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Abstract:

 We present a new generation of piezoresistive nanomechanical Membrane-type Surface stress Sensor(MSS) chips, which consist of a two dimensional array of MSS on a single chip. The implementation of several optimization techniques in the design and microfabrication improved the piezoresistive sensitivity by 3∼4 times compared to the first generation MSS chip, resulting in a sensitivity about ∼100 times better than a standard cantilever-type sensor and a few times better than optical read-out methods in terms of experimental signal-to-noise ratio. Since the integrated piezoresistive read-out of the MSS can meet practical requirements, such as compactness and not requiring bulky and expensive peripheral devices, the MSS is a promising transducer for nanomechanical sensing in the rapidly growing application fields in medicine, biology, security, and the environment. Specifically, its system compactness due to the integrated piezoresistive sensing makes the MSS concept attractive for the instruments used in mobile applications. In addition, the MSS can operate in opaque liquids, such as blood, where optical read-out techniques cannot be applied.
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1. Introduction

Since all molecules have “volume” and “mass”, transduction of such fundamental parameters into detectable and processable signals can realize label-free and real-time measurements of virtually any kind of target specimen. Nanomechanical sensors have been emerging as a key device employing this strategy with their multiple operation modes: static and dynamic modes which basically measure volume or mass via deflection or resonance frequency shift, respectively [1,2]. In this study, we focus on the static mode, as it does not suffer from damping effects because the gradual bending motion caused by the analyte-induced surface stress is usually slow enough not to be affected by damping. In addition, the scope of the surface stress-based sensing can cover various phenomena because surface stress emerges not only with the adsorption of molecules but also with the nanomechanical structural changes of substances on the surface [3,4].

Cantilevers are well known as a representative example among various geometries of nanomechanical sensors [4–11]. Most studies employ optical (laser) measurement of cantilever deflection [1,2,4–11], but this approach has several practical problems. One of the most promising solutions to these problems is employing lever-integrated piezoresistive sensing [12–18] as it does not require bulky and complex peripheral devices related with an optical read-out and can also be used for measurements in opaque liquids, such as blood. In spite of these inherent advantages, piezoresistive cantilevers have not been widely used for sensing applications because of their low sensitivity compared to optical read-out cantilevers.

To improve the sensitivity for integrated piezoresistive sensors, we recently made a comprehensive structural optimization of a piezoresistive cantilever. Breaking the bounds of common practice of a “cantilever”, we developed a membrane-type surface stress sensor (MSS) which consists of an “adsorbate membrane” supported with four constrictions called “sensing beams”, on which piezoresistors are integrated (Figure 1) [19]. With this configuration, the analyte-induced isotropic surface stress on the receptor-coated membrane is efficiently transduced onto the sensing beams as a uniaxial stress amplified by the constriction and, thus, piezoresistors embedded at these sensing beams can efficiently detect the whole surface stress applied on the adsorbate membrane. The piezoresistors of the four sensing beams are used to form a full Wheatstone bridge configuration in which all four resistors generate pairs of resistance changes in opposite signs. This configuration improves the sensitivity further by a factor of ∼4 and it enhances the thermal stability by self-compensation. With the first prototype MSS chip, we experimentally demonstrated a higher sensitivity which was a factor of 20 more than that of a standard piezoresistive cantilever and thus was comparable to that of optical read-out cantilevers [19].

Figure 1. Schematic illustration of the MSS. The whole surface stress induced on the round center membrane is efficiently detected by piezoresistors (red and blue colored parts) embedded in the constricted beams. Note that the new MSS chip fabricated in the present study has a different arrangement of piezoresistors on the sensing beams, which is discussed in Section 2.4.
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While the first generation prototype MSS (1G-MSS) chips with one dimensional (1D) MSS arrays were fabricated as a proof-of-concept of MSS and succeeded in demonstrating its significantly high sensitivity, further improvement in sensitivity is important for providing further opportunities for MSS to be utilized in various applications. In addition, multi-dimensional arrays are also required to arrange a large number of sensing elements on a single chip for the simultaneous detection of a wide variety of analytes.

In the present study, we fabricated the second generation MSS (2G-MSS) chip, which has a two dimensional (2D) array of MSS on a single chip, consisting of nine channels (3 × 3). We have also modified several components of MSS to further improve the sensitivity. The sensors which we compare in the present study are illustrated in Figure 2 with their dimensions. The technical improvements in design and microfabrication significantly improved the sensitivity of 2G-MSS (Figure 2(a)), achieving 3∼4 times higher sensitivity than the 1G-MSS (Figure 2(b)) or an optical read-out cantilever (Figure 2(c)) and exceeding ∼100 times the sensitivity of a standard piezoresistive cantilever-type sensor (Figure 2(d)) [14]. Within the system, the MSS chip can be inserted into a standard 0.5 mm pitch connector; this eliminates a wire-bonding procedure, offering easy chip exchange, and provides all required electrical input/output connections. The MSS can detect almost any kind of molecule under various conditions, such as vacuum, gas, and liquid; including opaque liquids like blood. In addition, it can be miniaturized, integrated, and mass-produced owing to its CMOS compatibility, which fulfill most requirements for realizing a portable sensing device. Given the various conveniences and advantages of the integrated piezoresistive read-out with the significantly improved sensitivity, MSS is expected to find practical applications in various fields.

Figure 2. Dimensions of the sensors which are compared in the present study. All figures are illustrated in top-view. Numbers indicate the dimensions in μm. (a) 2G-MSS (thickness 2.5 μm); (b) 1G-MSS (thickness 3.2 μm); (c) optically read-out cantilever (thickness 1 μm); (d) piezoresistive cantilever (thickness 1 μm) [14]. The piezoresistors-integrated parts are magnified in the insets. Note that R1, R3 and R2, R4 in the 2G-MSS and 1G-MSS have the same dimensions, respectively.
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2. Improvement in Sensitivity

According to the analytical considerations on various geometries of nanomechanical sensors [20] and the know-how on microfabrication developed so far [13–15,17,21,22], we made several modifications on each part of the MSS design as follows:


	Narrower sensing beams with thinner geometry


	Thinner passivation layers on piezoresistors


	Shallower piezoresistors with lower doping level


	Elimination of negative regions in piezoresistors




We will discuss each modification in detail in the following sections. To confirm each contribution quantitatively, finite element analysis (FEA) was performed using COMSOL Multiphysics 3.5a with the Structural Mechanics module. Each structure was meshed with 10,000∼20,000 elements, which give sufficient resolution for the present simulations. In all cases, the surface stress was set at −3.0 N/m, which was simulated by applying initial stress (−3.0 × 108 Pa) on a thin film (10 nm) covered on the top surface of the membrane based on the analytically verified assumption that the surface stress (s) can be described using the thickness of a thin enough film on the surface (tsurf) and the three-dimensional “bulk” stress (σbulk) applied in the thin film [19,23]: s = σbulk · tsurf. The Young's moduli and Poisson's ratios of each material were set as follows: Si[170 GPa, 0.28], SiO2[70 GPa, 0.17], and Si3N4[250 GPa, 0.23]. The averaged values of relative resistance change (ΔR/R|ave) on the plane with the area of AR at the middle position of piezoresistors (see Section 2.3 for details) in the piezoresistive sensing beams are used to estimate the performance:
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(1)




Note that, in the following sections, the distribution of ΔR/R is simulated assuming that the current flows in the [110] direction. These relative resistance changes are valid only for the piezoresistors (i.e., boron-doped p-type region), while non-doped regions do not have such resistance changes. See also Section 2.4 for details.


2.1. Narrower Sensing Beams with Thinner Geometry

The important difference between the MSS and a standard piezoresistive cantilever is the size dependence on a signal. In the MSS geometry, the stresses on the piezoresistors are basically determined by the aspect ratio between a membrane and beams, whereas there is almost no dependence in the case of standard cantilever geometry [19]. Thus, to achieve a larger signal, we should make either the adsorbate membrane larger or the sensing beams smaller. Since the former strategy will increase the size of the chip as well as the absolute amount of analytes required to gain the same coverage on the surface, we made the smaller sensing beams; more specifically, narrower sensing beams. We also found with FEA that the stress applied on the sensing beams increases almost linearly by decreasing the thickness of the whole geometry including the membrane and beams. Figure 3 shows the results of FEA on the distribution of ΔR/R induced on the sensing beams of two different sizes of the R2 beam for both 1G- and 2G-MSS chips. The sizes for each beam are as follows (length × width × thickness): 1G-MSS chip 5 × 36 × 3.2 μm3; 2G-MSS chip 10 × 26 × 2.5 μm3. According to the FEA, the thinner geometry with smaller beams in the 2G-MSS chip enhances the signal by about 40%.

Figure 3. FEA of the distribution of ΔR/R on the R2 beams of (a) 1G-MSS and (b) 2G-MSS. Beam sizes: (length × width × thickness): 1G-MSS chip 5 × 36 × 3.2 μm3; 2G-MSS chip 10 × 26 × 2.5 μm3. In this simulation, only the structural components, e.g., the membrane and beams, are included. Note that the legend is valid for both (a) and (b) and is also the case for Figures 4 and 5.
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2.2. Thinner Passivation Layers on Piezoresistors

Passivation is one of the most important techniques for piezoresistor-based devices to prevent electric leakage in various environments, especially in liquid media. However, there is a trade-off between the quality of protection and sensitivity; a thicker passivation layer provides better quality of protection, while a thinner layer increases flexibility, leading to higher sensitivity of the piezoresistor. To achieve both the protection quality and sensitivity, we deposited a thin silicon nitride (Si3N4) film by low pressure chemical vapor deposition (LPCVD), as we demonstrated its high protection quality even at rather small thicknesses [14]. While the 1G-MSS chip was passivated by CVD SiO2 (650 nm) and LPCVD Si3N4 (100 nm), thermal oxide SiO2 (80 nm) and LPCVD Si3N4 (80 nm) were deposited on the piezoresistors of 2G-MSS chips. Figure 4 shows the FEA of 2G-MSS chips coated by the thick (SiO2 650 nm + Si3N4 100 nm) and thin (SiO2 80 nm + Si3N4 80 nm) passivation layers. It is found that the thinner passivation layer of Si3N4 improves the sensitivity by about 40%.

Figure 4. FEA of the distribution of ΔR/R on the R2 beams of the 2G-MSS chip passivated by (a) 650 nm of SiO2 and 100 nm of Si3N4 and (b) 80 nm of SiO2 and 80 nm of Si3N4.
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We also investigated the stability of the thin Si3N4 passivation layer in liquid environments. The 2G-MSS chip was confirmed to have no electric leakage for at least a week even in a conductive solution like phosphate buffered saline (PBS), indicating its long-term stability, which is essential for various applications.



2.3. Shallower Piezoresistors with Lower Doping Level

According to basic mechanics [24], the stress (σ) induced in a bending beam is given as follows:
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(2)




where E is the Young's modulus of the beam, R is the radius of bending, and z is the distance from the neutral axis, along which there is no compression or dilation. In the case of constant bending, the stress is proportional to the distance z from the neutral axis and reaches maximum at the surface of the beam. Thus, piezoresistors closer to the surface yield larger stress, resulting in higher sensitivity. This simple mechanics can be also confirmed by FEA as shown in Figure 5. In the present study, piezoresistors were made by boron implantation, forming ∼300 nm of doped region from the surface of each beam in the chip. On the other hand, the piezoresistors in the 1G-MSS chip had ∼500 nm of doped region made by boron diffusion. Assuming that the current flows along the middle region of each piezoresistor, the shallower doping in the 2G-MSS chip improves the sensitivity by about ∼10%. It should be noted that the implantation results in lower doping level than the diffusion method. Since the piezoresistance factor increases as the impurity concentration decreases [25], the piezoresistors made by implantation in 2G-MSS should gain additional amplification in sensitivity.


Figure 5. FEA of the distribution of ΔR/R on the R2 beams of the 2G-MSS chip at (a) 250 nm and (b) 150 nm below the surface, respectively.
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2.4. Elimination of Negative Regions in Piezoresistors

In the design of a piezoresistive transducer, the direction of current flow is of critical importance. To simplify the discussion, we focus on Si(100), which we used for fabricating the MSS chips. The piezoresistors made in the present study are boron-doped p-type regions, while the other regions are n-type. The relation between the relative resistance change (ΔR/R) and stress (σ) can be described as follows [26]:
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(3)




where πcs denotes a piezoresistance coefficient with the current flow and stress in the directions indicated by the subscriptions “c” and “s”, respectively, e.g., “πxy” corresponds to the piezoresistance coefficient with the current flowing along x direction and stress induced in y direction. σs is the stress induced in the “s” direction. Here we define x and y directions as [11̄0] and [10] for p-type Si(100) as illustrated in Figure 1. In this case, the relevant piezoresistance coefficients are calculated as follows [26]:
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(4)
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(5)




where π11, π12, and π44 are the fundamental piezoresistance coefficients of the silicon crystal; for p-type Si(100), their values are estimated as +6.6, −1.1, and +138.1 in units of 10−11 Pa−1, respectively [25]. Thus, in the cases of current flowing in x or y direction, the relative resistance change in each case is given by the following Equations (6) or (7):
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(6)
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(7)




These equations indicate that the coexistence of mutually perpendicular current flows in the domain with a stress induced in the same direction gives rise to a negative contribution to the gross relative resistance change of the domain. Since the dominant stresses in each constricted beam in the MSS are σx (≫σy) for R1 and R3 and σy (≫σx) for R2 and R4, the current flow should be fixed in x direction for all sensing beams to gain the maximum output of the full Wheatstone bridge which is approximately given by:
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(8)




where VB is bias voltage applied to the bridge. To avoid the negatively contributing region, we designed the piezoresistors as shown in Figure 6. The perpendicular current paths are replaced by the heavily doped regions which simply make the electrical connection of the piezoresistors. Based on the simple calculation, the elimination of the negative contribution region improves the sensitivity by about ∼30%.


Figure 6. The piezoresistors on (a) R1 and (b) R2 in the 2G-MSS chip.
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2.5. Overall Improvement

The improvements in each component are summarized in Table 1. Accounting for all contributions, the sensitivity of the new MSS chip is improved by a factor of ∼3 compared to the 1G-MSS chip. Since the FEA of the 1G-MSS chip indicates ∼43 times higher sensitivity compared to the standard piezoresistive cantilever [19], the 2G-MSS has been found to have ∼130 times higher sensitivity than the standard piezoresistive cantilever. It should be taken into account that the modifications implemented in the 2G-MSS chip mutually affect each other and the effects which are not included in the present FEA can have some influence on the overall sensitivity. Note that the sensitivity of the MSS structure can be tuned by changing the dimensions of each component, e.g., the larger aspect ratio between the membrane and beams leads to a larger enhancement of sensitivity, whereas there is almost no dependence for the standard cantilever architecture. Because of this property, one can design one's own MSS depending on their required parameters for sensitivity, size, robustness, and the amount of analyte available.

Table 1. Summary of the modifications made in the present study and the improvement in sensitivity compared to the 1G-MSS.


	Modifications
	Improvement in Sensitivity





	(1) Narrower sensing beams with thinner geometry
	∼40%



	(2) Thinner passivation layers on piezoresistors
	∼40%



	(3) Shallower piezoresistors with lower doping level
	∼10%



	(4) Elimination of negative regions in piezoresistors
	∼30%



	Total
	∼280%










2.6. Signal-to-Noise Ratio (S/Nexp)

The modifications of piezoresistors lead to the changes in the intrinsic noises; Johnson (thermal) noise (VJ) and Hooge (1/f) noise (VH)). These noises can be estimated by the following equations [19,27–29]:
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(9)
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Thus, the total noise in the piezoresistors (VTotal) can be calculated as follows:


VTotal=VJ2¯+VH2¯=4kBTlpwptpμqp(fmax−fmin)+αVB2lpwptppln(fmaxfmin)



(11)




For a full Wheatstone bridge, this total noise value is doubled [30]. The descriptions and values of the constants are summarized in Table 2. According to these estimations, it is found that the intrinsic noises are still lower than the experimental noises (Nexp; 1.0∼1.5 μV), which were recorded in the present measurements (see details in Section 4) and were mainly caused by the electrical circuit. On the other hand, the experimental noises (Nexp) for the optically read-out cantilevers have been reported as 0.5∼3 nm in the previous studies [5,7–11,31]. Based on these values, the experimental signal-to-noise levels (S/Nexp) are plotted in Figure 7 as a function of the induced surface stress. For a simple comparison, the experimental noise levels for piezoresistive and optical read-outs are set at 1.0 μV and 1 nm, respectively. The minimum detectable surface stress for each sensor corresponds to the points around S/Nexp∼1. Note that this figure is based on the assumption that the signals of all sensors increase linearly as the induced surface stress increases. The factors that are not included in the FEA will affect the values, especially in the cases of extreme conditions; for example, a very large surface stress will result in the deviation from Equation (8). In such a case, one would also take account of the fracture stress of silicon.

Figure 7. Experimental signal-to-noise ratio (S/Nexp) of 2G-MSS (red solid line), 1G-MSS (red dashed line), the optical cantilever (black solid line), and the piezoresistive cantilever (black dashed line) as a function of the induced surface stress. The experimental noises (Nexp); 1.0 μV and 1 nm for piezoresistive and optical read-outs, respectively.
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Table 2. Summary of the descriptions and values of the constants related to the intrinsic noises. The calculated total noises (VTotal) for 2G-MSS, 1G-MSS, and the piezoresistive cantilever are given at the bottom row.



	
Description

	
Symbol

	
Unit

	
Value




	






	
2G-MSS

	
1G-MSS

	
Piezoresistive cantilever






	
Length of piezoresistor

	
lp

	
cm

	
20 × 10−4

	
20 × 10−4

	
90 × 10−4




	
Width of piezoresistor

	
wp

	
cm

	
3.8 × 10−4

	
3.8 × 10−4

	
8 × 10−4




	
Thickness of piezoresistor

	
tp

	
cm

	
0.3 × 10−4

	
0.5 × 10−4

	
0.1 × 10−4




	
Carrier density

	
p

	
cm−3

	
4 × 1018

	
8 × 1019

	
8 × 1019




	
Carrier mobility

	
μ

	
cm2/Vs

	
100

	
50

	
50




	
Hooge constant

	
α

	
-

	

	
106

	




	
Maximum frequency

	
fmax

	
Hz

	

	
3

	




	
Minimum frequency

	
fmin

	
Hz

	

	
0.1

	




	
Bridge bias voltage

	
VB

	
V

	

	
1.5

	




	
Temperature

	
T

	
K

	

	
293

	




	
Boltzmann constant

	
kB

	
J/K

	

	
1.38 × 10−23

	




	
Electron charge

	
q

	
C

	

	
1.60 × 10−19

	




	
Total noise

	
VTotal

	
V

	
6.37 × 10−7

	
1.01 × 10−7

	
3.76 × 10−8












3. Fabrication of MSS in 2D Array

The 2G-MSS chip with MSS arranged in 2D array was fabricated by the following procedure: 4-inch silicon-on-insulator (SOI) wafers with a n-type device layer (∼4 μm-thick, ∼10 Ω·cm) were prepared. After cleaning the wafers, 700 nm of oxide was formed by thermal oxidation. The highly doped diffusion area was patterned into the oxide by photolithography and etching in buffered HF (BHF). A double layer (650 nm-thick) of boron-doped and non-doped silicon oxide was deposited by chemical vapor deposition (CVD). The diffusion of boron was carried out at 950 °C for 30 min in nitrogen. Oxide on the membrane area was removed and a new thermal oxide was grown. Using a patterned photo resist layer as a mask, boron implantation was performed. After a rapid thermal annealing (RTA), a silicon nitride layer was deposited by LPCVD on the entire wafer surface. Following a photolithography, contact holes were opened by plasma and BHF etching. An aluminum layer of 900 nm was evaporated on the device side. It was patterned in a chemical etchant with delineated photoresist mask. To isolate the electrodes from analytes in device operation, plasma enhanced CVD was performed to form a 700 nm-thick oxide. Pad openings were made by photolithography and chemical etching. Etching windows on the back side of the wafer for KOH etching were formed. The wafer was then mounted in a mechanical check and immersed in KOH at 40 weight % at 60°C to form large openings from the back side. The etching automatically stopped at the buried oxide (BOX) layer of SOI. Finally, the BOX was etched in BHF and the membrane was released.

The fabricated 2G-MSS chip is presented in Figure 8(a). There are nine channels (3 × 3) in the 2D array. All nine of the channels as well as electrodes for bridge bias voltage and ground are connected to the 0.5 mm-pitch pads at the bottom for the electrical connection to an external read-out device (e.g., amplifier and analog-digital converter) without any addition procedure, such as wire-bonding. The scanning electron microscope (SEM) image shows an enlarged image of the 2G-MSS (Figure 8(b)).

Figure 8. (a) Photograph of the fabricated 2G-MSS chip with a 2D array. This chip can be ready for use just by inserting the chip into a standard 0.5 mm pitch connector for an electrical connection without any additional procedure. (b) Enlarged SEM image of one of the MSS elements in an array of the 2G-MSS chip. (c) An example of MSS measurement system diagram. (Inset) Photograph of a 2G-MSS chip connected with a standard 0.5 mm pitch connector and mounted in a measurement chamber with O-rings for sealing.
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4. Experimental Verification

To verify the technological improvements implemented in the 2G-MSS, we experimentally assessed the performance of the newly fabricated chip shown in Figure 8. The circular membrane was coated with poly(sodium 4-styrenesulfonate) (PSS) layers by a customized ink-jet spotting system (Microjet Co. Ltd., Model ‘LaboJet-500SP’). PSS solution with a concentration of 5 g/L was deposited to form a 1 μm thick PSS layer on the surface. The PSS-coated MSS chip was mounted in a closed chamber and was exposed to 20% water vapor in pure nitrogen carrier gas with a flow rate of 100 mL/min for 3 min followed by nitrogen purging for 3 min. Figure 9 shows the obtained output signal (Vout) of the 2G-MSS chip compared to a 1G-MSS chip and a standard piezoresistive cantilever. The signals were measured with the same electrical setup with a bias voltage of −1.5 V in all cases. The 2G-MSS chip exhibited ∼4 and ∼100 times larger signals than those of the 1G-MSS chip and the standard piezoresistive cantilever, respectively. These experimental results confirm a significantly enhanced sensitivity of the 2G-MSS chip. The discrepancy from the FEA is presumably due to some effects which are not included in the present FEA; e.g., mutual effects of each modification, distribution of ΔR/R and the position of piezoresistors on the sensing beams, piezoresistance factor which is determined by the doping level [25], actual current paths in the piezoresistors, and the properties of the coating layers [32].

Figure 9. Obtained output signals (Vout) from the 2G-MSS chip (red solid line), 1G-MSS chip (red dashed line), and standard piezoresistive cantilever (black dotted line).
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5. Conclusions/Outlook

We have fabricated a new MSS chip with a 2D array exhibiting improved sensitivity. The implementation of various modifications in design and microfabrication led to further sensitivity enhancements, reaching more than ∼100 times higher sensitivity compared to that of the standard piezoresistive cantilever. Based on the fact that the 1G-MSS chip was already demonstrated to have comparable sensitivity to the optical read-out standard cantilevers [19], the 2G-MSS has exceeded the optically read-out cantilevers in terms of experimental signal-to-noise ratio (S/Nexp). It means that the MSS platform can cover most of applications so far demonstrated by the optically read-out cantilever sensors for surface stress-based sensing (i.e., static mode). Owing to the size dependence in an MSS structure, one can modify the geometrical parameters to obtain even higher sensitivity. Since the MSS measures surface stress affected by the volume-based steric repulsion of adsorbed analyte molecules, it can detect almost any kind of molecule under various conditions including liquid, gas, and vacuum environments. In addition, it can be miniaturized with simple architecture at low cost owing to its CMOS compatibility to realize portable sensor devices, and also can be used in opaque liquids, such as blood. Given such conveniences and advantages of the integrated piezoresistive read-out, the MSS is one of the most promising transducers for nanomechanical sensors, offering various possibilities of practical applications in medicine, security, and environment fields.
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