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Abstract: Sensitive and quantitative detection of tumor markers is highly required in the clinic 

for cancer diagnosis and consequent treatment. A field-effect transistor-based (FET-based) nano-

biosensor emerges with characteristics of being label-free, real-time, having high sensitivity, 

and providing direct electrical readout for detection of biomarkers. In this paper, a top–down 

approach is proposed and implemented to fulfill a novel silicon nano-ribbon FET, which acts 

as biomarker sensor for future clinical application. Compared with the bottom–up approach, 

a top–down fabrication approach can confine width and length of the silicon FET precisely to 

control its electrical properties. The silicon nanoribbon (Si-NR) transistor is fabricated on a 

Silicon-on-Insulator (SOI) substrate by a top–down approach with complementary metal oxide 

semiconductor (CMOS)-compatible technology. After the preparation, the surface of Si-NR is 

functionalized with 3-aminopropyltriethoxysilane (APTES). Glutaraldehyde is utilized to bind 

the amino terminals of APTES and antibody on the surface. Finally, a microfluidic channel 

is integrated on the top of the device, acting as a flowing channel for the carcinoembryonic 

antigen (CEA) solution. The Si-NR FET is 120 nm in width and 25 nm in height, with ambi-

polar electrical characteristics. A logarithmic relationship between the changing ratio of the 

current and the CEA concentration is measured in the range of 0.1–100 ng/mL. The sensitivity 

of detection is measured as 10 pg/mL. The top–down fabricated biochip shows feasibility 

in direct detecting of CEA with the benefits of real-time, low cost, and high sensitivity as a 

promising biosensor for tumor early diagnosis.

Keywords: silicon nanobiosensor, nanoribbon, field-effect transistor, carcinoembryonic antigen, 

microfluidic channel

Introduction
Carcinoembryonic antigen (CEA) is a tumor marker protein associated with colorectal 

cancer,1–3 lung cancer,4–6 breast cancer,7–10 and ovarian tumor11–13 among others. 

On-time, sensitive, and repeatable detection of CEA are crucial for the early diagnosis 

and treatment of those diseases. Classical labeled immunosensors techniques, includ-

ing enzyme-linked immunosorbent assay (ELISA),4,14 radioimmunoassay (RIA),15 

and chemiluminescent enzyme immunoassay (CLEIA),16–18 are time consuming and 

require expensive optical equipment for characterization. Label-free and real-time 

detection is required by clinical application. Recently, field-effect transistor based 

(FET-based) nanobiosensor emerges as a kind of powerful sensor for the detection of 

biological species, showing various attractive features, such as label-free, real-time, 

high sensitivity, and direct electrical readout. The device has increasingly attracted 

worldwide attention with its potential clinical applications.19–23
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In the last decade, with the application of the chemical 

vapor deposition (CVD) method in the preparation of silicon 

nanowire material, silicon nanowire field effect transistors 

(SiNW FET) were developed by several research groups for 

biomarker detection.19,24,25 However, because of the obvious 

variations in the characterization results that were inevita-

bly led by the bottom–up approach, the repeatability of the 

detection is not ideal and cannot satisfy the requirement 

of clinical application. To solve the problem, a top–down 

approach is proposed in the paper to fabricate a nanodevice 

with repeatable properties.

In the top–down approach, the nanostructure is fabricated 

on a silicon-on-insulator (SOI) wafer26 and patterned by 

lithographic processes. The source and drain electrodes are 

defined by electron-beam etching and doping technique. The 

width and length of the silicon FET can be defined precisely, 

which enables the repetition of the electrical properties of the 

Si-NR biosensor. By using this approach, the device can be 

produced in mass capability due to the maturity of the silicon 

fabrication technology and SOI substrate.

Besides the top–down approach, the surface area, 

which is used for detection, is also increased by using the 

nanoribbon structure instead of the traditional nanowire, 

which can improve the sensitivity proportionally. Si-NR, with 

nanometer-scale in height and micrometer-scale in length, 

shows large functional surface area. The unique structure 

shows high sensitivity with large capture surface area and 

repetitive properties, which makes it a promising FET-based 

biosensor.27–29

In this paper, we report a Si-NR FET biosensor fabricated 

by direct-write electron beam lithography (EBL) and a wet 

etching approach. By functionalizing with monoclonal 

anti-CEA and integration with microfluidic channel, the bio-

sensor can be potentially used in the detection of tumor markers 

for cancer early diagnosis and treatment after operation.

Experiments
Materials and reagents
Silicon-on-insulator wafers (SOI; 6 inches, p-type [100], 

ρ: 10–20 Ω⋅cm, with 375 nm thermal oxide, SSP prime 

grade) were obtained from Nova Electronic Materials. Poly-

dimethylsiloxane (PDMS) was acquired from Dow Corning 

Co. (Michigan, USA). Anti-immunoglobulin G (IgG)-labeled 

Au nanoparticles (10 nm) and IgG antigen were prepared by 

Nanoprobes Inc. (New York, NY, USA). All other reagents 

and proteins, including 3-aminopropyltriethoxysilane 

(APTES), glutaraldehyde (Glu), tetramethylammonium 

hydroxide (TMAH; 25% [w/w], 99.9999%) solution, 

phosphate-buffered saline (PBS; pH 7.4), bovine serum 

albumin (BSA), and CEA monoclonal antibody, were 

provided by Sigma-Aldrich (St Louis, MO, USA). Deionized 

water (DI; R $18.2 MΩ cm) was produced by the Millipore 

system (Merck Millipore, Billerica, MA, USA).

Methods
Fabrication of Si-NR FET
Si-NR FET was fabricated by a top–down approach. Firstly, 

the thickness of the top layer of the SOI wafer was reduced to 

25 nm by a thermal oxidation process (Figure 1A). Secondly, 

Figure 1 Schematic diagram of key fabrication steps of Si-NR FET.
Notes: (A) Thermal oxidation reduces the thickness of the device layer down to 25 
nm. (B) Silicon dioxide layer is deposited by PECVD. (C) SiO2 pattern is defined by 
lithography and then Si-NR is wet etched by TMAH solution. (D) Metal contact pads 
for source, drain, and back gate electrodes are patterned, followed by rapid thermal 
annealing to achieve ohmic contact. (E) SiO2/SiNx passivation layer is fabricated by 
PECVD, lithography, and RIE processes.
Abbreviations: Si-NR, silicon nanoribbon; FET, field-effect transistor; PECVD, 
plasma-enhanced chemical vapor deposition; TMAH, tetramethylammonium 
hydroxide; RIE, reactive ion etching.
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an SiO
2
 layer (thickness 20 nm) was deposited on the top 

of the wafer by using the plasma-enhanced chemical vapor 

deposition (PECVD) method (Figure 1B); a 700 nm SiO
2
 

pattern layer was prepared by adopting the designed mask 

and the relevant lithography and selective etching process. 

As shown in Figure 1C, firstly, the wafer was oxidized and 

a 700 nm SiO
2
 layer was prepared on the surface. Then, the 

surface of the wafer was covered with a photoresist layer, 

and the wafer was exposed with the SiO
2
 pattern mask by 

the Nikon stepper lithography system. The photoresist layer 

was partially denatured because of the ultraviolet exposure 

designed by the mask. Therefore, the part covered with the 

denatured layer was easily etched away and the SiO
2
 layer 

underneath was exposed. By using a wet etching method, 

the exposed SiO
2
 was etched and the remaining part that was 

protected by the photoresist layer remained unaltered. Thus, 

the 700 nm SiO
2
 pattern was obtained.

Because of the etching selectivity of Si and SiO
2
 in 

the TMAH solution, only the area protected by the SiO
2
 

layer remained in the solution; the rest was etched away. 

In this way, the device was patterned. After patterning, 

the SiO
2
 layer was removed by a buffered oxide etching 

(BOE) etchant.

A Ni/Au (20 nm/100 nm) bilayer was deposited and pat-

terned on the wafer to define the contact area of the source, 

the drain, and the back gate. Ohmic contact was obtained by 

using rapid thermal annealing at 400°C (10°C/s; Figure 1D). 

SiO
2
/SiN

x
 (200 nm/200 nm) was deposited as a passiva-

tion layer. The Si-NR detection window was opened by 

using reaction ion etching and BOE. The chamber of the 

RIE is a vacuum environment, with pressure always below 

10–3 Pa and operating frequency between 10 and 100 MHz. 

(Figure 1E).

Figure 2 shows the 3D schematic diagram and sectional 

schematic of Si-NR. The size of a single device is 15×10 mm. 

There are five parallel Si-NRs on the device that can be 

observed in the detecting window, as shown in Figure 2A. 

One of the Si-NRs was characterized by scanning elec-

tron microscopy (SEM; Quanta 400 FEG, FEI Company, 

Hillsboro, OR, USA; Figure 2B and C). An SEM image of 

Si-NR device (length 30 μm) is shown in Figure 2B, and a 

corresponding zoomed-in image, showing the device with 

width 120 nm and length 25 nm, is shown in Figure 2C. On 

the device, a passivation layer was deposited by PECVD and 

patterned by lithography and the RIE process.

Surface functionalization of the Si-NR
Si-NRs should be covalently modified with monoclonal 

anti-CEA through the surface natural oxidation layer of 

Si-NRs for the purpose of CEA detection. The method using 

the linker of APTES bounded with Glu is one of the most 

well-known chemical covalent methods, wherein an aldehyde 

terminal is prepared for bonding with the detected protein.30,31 

The same method was used in the study for surface func-

tionalization. In this work, the surface of the Si-NR chip 

was cleaned by oxygen plasma (30 W and 50 sccm O
2
) for 

°

°

Figure 2 Morphology of the Si-NR FET device. (A) The 3D schematic diagram of 
the Si-NR FET device; (B) SEM image of the Si-NR FET device; and (C) SEM image 
of Si-NR.
Abbreviations: FET, field-effect transistor; SEM, scanning electron microscopy; 
Si-NR, Si-NR, silicon nanoribbon.
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5 min. After cleaning, because the sensor was inevitably 

exposed to air, an oxide layer was generated on the surface 

of the device.

The device was dipped into 2% (v/v) APTES anhydrous 

ethanol solution for 40 min. The amino groups were adhered 

onto the surface of Si-NR. After the modification, the uncon-

jugated APTES and anhydrous ethanol on the chip surface 

were vapored by heat treatment at 120°C for 1 h. The bonded 

amino groups were connected with the aldehyde groups. The 

chip was dipped in 2.5% (v/v) Glu solution for 1 h. Finally, 

CEA monoclonal antibodies were covalently linked to the 

Si-NR surface by keeping the device at 4°C for 4 h. The 

surface functionalization process is schematically shown 

in Figure 3A.

To verify the functionalization result directly, a method 

using anti–IgG-labeled Au nanoparticles (10 nm) was 

used. Relevant results are shown in Figure 3B–D. Firstly, 

IgGs were modified on the surface of Si-NR by aldehyde 

groups, with BSA modified and unmodified devices as 

control samples. The sample modified by IgGs was immersed 

in the anti–IgG-labeled Au nanoparticles (10 nm) solution 

at 25°C for 8 h.

Anti–IgG-labeled Au nanoparticles can specifically com-

bine with IgG on the surface of Si-NR. The immunological 

combination cannot be washed away by DI water. There-

fore, Au nanoparticles remained on the surface of Si-NR 

all the time on the sample modified by IgGs. Figure 3B 

shows the modification process. In contrast, Au nano-

particles can rarely be observed on the surface of BSA 

modified and unmodified devices because anti–IgG-labeled 

Au nanoparticles are not combined with BSA. The SEM 

observation method is an effective way to evaluate the 

quality of the functionalization by calculating the number 

of nanoparticles combined on the Si-NR.23 The results 

shown in Figure 3B–D demonstrated this analysis. This is 

a direct evidence of the successful functionalization on the 

fabricated device.

After the functionalization process, a microfluidic 

channel was integrated on the top of the device. The CEA 

solution keeps flowing in the channel during the detec-

tion process. The microfluidics channel was fabricated 

with PDMS (Figure 3E).32 An acrylic fixture was utilized 

to increase the sealing between the microfluidic chan-

nel and biosensor (Figure 3F). During the measurement, 

a peristaltic pump was connected with the channel to 

transport CEA solutions through the sample vessels in a 

continuous flow.

Detection of CEA PBS buffer solutions
The relative change in current illustrates the sensing result 

for the detection of CEA solution containing 1 mg/mL BSA. 

When certain concentrations of CEA solution flowed in the 

microfluidic channel for 100 s, real-time detections were 

performed on the sample to derive the relationship between 

the I
ds

 and time. All measurements were performed at room 

temperature (25°C±2°C).

Results and discussion
Electrical properties of the Si-NR FET
Figure 4 shows the influence on the sensor’s output properties 

when considering the variations of the sensor’s geometries. 

The width is 120±3 nm and the thickness is 25±2 nm. The 

error comes from multiple measurements and different 

samples. The variations have no significant influence on 

the electrical properties of the Si-NRs (P,0.01). To get the 

whole picture on the errors induced by the variations, the 

relative values were calculated by the formula of |∆X|/X, in 

which X refers to the actual measured values of the width, 

the height, and I
ds

, while ∆X denotes the corresponding varia-

tion. The calculated values |∆X|/X can be used to evaluate 

the relative variations and can be integrated in one figure, 

as shown in Figure 4.

The results demonstrate that the Si-NR FET shows an 

excellent uniformity and reproducibility. Moreover, the fab-

rication process of Si-NR is compatible with complementary 

metal oxide semiconductor (CMOS) technology,33–35 which 

can be used for mass production in future diagnostic 

applications.

The electrical properties of the Si-NR FET, including 

the output character (I
d
-V

ds
) and transport character (I

d
-V

gs
), 

were measured on Agilent B1500A Semiconductor Device 

Analyzer (Agilent Technologies Inc., Santa Clara, CA, 

USA; Figure 5). The fabricated device shows a p-type 

property when a negative voltage or zero voltage is applied 

on the gate. When a positive voltage is applied on the 

gate, negative charge will be accumulated in the channel 

and n-type property will be shown. Therefore, the device 

shows typical ambipolar properties, which are controlled 

by the gate voltage. Typically, no voltage is applied during 

the characterization; therefore, the sensor shows p-type 

property during the subsequent characterization.

This means the conductivity of the FET can be modulated 

either by positively charged species or negatively charged 

species such as proteins on the gate voltage. As depicted in 

the transport behavior, an on/off ratio of approximately 
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°

° °

Figure 3 Schematic illustration of Si-NR surface modification and microfluidic channel. (A) Si-NR surface modification with chemical covalent method; (B) SEM images of 
IgG-modified Si-NR; (C) BSA-modified Si-NR; (D) unmodified Si-NR with Au nanoparticles labeled anti-IgG conjugates; (E) schematic diagram of the Si-NR device integrated 
with PDMS microfluidic channel; and (F) optical image of the PDMS sealed device integrated with acrylic fastening fixture.
Abbreviations: BSA, bovine serum albumin; CEA, carcinoembryonic antigen; PDMS, polydimethylsiloxane; Si-NR, silicon nanoribbon.
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105–106 can be observed (Figure 5). The specific binding 

bond has charges and will influence the conductance of the 

channel in the transistor. If the bond is charged negatively, 

a positive charge will be induced in the channel. For the 

p-type transistor, this will increase the conductivity of 

the transistor.

Response behaviors of the 
CEA biosensor
Measurements on the output properties of the Si-NRs func-

tionalized by monoclonal anti-CEA were conducted with 

different CEA concentrations, as shown in Figure 6. V
gs

 =-5 V 

was applied on the back gate in the measurement, which can 

increase homogeneous distribution of the electric field. The 

results in Figure 6 show that different CEA solutions, with 

concentrations of 1, 10, and 100 ng/mL, separately, have 

an obvious influence on the output properties. For example, 

the output result corresponding to 1 ng/mL concentrations 

was saturated at 0.2 μA when the applied voltage was .6 V. 

However, the output results of two other samples with 10 and 

100 ng/mL kept increasing constantly with current much 

higher than the result of 1 ng/mL. Since all other parameters 

are the same, except for different CEA concentrations, the 

results in Figure 6 demonstrate that the device is very sensi-

tive to the CEA concentration. To the authors’ knowledge, the 

sensitivity coincides with results reported by other groups.21 

A control sample was also used in the experiment, with 0.01× 

PBS flowing during measurement. When the 0.01× PBS 

buffer without CEA flows through the microfluidic channel, 

the current does not increase. This demonstrates that the 

output of the sensor is specifically sensitive to the CEA.

The I
ds
 saturation current kept increasing with the increment 

of the concentration of CEA solution, as shown in Figure 7. 

Figure 7A shows the current corresponding to different 

concentrations of CEA. The concentrations of CEA solutions 

are 10, 100, 1, 10, and 100 ng/mL, separately. It shows clearly 

that the currents are increased monologically with increasing 

CEA concentration (Figure 7A). In Figure 7, the regions of 

I
ds

 near to zero refer to the interval periods, in which different 

concentrations of CEA solutions were changed from the 

Figure 6 Output curves of functionalized Si-NRs biosensor with different 
concentrations of CEA. The Si-NR biosensor is functionalized by monoclonal anti-
CEA, and concentrations 1, 10, and 100 ng/mL are sequentially delivered in the 
channel. Output results of a sample treated with 0.01× PBS are also included as 
control sample.
Abbreviations: CEA, carcinoembryonic antigen; PBS, phosphate-buffered saline; 
Si-NR, silicon nanoribbon.

Figure 4 The influence of the variation of the width and height of the Si-NRs on 
the Ids (Vgs =-15 V, Vds =5 V).
Abbreviation: Si-NR, silicon nanoribbon.

Figure 5 The output electrical properties of the Si-NR FET biosensor. Gate voltage 
is varied from -11 V to -15 V with 1–V step. The inset is the transfer curve of the 
Si-NR FET biosensor with Vds =-15 V.
Abbreviations: FET, field-effect transistor; Si-NR, silicon nanoribbon.
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Table 1 Comparison of the performance of sensors in detection of CEA

Methods Materials Linear range 
(ng/mL)

Detection 
limit (ng/mL)

References

CV AuPt nanochains 0.01–200 0.0011 36
EC AuNPs and PICA 0.02–90 0.02 37
Fluorescent CdTe/CdS quantum dots 0.045–45,000 0.0045 38
ECL GO/MWCNTs-COOH/

Au@CeO2 nanocomposites
0.05–100 0.02 39

ECL Au NPs and g-C3N4 NSs 0.02–80 0.006 40
GFET GFET 0.1–100 0.1 41
FET Si-NR 0.01–10 0.01 This work

Abbreviations: CV, cyclic voltammetry; EC, electrochemical; ECL, electrochemiluminescence; GO/MWCNTs-COOH/Au@CeO2, graphene oxide/carboxylated multiwall 
carbon nanotubes/gold/cerium oxide; Au NPs and g-C3N4 NSs, gold nanoparticles-modified graphite-like carbon nitride nanosheets; GFET, graphene field effect transistor.

Figure 7 Real-time detection of various concentrations of CEA protein on Si-NR FET biosensor. (A) Time–current curves of different concentrations of CEA (red curve) 
and BSA (black curve) 0.01× PBS solutions flowed through the microfluidic channel. The numbers under the curve correspond to times when solutions of: 1) 0.05% BSA PBS 
solution, 2) 10 pg/mL CEA, 3) 100 pg/mL CEA, 4) 1 ng/mL CEA, 5) 10 ng/mL, and 6) 100 ng/mL are flowing in the microfluidic channel. In Figure 7, the regions of Ids near to 
zero refer to the interval periods, in which different concentrations of CEA solutions were changed from the previous one to the next one. To rid the influence of previous 
flowing solution, air bubbles were used to clean the channel. This is the main reason for the current approaching zero during the interval period. (B) The logarithm of CEA 
solutions concentrations versus the current change ratio. Error bars (P,0.01).
Abbreviations: BSA, bovine serum albumin; CEA, carcinoembryonic antigen; PBS, phosphate-buffered saline.

previous one to the next one. To rid the influence of the pre-

vious flow solution, air bubbles were used to clean the chan-

nel. This is the main reason for the current to approach zero 

during the interval period.

To rid other unexpected aspects that may influence the 

time–I
ds

 relationship, BSA solution was also allowed to 

flow through the sample for the same duration. As shown in 

Figure 7A, there is no influence of BSA on I
ds

. Therefore, 

this confirms that the main reason for the I
ds

 change comes 

from the difference of CEA concentrations.

To gain a better understanding of the relationship between 

the currents and CEA concentrations, a logarithmic axis 

is used (Figure 7B). The calibration curve can be fitted as 

I
ds

  =122.34+22.40 ln (C
CEA

). The detection resolution is 

measured to be 10 pg/mL.

To obtain a clear comparison of the whole picture, 

published relevant data from several groups and our results 

are summarized in Table 1. Quantitative detection of CEA 

concentration can be achieved when normalizing the obtained 

values to different CEA concentrations. This approach offers 

good specificity and sensitivity, with a detection sensitivity 

of 10 pg/mL. The proposed Si-NR FET biosensor possesses 

similar detection sensitivity with previous reports from other 

groups.36–41 The detections are very promising in terms of 

the simultaneous determination of multiple tumor markers 

in one assay of serum.

For results from other groups, the sensitivity of the mea-

surement was related to the size of nanosensors. The main 

reason is based on the fact that SiNW biosensors are not 

uniform in size. The biosensor would become more sensitive 
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with a reduced-size SiNW. However, the repeatability of the 

biosensors may not be ideal. To investigate the repeatability 

of the biosensor, we measured 60 devices and confirmed that 

the fabricated devices show ideal repeatability.

To obtain homogeneous distribution of the electric field 

across the entire thickness, the thickness of Si-NR should be 

scaled down. In this way, repeatable nanoarrays biosensor 

with high sensitivity can be achieved. However, the aggres-

sively scaled dimensions of the Si-NRs are not necessary in 

this approach.

Conclusion
A label-free, real-time, and sensitive Si-NR FET biosensor 

that represents the powerful capability of biomolecule detec-

tion is reported in this paper. The Si-NR FET biosensor is 

fabricated by a top–down approach, which is comparable to 

the massive fabrication CMOS technology. The electrical 

properties of the devices are repeatable, which could be a 

benefit in the quantitative detection of the target molecule. 

The biosensor is verified by using different concentrations of 

CEA solutions, showing that the device has potential valuable 

applications in diagnostics and life sciences.
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