaCl) as94

analyte.95

FIGURE 1. The single PhC slot resonator: (a) layout; (b) electric field
distribution in the horizontal direction at the resonance frequency
fr = 91.108 GHz; (c) electric field distribution in the vertical direction in
the air slot at the resonance frequency fr = 91.108 GHz. The field
amplitude is color coded.

This article is organized as follows: In Section 2, 96

we present the structure design and simulation results 97

of the single resonator and the dual-channel sensor 98

chip. In Section 3, the fabrication and the experimental 99

setup are described. Section 4 presents the measurement 100

results in terms of sensitivity and temperature dependence. 101

Section 5 contains the conclusions. 102

II. STRUCTURE DESIGN AND SIMULATION 103

A. STRUCTURE DESIGN 104

To achieve a high sensitivity and a high Q factor, a PhC res- 105

onator with a slot in the middle is firstly designed as shown in 106

Fig. 1 (a). Based on this design, a PhC chip consisting of two 107

channels with the slot resonator in each channel is proposed 108

as shown in Fig. 2 (a). They are based on a PhC slab with a tri- 109

angular lattice of air holes in a high-resistivity silicon (HRSi) 110

slab, which can be easily fabricated by micro- and nanotech- 111

nology. HRSi is used because of its low loss (loss tangent = 112

0.00015) and high permittivity of 11.68 in THz regime [14]. 113

EMwaves are reflected at each air/silicon interface and inter- 114

fere with each other. This leads to a suppression of waves in a 115
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FIGURE 2. The dual-channel PhC sensor chip: (a) layout; (b) electric field
distribution at the resonance frequency fr = 91.130 GHz. The field
amplitude is color coded.

certain frequency range, which is called bandgap frequency.116

The bandwidth of the bandgap frequency is broad due to the117

high contrast of the permittivity of air and silicon [15].Within118

the bandgap frequency, waves can be confined to a region by119

removing air holes. Thus, waveguides and resonators can be120

realized, as shown in Fig. 2 (a).121

To optimize the design efficiently, simulations in CSTwere122

carried out. In the simulation setup, a frequency solver was123

used to get rapid and precise results for the resonance. Fre-124

quency samples to sweep were set to automatic type. A tetra-125

hedral mesh type with adaptive mesh refinement was chosen.126

The boundaries were set to open boundary conditions, which127

extends the touching geometry virtually to infinity by using128

a perfectly matched layer (PML) boundary. As in real exper-129

iments, WR10 rectangular metallic waveguides were created130

in CST for energy excitation and reception. The waveguide131

dimensions were 1.27 mm in height and 2.54 mm in width,132

ensuring single-mode operation in the 75 GHz to 110 GHz133

frequency range. Two waveguide ports were connected to134

the WR10 waveguides to simulate the S-parameters for the135

TE10 mode.136

Since an intuitive relationship between dimensions and137

resonance frequency and Q factor, respectively, is not found,138

the photonic crystal slab is studied with numerical tools by139

sweeping structural dimensions [16]. In our work, the layouts140

were designed iteratively in CST. In every step, we swept141

the dimensions and observe the S parameters and electric142

field distribution. After the desired properties were found,143

we swept the dimensions with a finer step width to search 144

the optimum performance. Based on this guideline, we design 145

the resonator step by step: (a) finding an optimum photonic 146

crystal design, (b) building a resonator by removing holes, 147

(c) introducing a slot, and (d) shifting the holes near the 148

resonator to achieve an optimum Q factor. 149

We started to design the single slot resonator with the goal 150

to achieve a high Q factor and a high field concentration in 151

the slot. Three parameters define the PhC slab: the lattice 152

period p (the distance between the centers of two adjacent 153

holes), the radius of the holes r , and the thickness of the 154

slab t . These parameters determine the center frequency and 155

the bandwidth of the bandgap [15]. Considering the cost 156

effectiveness for the later fabrication, a standard HRSi wafer 157

with a thickness of t = 725µm was used. Hence, only the 158

parameters p and r were optimized in CST for maximum 159

bandgap bandwidth. For p = 1100µm and r = 400µm, 160

a bandgap which covers 75 GHz to 110 GHz was found. 161

In a second step, 5 holes were removed in the center of the 162

PhC slab to obtain a resonator with a high Q factor [17]. 163

Because the resonator has the largest field concentration in 164

the silicon, where the analyte under test cannot be placed, the 165

interaction between the analyte and electric field is limited. 166

To enhance the interaction and improve thus the sensitivity, 167

a slot is introduced in the middle of the resonator. Now, the 168

maximum electric field is in the air-filled slot as shown in 169

Fig. 1 (b). Thus, the thin film analyte can be placed on the 170

wall of the slot for detection. 171

The Q factor of the slot resonator depends on radia- 172

tion losses, coupling losses with waveguides, and material 173

losses [15]. Among them, the radiation losses make the 174

largest contribution. Moving the adjacent holes around the 175

resonator can adjust electric field profile and reduce the radi- 176

ation losses [17]. In this work, the first and the third adjacent 177

holes along the resonator were shifted towards the outside 178

with a displacement of S1 and S3, respectively. The second 179

hole was shifted towards the inside with a displacement of S2 180

as shown in Fig. 1 (a). The holes below and above the res- 181

onator were shifted towards the outside with a displacement 182

of S4. The displacements of the holes and the width of the slot 183

were optimized in CST to achieve the maximum Q factor. 184

The optimized S1, S2, S3, S4 and the width of the slot are 185

219 µm, 50 µm, 120 µm, and 197 µm, respectively. As the 186

next step, waveguides and tapers were designed for excitation 187

and detection of the resonator. The waveguides were realized 188

by removing holes in a line. A short distance between the 189

waveguides and the resonator favors a strong coupling. This 190

leads to a high transmission magnitude but a low Q factor. 191

Here, the waveguides were placed three holes away from 192

the resonator as a trade-off between good coupling and a 193

high Q factor. To save space, the waveguides were aligned 194

with the resonator. Then, a taper transition connected to the 195

waveguide was built for the sake of minimal reflection and 196

efficient energy coupling between the PhC waveguides and 197

the WR10 rectangular metallic waveguides. The taper con- 198

sists of a straight silicon waveguide with the same width as 199
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the PhC waveguides and a taper with a continuous transition.200

Their lengths were chosen as 1 mm and 2 mm, respectively,201

for good transitions and robustness in fabrication and exper-202

iments. While the taper is not required for the simulation, it203

is important for the experiments where a WR10 waveguide-204

coupled network analyzer will be used. Fig. 1 (b) depicts the205

electric field at the resonance frequency fr = 91.108 GHz.206

Waves are coupled from the WR10 waveguide through the207

PhC waveguide to the resonator where a standing wave pat-208

tern arises. The resonance frequency is highly sensitive to209

a variation in permittivity around the resonator, which is210

used for analyte detection. Furthermore, the electric field211

distribution in the vertical direction in the air slot is shown212

in Fig. 1 (c). The electric field is maximum in the center of213

the resonator and decreases in the direction perpendicular to214

the plate. The decay length to the half maximum is 427 µm.215

While the sensitivity problem is solved by introducing a216

slot into the resonator, the temperature dependence is still217

critical with respect to the reliability of the measurements.218

Hence, we use the optimized resonator to design a PhC chip219

with two channels to eliminate the effect of temperature220

variations. The PhC sensor chip consists of a power divider,221

two bends, two channels with a slot resonator, and a power222

combiner, as shown in Fig. 2 (a). First, the power splitter223

divides the EM waves from the WR10 waveguide equally224

into two channels as illustrated in Fig. 2 (b). A small hole225

with a diameter of 175 µm was introduced in the center of226

the splitter to improve impedance matching and transmission227

efficiency [18]. Second, the waves flow through the 60◦ bend228

to alter propagation direction. A round opening was intro-229

duced along the bend to guide the wave with low radiation230

losses [19]. The diameter of the three holes near the opening231

were adjusted to 200 µm. Third, the waves in the two chan-232

nels are coupled through three rows of holes into two identical233

slot resonators, respectively. Finally, the waves are combined234

at the output PhC waveguide. Because both slot resonators235

have an identical design, they show the same response to236

temperature variation. Hence, the outputs of both channels237

interfere constructively at the output. For detection of the238

analyte, one of them is kept empty and serves as the reference239

channel, while the other is loaded with the analyte and serves240

as the sensing channel. The analyte causes a resonance shift241

of the sensing channel, which leads to a second detectable242

resonance frequency at the output. The difference frequency243

between the resonances should be temperature independent244

and relate to the permittivity of the analyte.245

B. SIMULATION WITH ANALYTE246

The designed single resonator and the dual-channel sensor247

chip were simulated with an analyte of varying refractive248

index n and varying thickness ha to analyze their sensing249

performance. As mentioned in the introduction, thin film250

sensors are of great interest for the diagnosis of pathogens.251

Target pathogens, such as bacteria or virus, can be captured252

by specific antibodies on the sensor surface and dried by253

heating [3] or N2 injection [20]. As a result, a monolayer of254

FIGURE 3. Model of the analyte on the wall of the slot in the resonator.

the captured bacteria forms a thin film with a thickness in the 255

micrometer range and changes refractive index on the sensor 256

surface. 257

The effect of the analyte on the resonance frequency can be 258

explained using the perturbation theory. Here, it is assumed 259

that the perturbated EM field can be approximated by the 260

unperturbed EMfield, since the volume of the analyte ismuch 261

smaller than the resonator. The resonance shift1fr due to the 262

analyte can be expressed by [15]: 263

1fr
fr
≈ −

1n
n
·

∫∫∫
VadV ε

∣∣∣EE∣∣∣2∫∫∫
V0dV ε

∣∣∣EE∣∣∣2 , (1) 264

where Va is the volume of the resonator and V0 is the volume 265

of the whole area including the resonator, the analyte, and 266

the surrounding air. It can be seen that the fractional change 267

in resonance frequency is related to the fractional change in 268

refractive index and the fraction of the electric field energy 269

in the analyte. The minus symbol means that increasing 270

in refractive index and the volume of the analyte result in 271

decreasing the resonance frequency. 272

The thin film analyte was modeled in CST and covers the 273

wall of the slot of the resonator as shown in Fig. 3. Because 274

the thickness of the PhC slab t = 725µm is much larger 275

than the thickness of the film, errors may occur during the 276

simulation. For a reliable result, the thin film analyte was set 277

as an independent mesh with fine mesh step width in the local 278

mesh properties. According to the results in [21], the real part 279

of the permittivity of different bacteria ranges from 2.75 to 280

4.11 at 1 THz. In our simulation, the refractive index n of 281

the analyte was changed from 1.0 (air) to 2.0 to simulate the 282

empty and analyte-loaded resonator. 283

First, the transmission parameter S21 of the resonator was 284

simulated with ha = 0.5µm and a variation of n from 1.0 to 285

2.0 as shown in Fig. 4 (a). The empty resonator (n = 1.0) 286

has a resonance frequency of fr = 91.108 GHz as shown in 287

Fig. 4 (a) (black line). The FWHM of the unloaded resonator 288

is 14.4 MHz. The Q factor is calculated to be 6327 by using 289

the expression [11]: 290

Q = fr/FWHM. (2) 291

With the increasing n, the transmission spectrum shifts to 292

lower frequencies as expected from (1). Since the volume 293
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FIGURE 4. Simulation results of the single PhC resonator: (a) the
transmission parameter S21 with varying refractive index of the thin film
analyte; (b) the resonance shift and the FOM with varying refractive
index; (c) the resonance shift and the FOM with varying thickness of the
thin film analyte.

of the analyte is much smaller than the resonator and the294

change in refractive index is small, it can be assumed that295

the electric field distribution does not change and the fraction296

of the electric field energy is constant. Thus, (1) can be297

approximated by1fr = −A · (n−1)/n, where A is a constant.298

Fig. 4 (b) shows the resonance shift with varying refractive299

index and was fitted using this equation. Its coefficient of300

determination (COD) is 0.9985, which shows the resonance 301

shift has a reciprocal relation to n as expected. To evalu- 302

ate overall sensing performance for the thin film analyte, a 303

figure-of-merit (FOM) parameter regarding the unit thickness 304

of the analyte is defined as [3]: 305

FOM = 1fr
/
(FWHM ·1n · ha). (3) 306

The FOM of the resonator with varying n is plotted in 307

Fig. 4 (b), where RIU is the refractive index unit. With (1), 308

the FOM can be expressed as 309

FOM ≈
Q

n · ha
·

∫∫∫
VadV ε

∣∣∣EE∣∣∣2∫∫∫
V0dV ε

∣∣∣EE∣∣∣2 . (4) 310

Similar to the resonance shift with varying n, the FOM can 311

also be fitted using a reciprocal curve with a COD of 0.9968. 312

The FOM decreases from 9.7 /RIU/µm to 5.1 /RIU/µm as 313

n increase from 1.1 to 2.0. It shows a high FOM compared 314

to the results of the THz metamaterial biosensor in [5] (0.6 315

/RIU/µm) and [22] (0.3 /RIU/µm). 316

We further investigate the effects of the analyte’s thickness 317

by sweeping ha from 0.1 µm to 1 µm while keeping n = 1.5 318

constant. The resonance shift increases with increasing ha as 319

shown in Fig. 4 (c). In this case, the volume of the analyte 320

Va increases linearly with increasing ha. Since Va is much 321

smaller than V0, it is assumed that the electric field distri- 322

bution is the same as the unperturbed field and the electric 323

field does not change along the thickness in the analyte. As a 324

results, the integration in the nominator is linearly related 325

to the thickness and the integration in the denominator is 326

constant. Then, (1) can be approximated by 1fr = B · ha, 327

whereB is a constant. The resonance shift with varying ha can 328

be linearly fitted with a COD of 0.9941. Its COD is smaller 329

than that in the simulation with varying n, because the mesh 330

of the analyte can change with ha in spite of the setup of 331

the independent mesh. As a result, the calculated FOM is 332

between 5.6 /RIU/µm and 6.9 /RIU/µm. With the slope of 333

the resonance shift with varying thickness, the average FOM 334

is calculated to be 5.8 /RIU/µm. 335

Second, the PhC chip with two channels was investigated 336

by loading one resonator with the analyte as the sensing chan- 337

nel and keeping the other resonator empty as the reference 338

channel. The transmission parameter S21 was simulated with 339

ha = 0.5µm and a variation of n from 1.0 to 2.0 as shown 340

in Fig. 5 (a). The frequency spectrum for n = 1.0 shows 341

that the empty chip has only one resonance at 91.130 GHz 342

with an FWHM of 18 MHz. The Q factor is calculated to be 343

5063, which is lower than that of the single resonator. The 344

reason is that the coupling between the waveguide and the 345

resonator of the two-channel sensor chip is stronger than in 346

the single resonator, which leads to higher coupling losses 347

and a higher transmission at the resonance frequency. The 348

resonance frequency of the sensing resonator is shifted to a 349

lower frequency. From n = 1.2, the S21 parameter starts 350

to show two peaks: one peak with a lower frequency fr,l 351
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FIGURE 5. Simulation results of the dual-channel PhC sensor chip: (a) the
transmission parameter S21 with varying refractive index of the thin film
analyte; (b) the resonance difference and the FOM with varying refractive
index; (c) the resonance difference and the FOM with varying thickness of
the thin film analyte.

which is related to the detuned sensing resonator and the352

other peak with a higher frequency fr,h which is related the353

reference resonator. Fig. 6 (a) and (b) show the electric field354

distribution at fr,l = 91.062 GHz and fr,h = 91.120 GHz,355

respectively, for n = 2.0. The upper resonator is in both cases356

the sensing resonator. The sensing resonator has a strong357

oscillation at fr,l , while the reference resonator has a strong358

FIGURE 6. Electric field distribution of the dual-channel sensor chip with
a thin film analyte with a thickness of 0.5 µm and refractive index of
2.0 at: (a) fr ,l = 91.062 GHz; (b) fr ,h= 91.120 GHz.

oscillation at fr,h. Fig. 5 (a) shows that the amplitude at fr,l 359

is greatly reduced, while the amplitude of the peak at fr,h is 360

similar to that of the empty chip and fr,h is slightly shifted 361

to lower frequencies. As n increases, fr,l shifts further to 362

lower frequencies and the amplitude increases slightly. This 363

is due to interference between the two resonators through 364

the air holes and the PhC waveguides [23]. As the refractive 365

index of the analyte increases, the resonance frequency of 366

the sensing resonator is further reduced and the interference 367

gets weaker. As a result, the amplitude at fr,l increases. The 368

interference is difficult to eliminate in passive components 369

with a small footprint. However, the resonance difference 370

between fr,l and fr,h can be easily used for analyte detection. 371

Additionally, the difference frequency of the two resonances 372

is temperature independent as both resonators act identically 373

to a temperature change. 374

Fig. 5 (b) shows the resonance difference with varying n. 375

For n< 1.3 the resonance peak at fr,h is not separated and 376

the resonance difference cannot be plotted. The resonance 377

difference increases as n increases. Similarly, the resonance 378

difference is fitted using a reciprocal function with a COD 379

of 0.9960 and the FOM is fitted using a reciprocal function 380

with a COD of 0.9830. The FOM ranges from 1.7 /RIU/µm 381

to 3.3 /RIU/µm, which is smaller than that of the single 382

resonator. The reason is that the decreased Q factor and the 383

interference between the two resonators depress the FOM. 384

However, to guarantee that the sensing resonator and the 385

reference resonator react to the temperature in the same 386

manner, their resonance frequency are designed identical. 387

In addition, the dependence on the analyte thickness was 388

investigated by sweeping ha from 0.1 µm to 1 µm while 389
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FIGURE 7. Simulation results of the scaled dual-channel PhC sensor chip
at 500 GHz: the resonance difference and the FOM with varying thickness
of the thin film analyte.

keeping n= 1.5 constant. Similar as the single resonator, the390

resonance difference is linearly correlated to ha and the FOM391

keeps almost constant as shown in Fig. 5 (c). The calculated392

FOM is between 3.1 /RIU/µm and 3.3 /RIU/µm. With the393

slope of the resonance shift, the average FOM is calculated to394

be 3.1 /RIU/µm. The FOM of the chip is still high compared395

with other sensors and this compact chip provides a simple396

reference measurement for analyte detection.397

C. SCALED CHIP AT 500 GHz398

Our design is based on a standardHRSiwafer with a thickness399

of 725 µm for cost efficiency. The thickness of the wafer400

determines the operating frequency of the PhC so that the401

designed resonator is at about 90 GHz. In fact, the chip is402

a passive component and can be scaled to the THz frequency403

range for thin-film sensing. To prove this, the chip was scaled404

to 500 GHz to study its FOM. Correspondingly, the depen-405

dence on the analyte thickness was investigated by sweeping406

ha from 0.02 µm to 0.2 µm while keeping n= 1.5 constant.407

Fig. 7 shows the simulated resonance difference and the FOM408

with varying ha. It can be noted that the resonance differences409

are much higher than that of the 90 GHz chip even for thinner410

analyte. The FOM ranges from 9.0 /RIU/µm to 18.5 /RIU/µm411

and is hence improved compared to the 90 GHz device. The412

results reveal that the proposed PhC chip will work in THz413

range with an improved sensing capacity.414

III. EXPERIMENT SETUP415

A. FABRICATION416

As mentioned above, we choose a standard 725 µm thick417

HRSi wafer with a resistivity higher than 10 k�cm for pro-418

totyping due to its low cost. During fabrication, the HRSi419

wafer was cut by a high energy laser for fast prototyping. The420

production was carried out by a waterjet-laser system. The421

system combines the advantages of laser cutting and waterjet422

cutting by processing the workpiece with an infrared fiber423

FIGURE 8. Fabrication: (a) the single PhC resonator; (b) the dual-channel
PhC sensor chip.

laser and an ultrafine waterjet simultaneously. This process 424

makes it possible to produce parts accurately without damag- 425

ing the material and provide high surface quality of the inner 426

sides of the cut holes. Structures larger than 30 µm with a 427

height-to-width ratio of up to 400:1 can be produced with 428

high accuracy. A precision of +/- 1 µm is given from the 429

manufacturer. Fig. 8 (a) and (b) show the fabricated single 430

resonator and dual-channel sensor chip, respectively. 431

B. ANALYTE PREPARATION 432

To investigate the sensing performance of the fabricated res- 433

onator and chip, NaCl was used as the analyte. NaCl can be 434

easily resolved in water and washed off from the wall of the 435

slot in the resonator, so that the resonator can be reused for the 436

experiments. Furthermore, NaCl is easy to handle, and a high- 437

level biological lab is not needed. Dry NaCl was resolved 438

in distilled water to prepare NaCl solutions with different 439

concentration (1, 2, 3, 5 and 10 µg/µL). In the experiments, 440

2µL of the prepared solution were transferred using a pipette. 441

The solutionwas slowly dropped into the two holes connected 442

to the slot to prevent the liquid leaking to other places and let 443

the liquid flow into the slot. According to our observation, the 444

solution stays inside the slot and dries on the walls. After the 445

solution dried, only the NaCl stays on the walls with a weight 446

of 2, 4, 6, 10 and 20 µg on the resonator, respectively. After 447

VOLUME 10, 2022 92243



Y. Zhao et al.: Sensitive and Robust Millimeter-Wave/Terahertz Photonic Crystal Chip for Biosensing Applications

FIGURE 9. Measurement setup: the chip was connected by WR10
waveguides and thermometer probe was placed close to it.

each measurement, the resonator and the chip were washed448

using water.449

C. MEASUREMENT SETUP450

To characterize the resonance frequency, a Keysight PNA-X451

network analyzer N5247B was used. A Keysight millimeter452

test set N5292A, two Keysight broadband frequency exten-453

ders N5295 and two WR10 rectangular metallic waveguide454

adapters were connected for W band (75 GHz – 110 GHz)455

measurements. The electric field from the waveguide is hori-456

zontally polarized as shown in Fig. 9. The chip was mounted457

by a 3-D printed support made of Polyamid 12 as shown in458

Fig. 9. The input and output tapers of the chip were inserted459

into the WR10 waveguides for excitation and detection,460

respectively. The transmission parameter S21 was measured461

to observe the resonance peak. The frequency resolution was462

set to 500 KHz as a trade-off between accuracy and mea-463

surement speed. Before the measurements, the device is cal-464

ibrated using through waveguide, offset waveguide and short465

termination. However, stochastic errors of the measurements466

cannot be eliminated. To reduce the noise of the measure-467

ments, the averaging function and the smoothing function of468

the network analyzer were used. Each curve was averaged469

from 10 scans and smoothed by computing a moving average470

over 1% of the trace. The range was set to 200 MHz centered471

at 92.05 GHz. To characterize the temperature dependence of472

the resonance frequency, the chip was heated using a hot air473

heat gun. The temperature of the heat gun and the distance474

between the heater and chip were adjusted to heat the chip to475

different temperatures. The temperature was measured using476

a probe of a thermometer placed near to the chip as shown in477

Fig. 9.478

IV. MEASUREMENT RESULTS479

A. SENSITIVITY OF THE SINGLE RESONATOR480

To investigate the relationship between the shift in reso-481

nance frequency and the amount of the analyte, the single482

FIGURE 10. Measurement results of the fabricated single resonator:
(a) the transmission parameter S21 without NaCl and with NaCl; (b) the
resonance shift and the FOM with varying concentration.

resonator was characterized with different concentration of 483

NaCl solution as mentioned above. First, the single resonator 484

was connected to the network analyzer and the transmis- 485

sion parameter S21was measured at room temperature. Then, 486

2µL of the prepared NaCl solution was dropped in the slot of 487

the resonator using a pipette. A decrease of the maximum S21 488

was observed which is due to losses in the water. As the drop 489

dries, the transmission increases. The drying of the drop ends 490

when the S21 parameter becomes static. At this point, the S21 491

parameter was recorded. After that, the resonator was washed 492

with water to remove the dried NaCl and was dried to perform 493

the next measurement. This procedure was repeated 5 times 494

for each concentration of the solution and the mean value of 495

the measurement was calculated to minimize random effects. 496

An example measurement result from the single resonator for 497

a concentration of 5 ug/µL is shown in Fig. 10 (a). The empty 498

resonator has a resonance frequency of 92.070 GHz with a 499

FWHM of 15 MHz, which is in good agreement with the 500

simulated results. TheQ factor was calculated to be 6138. The 501

loading of the dried NaCl results in a shift of the resonance 502

frequency. 503

The measured resonance shift increases with increasing 504

concentration as shown in Fig. 10 (b). As explained for the 505

simulation results with varying thickness of the analyte, the 506

electric field distribution is assumed to be unchanged in 507
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the whole area and constant along the thickness of the analyte,508

since the volume of the analyte is much smaller than the509

resonator. As a result, the resonance shift is linearly related510

to the electric field energy in the volume of the analyte.511

If the NaCl is uniformly distributed on the wall of the slot,512

the resonance shift is linearly related to the volume or the513

thickness of the NaCl. The linear relationship is shown in514

the simulation results with varying thickness of the analyte515

in Fig. 4 (c). On the other side, the measurement results with516

varying concentration shows a high linearity. The measured517

resonance shift with varying concentration can be linearly518

fitted with a slope of 4.5MHz/(µg/µL) and a COD of 0.9974.519

The volume of the analyte is linearly corelated to the concen-520

tration as expressed:521

Va = Vdrop · C/ρ, (5)522

where Vdrop is the volume of one drop of the solution,C is the523

concentration and ρ is the density of dry NaCl. If the NaCl is524

assumed to be uniformly distributed on the wall, the thickness525

is linearly corelated to the volume as expressed:526

ha = Va/S, (6)527

where S is the area of the slot surface as shown in Fig. 3.528

The thickness of the NaCl on the wall of the slot is calculated529

to be 0.1, 0.2, 0.3, 0.5 and 1 µm for the concentration 1,530

2, 3, 5 and 10 µg/µL, respectively. The high linearity of531

the measured resonance shift and low standard deviation532

(smaller than 2.9 MHz) shows that the uniform distribution533

of the NaCl is an appropriate assumption to characterize the534

sensing capacity of the resonator for thin-film analytes. The535

sensitivity to the concentration can be calculated for the sen-536

sitivity to the weight or the thickness of the NaCl, which are537

2.25 MHz/µg or 45 MHz/µm, respectively. Furthermore, the538

refractive index of dry NaCl was estimated to be 1.55 accord-539

ing to the measurement in [24]. With this estimation, the540

FOM is between 5.4 /RIU/µm and 6.2 /RIU/µm as shown in541

Fig. 10 (b). With the slope of the resonance shift, the average542

FOM is calculated to be 5.1 /RIU/µm, which agrees with543

the simulated FOM (5.8 /RIU/µm). The limit of detection544

(LOD) of the resonator sensor can be defined as the mini-545

mum amount of analyte that leads to a resonance shift that546

corresponds to the FWHM. According to the measurement547

results, 7.1µg or 0.35µm thin NaCl corresponds to the LOD.548

The standard deviation of the frequency shift ranges between549

0.7 MHz and 2.9 MHz, which may have two reasons. The550

first is due to tolerances in the manual liquid transfer, such551

as the volume of the transferred solution, the exact position552

of the placed solution, and non-uniform distribution of the553

dried NaCl, which cannot be avoided. The second is due to554

temperature variations in the environment and system noise.555

B. SENSITIVITY OF THE DUAL-CHANNEL SENSOR CHIP556

The resonance difference of the dual-channel sensor chip557

was characterized using the same measurement procedure558

as for the single resonator. The only difference was that559

only the sensing resonator in the chip was loaded with the560

FIGURE 11. Measurement results of the fabricated dual-channel sensor
chip: (a) the transmission parameter S21 without NaCl and with NaCl;
(b) the resonance difference and the FOM with varying concentration.

NaCl, while the reference resonator of the chip was kept 561

empty. A measurement result of the chip without the NaCl 562

(empty) and with dried NaCl from 2 µL of the solution with 563

a concentration 5 ug/µL is depicted in Fig. 11 (a). The empty 564

chip shows two resonance peaks: fr,l = 92.045 GHz and 565

fr,h = 92.098 GHz. The FWHM at fr,h is 20 MHz and the 566

Q factor is 4604. The reason, why two resonance peaks in 567

the transmission spectrum are present can be attributed to the 568

fabrication tolerance of the resonators. In particular, the width 569

of the slots plays a major role in the resonance frequency. 570

However, the resonance differences can still be used for the 571

analyte detection. Loading the sensing channel with NaCl 572

causes a shift of the lower resonance frequency fr,l and an 573

increase in amplitude as expected from the simulations. 574

Fig. 11 (b) shows the measured resonance differences, 575

which are linearly related to the concentration. The slope 576

of the linear fit is 3.9 MHz/(µg/µL). This corresponds to 577

1.95MHz/µg or 39MHz/µmof dry NaCl. The standard devi- 578

ation of the resonance differences ranges between 0.5 MHz 579

and 2.7 MHz. With the estimation of the refractive index 580

of dry NaCl n = 1.55, the calculated FOM is between 581

2.6 /RIU/µm and 3.5 /RIU/µm as shown in Fig. 11 (b). With 582

the slope of the resonance difference, the average FOM is cal- 583

culated to be 3.5 /RIU/µm, which agrees with the simulated 584

FOM (3.1 /RIU/µm). It is noted that the measured FOM is 585

slightly higher than the simulated FOM. One reason can be 586
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FIGURE 12. Simulation results of the dual-channel PhC sensor chip with
two different resonators: (a) the transmission parameter S21 of the
empty chip; (b) the resonance difference and the FOM with varying
thickness of the thin film analyte.

that the resonance frequencies of both resonators of the fab-587

ricated chip are slightly different, resulting in weaker inter-588

ference compared to the situation with identical resonators.589

The reduced interference improves the sensitivity. To prove590

this, a chip with two different resonators is simulated. The591

reference resonator has a slot width of 197 µm, while the592

sensing resonator has a slot width of 196.4 µm. As shown593

in Fig. 12 (a), the simulated transmission parameter has two594

resonance peaks at 91.12 GHz and 91.064 µm, respectively.595

Its sensing capacity was investigated by sweeping ha from596

0.1 µm to 1 µm while keeping n= 1.5 constant as shown in597

Fig. 12 (b). The calculated FOM is between 3.8 /RIU/µm598

and 4.5 /RIU/µm and the average FOM is 4.4 /RIU/µm,599

which are higher than the simulated FOM of the chip with600

two identical resonators. Due to the tolerance in manufac-601

turing, it was observed that the sensitivity can be increased602

by varying the resonance frequencies of the two resonators.603

In future works the effect of the resonance difference on the604

interference and the sensitivity will be investigated in more605

detail. Furthermore, the LOD of the chip is calculated to be606

10.3 µg or a 0.51 µm thin NaCl film.607

C. TEMPERATURE DEPENDENCE608

To investigate the temperature dependence, the single res-609

onator and dual-channel sensor chip were heated with an610

FIGURE 13. Temperature dependences: (a) the resonance frequency of
the single resonator with varying temperature; (b) the transmission
parameter S21 of the dual-channel sensor chip with varying temperature;
(c) the resonance difference of the dual-channel sensor chip with varying
temperature.

air heater. The temperature was measured by placing a ther- 611

mal probe near to the chip and recording the measured 612

temperature as shown in Fig. 9. The distance between the 613

heater and chip was adjusted to heat the chip to temper- 614

atures from 26 to 42 ◦C. The measured resonance fre- 615

quency of the single resonator decreases linearly as the 616

temperature increases as shown in Fig. 13 (a). This can be 617

attributed to the change in the refractive index and the thermal 618
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expansion of the silicon [25]. The slope of the fitted line is -619

4.1 MHz/◦C. Fig. 13 (b) shows the transmission parameter of620

the dual-channel chip for increasing temperature. Both reso-621

nance peaks shift to lower frequency in the same manner. The622

resonance differences between both resonance frequencies623

are calculated and plotted in Fig. 13 (c). The resonance differ-624

ence is constant with varying temperature. It can be observed625

that the loaded chip has a constant resonance difference of626

56.4 MHz, where only three of the performed measurements627

show a deviating behavior with a maximum deviation of only628

0.6 MHz. This indicates that the chip consisting of the ref-629

erence channel and the sensing channel is mostly invariant to630

the temperature of the chip. Using this chip, strict temperature631

control is not required and the resonance difference can be632

easily read for analyte detection.633

V. CONCLUSION AND FUTURE WORKS634

In this work, we proposed a PhC chip with two channels635

with slot resonators for thin film sensing. The slot resonator636

was designed for a high field concentration in the slot and a637

high Q factor, which improves the sensitivity. The proposed638

chip consists of a sensing channel and a reference channel639

to suppress influences of the environmental temperature. The640

resonance difference of the resonators can be used for analyte641

detection. In the simulation, the single resonator has a FOM642

of 5.8 /RIU/µm and shows a high sensitivity compared to643

THz metamaterial sensors in [5] (0.6 /RIU/µm) and [22] (0.3644

/RIU/µm). The resonance difference of the dual resonator645

design has a FOM of 3.1 /RIU/µm due to the lower Q646

factor and the interference between the two resonators. They647

were fabricated with rapid prototyping technique using laser648

cutting. In the experiments, NaCl was used as analyte, which649

is easy to prepare and to clean and does not require spe-650

cial treatment or laboratory equipment. The single resonator651

shows a LOD of 7.1 µg or 0.35 µm thin NaCl, and the Chip652

has a LOD of 10.3 µg or 0.51 µm thin NaCl. Furthermore,653

the temperature dependency was investigated. The resonance654

frequency of the resonator is linearly correlated with the655

temperature, while the resonance difference of the chip is656

almost temperature invariant. The high sensitivity and the657

robustness to the environment ensure a reliable detection of658

an ultrathin analyte film.659

Our works indicates that the proposed PhC chip has high660

potential for biosensing applications. First, the PhC resonator661

shows a high field concentration and a high Q factor which662

leads to a high sensitivity and FOM. Second, the compact chip663

consisting of two channels suppresses negative influences due664

to the ambient temperature. Third, the PhC chip can be easily665

mass-produced from silicon to reduce costs. Furthermore, the666

silicon chip can be easily coupled with rectangular waveg-667

uides and has the potential to integrate with THz sources668

and detectors [26] which will reduce the measurement setup669

complexity and size. In future works, we will investigate670

the effect of the resonance difference on the interference671

and the sensitivity. Moreover, a microfluidic channel can be672

integratedwith the chip to eliminate the tolerances of bringing673

the analyte to the sensor. Additionally, it will be interesting to 674

test other rapid prototyping methods with high permittivity 675

materials such as ceramic 3-D printing [27]. 676
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