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Abstract 

The most common readout technique used in atomic force microscopy (AFM) is based on 

optical beam deflection (OBD), which relies on monitoring deflection of the cantilever probe 

by measuring the position of the laser beam reflected from the free end of the AFM 

cantilever. Although systems using the OBD readout can achieve subnanometre displacement 

resolution and video rate imaging speeds, its main limitation is size, which is difficult to 

minimise, thus limiting multiprobe imaging capability. Currently, system miniaturisation has 

been accommodated by adopting on-chip electrical readout solutions, often at the expense of 

measurement sensitivity. To date, no cost-effective AFM readout solution exists without 

sacrificing either measurement sensitivity, system miniaturisation, or multiprobe array 

scalability. 

In this paper we present an AFM probe with integrated on-chip optical interferometric 

readout based on silicon photonics. Our AFM probe combines the advantages of 

subnanometre resolution of optical readouts with on-chip miniaturisation. The adopted 

approach determines deflection of the cantilever using an integrated on-chip photonics 

waveguide by monitoring the separation between the sensing cantilever and an interrogating 

grating. The implemented methodology provides ultimate interferometric resolution and 

sensitivity, on-chip miniaturisation, and array scalability, which makes possible ultrafast 

multiprobe-array AFM imaging. 

© 2019 published by Elsevier. This manuscript is made available under the Elsevier user license
https://www.elsevier.com/open-access/userlicense/1.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S0304399118301803
Manuscript_7296227e774ecfd759b2290393d01265

https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0304399118301803


2 
 

Using a Digital Instruments D3000 AFM retrofitted with our cantilever probe and integrated 

readout, we report sub-nanometre AFM topography images obtained on reference samples. 

We demonstrate RMS static AFM noise level of 19 pm, outperforming the operation of this 

system in its standard, optical beam deflection configuration (51 pm). The noise spectrum 

measurements of our probe indicate that the integrated readout is shot noise limited, 

achieving a deflection noise density (DND) of 36 fm/√Hz.  

Introduction 

Atomic force microscopy (AFM) is a surface metrology technique used to resolve surface 

features on a level ranging from several micrometers to sub-nanometres. The ability to 

monitor the deflection of the AFM probe is of critical importance for system performance. 

Since the inception of AFM in 1986 [1], the most popular readout approaches have been 

based either on electrical readout techniques [2] or on optical beam deflection (OBD) 

techniques [3], [4]. The OBD readout relies on monitoring deflection of the cantilever probe 

by measuring the position of the laser beam reflected by the free end of the cantilever. This 

enables precise determination of the static probe deflection or its vibrating motion close to the 

first resonant frequency. While the OBD technique can be adopted to resolve features in the 

sub-nanometer scale, it has several significant limitations. For example, the OBD readout 

requires free-space optics with access to the deflecting cantilever in contact with the 

measured surface, which has a significant impact on the total noise level of the system. An 

additional limitation of OBD readout is the spot size of the focused laser beam, which 

averages around 20 µm in diameter [5], and is a significant limiting factor for using OBD for 

high-speed AFM systems operating with small cantilevers. Although the most recent systems 

have reported using a laser spot size as small as 3 µm [6], it is a feature only available in the 

most expensive, state-of-the-art equipment. However, the main limitation of OBD is its 

physical size, which is difficult to minimize due to the basic requirements of free-space optics 
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and optical path leveraging. Thus, miniaturisation is generally achieved by adopting 

integrated on-chip electrical readout solutions, often at the expense of measurement 

sensitivity. 

In contrast to the OBD approach, which monitors the probe tilt and successfully translates it 

into cantilever displacement, the interferometric readout approach determines the 

displacement of the cantilever directly. Putman et al. [7] determined theoretically that both 

OBD and interferometric readouts can achieve similar sensitivity levels when optimized. A 

significant limitation for most systems utilising interferometric readout is the requirement for 

precise alignment of the laser source with the cantilever. Typically micrometre alignment 

accuracy is required, which can be a tedious process [8]. This is particularly relevant for new 

and emerging approaches for high-speed AFM systems, which call for the ability to 

simultaneously monitor multiple vibration frequencies of the cantilever [9]. To maximize the 

sensitivity of multifrequency AFM and in order to differenciate between the distinct 

frequencies, the deflection of the cantilever needs to be simulataneously monitored at 

multiple points along the beam, thus rendering the alignment requirements even more 

difficult. 

Simultaneous sensing using multiple AFM cantilevers promises to achieve higher imaging 

speeds, and it is thus desirable to have the ability to measure individual cantilever deflections 

for arrays of multiple cantilevers [10], [11]. Imaging of large-area samples (e.g. a full 

semiconductor wafer) using current state-of-art high-speed AFMs is still extremely time-

consuming, which could potentially be addressed by multiprobe AFM systems. Even though 

OBD has achieved some success in monitoring of small arrays of cantilevers (e.g., an array of 

eight cantilevers [12], [13]), it does not readily scale for monitoring of large arrays of 

cantilevers or even measurement of multiple deflection points along a single cantilever [12]–

[15]. To alleviate this limitation of OBD, self-sensing cantilevers with integrated on-chip 
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electrical readout (i.e., capacitive, piezoelectric or piezoresistive) can be used [16]–[21]. 

These technologies are scalable for monitoring of large arrays of cantilevers, and can be 

configured to be significantly smaller in comparison to the OBD requirement. This size 

reduction benefits the commonly used piezoresistive approach, since the size reduction of the 

cantilever also reduces the associated inherent measurement noise. Dukic et al. [22] 

compared the noise levels in piezoresistive and OBD readout systems using 70 x 30 µm2 

cantilevers and reported comparable values for RMS noise levels of 32 pm for the 

piezoresistive readout and 35 pm for the OBD readout. However, the fabrication of the 

necessary piezoresistors can be challenging and costly [23], [24]. 

Liu et al. [25], An et al. [26] and Chae et al. [27] presented an alternative approach to optical 

readout, which is potentially suitable for fast scanning AFM and relevant to our work. The 

optomechanical transducer uses a microdisk resonator to sense cantilever displacement. The 

light is coupled in and coupled out from the microdisk optical resonator using a waveguide 

suspended near the disc, and the AFM probe is located on the opposing side of the microdisk. 

The AFM probe is attached to two anchors located far from the microdisk to minimise their 

influence on the measurements. When the microcantilever moves, it influences the optical 

evanescent field between the microdisk resonator and the optical fibre, which then modulates 

the amplitude of the output optical signal. Using this structure, An et al. [26] presented results 

in which a readout noise of 7 fm/√Hz was achieved with operation of the AFM in contact 

mode, demonstrating an AFM topography image of a sample with 25 nm steps, with an 

estimated RMS noise level of 20 pm based on 10 sample points. 

This paper presents a MEMS-based AFM system using a sensing cantilever with an 

integrated on-chip optical interferometric read-out, referenced throughout the paper as 

LumiMEMS™ [28]–[30]. The achieved level of miniaturization eliminates the need for bulk 

optics and for laser to cantilever alignment. In essence, our integrated on-chip interferometric 
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approach provides the functionality benefits of commercially available self-sensing 

piezoresistive probes combined with the ultimate optical interferometric sensitivity. The 

demonstrated performance significantly surpasses the noise characteristics of current state-of-

the-art miniature AFM systems based on piezoresistive readouts [22], [31]. 

Design and approach 

In our approach schematically depicted in Figure 1(a), the interferometric readout is 

facilitated via an on-chip buried waveguide with diffraction grating aligned with the sensing 

cantilever. A fraction of the light traveling through the waveguide is coupled out via the 

interrogating grating towards the cantilever and reflected back into the grating to recombine 

with the undiffracted light. The difference in optical path between light interacting with the 

cantilever and the fraction of light which remained in the waveguide results in optical 

interference. The resultant interferometric effect modulates light transmission through the 

waveguide as a function of the separation between the cantilever and grating. Figure 1(b) and 

(c) show the simulated optical field distributions for propagated 1550 nm light using finite-

difference time-domain (FDTD) modeling for the cantilever-waveguide separations required 

to create constructive (see Figure 1(b)) and destructive interference (see Figure 1 (c)). During 

the constructive interference case most of the light is guided through the waveguide to the 

output, whereas for the destructive interference case the light couples into substrate modes 

and is dissipated.  

The operating mode of the silicon photonics chip has been previously simulated for devices 

having a separation between the interrogating grating and cantilever surface up to 7 µm [32]. 

When the gap is small, squeezed film damping reduces the cantilever Q-factor [33] and 

increases the risk of cantilever snap-down during AFM operation. Thus, gaps of 

approximately 8 µm were used, which allow sufficient working distance for a practical AFM 

sensing cantilever without significantly diminishing the Q-factor via squeezed film damping 
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[33]. We performed FDTD simulations of light propagation for different separation values up 

 

Figure 1. (a) Isometric view of integrated on-chip cantilever deflection readout with 
the interrogating waveguide structure. Topography of a surface scanned by the tip 
modulates the amplitude of the waveguided optical signal via changes in the 
separation between the grating and the cantilever. (b,c) 2-dimmensional finite-
difference time-domain (FDTD) simulations of the optical field distributions for 
propagated 1550 nm light inside silicon photonics chip for the cantilever-waveguide 
separations required to create constructive (b) and destructive (c) interference. During 
the constructive  interference case, the light is guided through the output waveguide 
towards the detector, while during the destructive interference case, the light couples 
into substrate modes and is dissipated. The colour scale presented in the figure is 
common to the optical fields presented in (b) and (c). (d) 2D FDTD simulated 
transmission of (2D) optical signal as a function of the separation of the interrogating 
grating and the cantilever. 
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to 9 µm between the interrogating grating and the cantilever using MEEP software [34]. The 

interferometric effect can be clearly observed in the FDTD simmulated optical transmission 

data presented in Figure 1 (d), with the periodic response repeating approximately every 

�/(2 cos �), where � = 1550 nm and � ≅ 10°, and taking into account the refractive index 

of the different light paths. The sensitivity of the readout is given by the slope of the linear 

regions of the response between the peaks and nulls, and the extent of the linear region 

defines the dynamic range. The dynamic range can be extended by the use of two (or more) 

laser sources with slightly different wavelengths [32]. Sensitivity in this structure is related to 

the slope of the transmitted power with respect to the gap [31]. As can be seen in Figure 1 (d) 

the slope varies as the gap between the grating and the cantilever changes. The asymmetry 

between positive and negative slopes of transfer function originates from the asymmetrical 

properties of the optical reflection of metal mirrors [35]–[38]. 

Experimental methods 

The sensing cantilever was surface micromachined on a planarized silicon photonics chip. 

Before release of the structure, a commercially-available sharp tip from a standard AFM 

probe was transferred and welded onto the fabricated cantilever using a focused ion beam 

(FIB) approach. Subsequently, the cantilever was released, and the AFM sensing module was 

assembled by attaching two optical fibers to the photonics chip to couple light into and out of 

the waveguide to monitor the position of the cantilever.  

MEMS micromachining was performed according to the process flow depicted in Figure 2, 

on planarized photonics chips fabricated by laboratoire d'électronique des technologies de 

l'information (LETI) using standard fabrication techniques developed for the silicon 

photonics industry [39] based on silicon-on-insulator (SOI) technology. The planarization 

consisted of a silicon oxide layer extending 100 nm above the waveguides, on top of which 
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gold electrodes for electrostatic actuation were thermally evaporated and patterned via lift-

off. This was followed by spin-coating of the polyimide sacrificial layer using Brewer 

Science APX-K1 adhesion promoter and two coats of HD MicroSystems PI-2611 polyimide 

to achieve the desired 8 µm thick sacrificial layer. Polyimide curing was performed for one 

hour at a temperature of 300 °C. Subsequently, the sacrificial layer was covered with an 

APX-K1 adhesion promoter, and a 400 nm thick ICPCVD silicon hard mask was used to 

pattern the polyimide sacrificial layer in a dry ICPRIE process to a T-shaped double anchor 

design inspired by the work of Plaza et al. [40].  

The cantilever was fabricated with a 2 µm thick ICPCVD silicon nitride structural layer 

sandwiched between two thermally evaporated 50 nm thick gold layers. The cantilevers were 

defined with photolithography and patterned using ICPRIE etching. The gold layer facing the 

 

Figure 2. The main steps of cantilever fabrication process. The sensing cantilever is 
fabricated on top of (a) a planarized silicon photonics chip with (b) the electrode 
metallization. Subsequently, (c) the sample is covered with polyimide sacrificial 
layer, which is cured and patterned. Successive steps consist of (d) metal mirror 
deposition and patterning, as well as (e) deposition and patterning of silicon nitride 
structural layer and metallization. Prior to (g) the device release, (f) a silicon sharp 
tip is installed using FIB. 
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substrate was used as the reflector for light diffracted from the waveguide grating, while the 

opposing layer served as a stress compensation layer to balance out the effects of interlayer 

mismatch in intrinsic stress and thermal expansion coefficients. In addition, this gold layer 

also provided a conductive surface for subsequent SEM imaging and FIB welding of the 

AFM tip. 

The micromanipulator inside the FEI’s Helios dual beam focused ion beam (FIB) system was 

used to cut out the tip from a MikroMasch HQ-NSC15 AFM probe and transfer it onto our 

fabricated cantilever prior to release. Sensing of reference samples in contact with a 

commercial AFM tip was chosen in order to facilitate a direct comparison with commercial 

AFM systems using commercial tips.  

During the tip removal step, the commercial cantilever was ion beam milled around the tip as 

shown in Figure 3 (a). Subsequently, the silicon tip was attached to the micromanipulator 

needle using a platinum weld and then detached from the host cantilever with a short ion 

beam cut. The micromanipulator needle was used to transfer the silicon tip to the end of our 

surface micromachined cantilever and welded using platinum, as shown in Figure 3 (b). 

Finally, the micromanipulator needle was detached from the tip with an ion beam cut, and the 

cantilever was released using oxygen plasma in a barrel asher to etch the polyimide sacrificial 

layer. The fabricated AFM probe with attached commercial silicon tip is shown in Figure 

3(c).  
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The 1550 nm laser light was coupled in and out of the silicon waveguide using identical 

input/output gratings and single mode optical fibers (SMF-28) [41], [42]. The optical fiber 

facets were polished at an angle of 40° to achieve total internal reflection at the end facet for 

light propagating in the core of the fiber. Index matched UV curable adhesive was used to 

glue the fibers to the chip parallel to the buried waveguide, with the 40° polished ends 

aligned over the grating couplers. The fibre facets polished at 40° resulted in a transfer angle 

of 10° from the vertical to match the coupling angle of the grating couplers [43], [44].  

Measurement set-up 

Figure 4 schematically presents the adopted approach for AFM imaging. The fabricated AFM 

probe was integrated into a commercial AFM system (Digital Instruments D3000 with 

DMLSG piezoelectrical scanner, manufactured in 1995) in an inverted configuration by 

placing the probe on the sample stage and having a calibrated test sample attached to the 

 

Figure 3. AFM tip transfer from commercial cantilever to a fabricated device 
undertaken in this work. (a) Top view image of the U-shape milled pattern around the 
silicon tip still attached to the commercial AFM cantilever. The micromanipulator 
needle is attached to the silicon tip. (b) Side view image of unreleased cantilever with 
the attached silicon tip welded using platinum. (c) The fabricated released AFM 
probe with attached sharp silicon tip. 

 

Figure 4. Schematic view of the measurement set-up. The LumiMEMS™ probe is 
installed on the sample stage of a Digital Instruments D3000 AFM, and the sample is 
attached to the piezo-scanner. 1550 nm laser light is connected to the input optical 
fibre of the LumiMEMS™ probe, and after being modulated by cantilever motion, it 
is detected by an InGaAs photodiode via an output optical fibre.  
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piezo scanner. During AFM imaging the interrogating light was provided by a 1550 nm 

single mode, low noise, laser source through SMF-28 optical fibres and a polarization 

controller since the grating couplers used in our interferometric readout are polarization 

sensitive. After being modulated by the cantilever motion the output power from the 

waveguide was coupled to an InGaAs photodetector (Thorlabs DET08CFC/M), amplified 

using transimpedance amplifier (Stanford Research Systems SR570) and interfaced to the DI 

D3000 as an input to the feedback loop signal using a Digital Instruments breakout box. 

All AFM images presented in this paper were obtained in contact mode, with both open and 

closed feedback loop. Although open feedback is not commonly used in AFM imaging, 

imaging with an open feedback loop allows identification of the influence of noise from the 

Z-axis piezo-scanner on the experiment results.  

The AFM images were acquired using Digital Instrument D3000 software and then processed 

using the Gwyddion 2.48 software package [45] using standard algorithms for data leveling 

by mean plane subtraction, alignment of the rows using the polynomial method, and shifting 

minimum (or average) data points to zero. The height distributions and RMS surface 

roughness were calculated using built-in statistical functions. For additional analysis, we used 

Fityk software [46], which allowed all recorded probability density noise graphs to be fitted 

with Gaussian functions for calculation of peak parameters. 

Electrostatic actuation of the cantilever was used to calibrate the cantilever position to the 

waveguide transmitted signal. This was performed using the fabricated on-chip electrodes, 

and the read-out response was characterised as a function of electrostatic actuation voltage 

and cantilever position measured simultaneously using a white light optical ZYGO NewView 

7300 profilometer. During cantilever actuation, both the optical output power through the 

probe and the gap between the cantilever and substrate were measured independently. 
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The electrostatic actuation and cantilever deflection noise density measurements were 

performed using a Femto DLPCA-200, ultra-low noise transimpedance amplifier with a 

bandwidth of 400 kHz. This high-bandwidth was essential for cantilever deflection noise 

density measurements. During the AFM imaging experiments, the Stanford Research 

Systems SR570 transimpedance amplifier was used since it provided more flexible signal 

conditioning at a cost of bandwidth and noise performance. This signal conditioning 

capability was required for interfacing with the D3000 system. These measurements were not 

possible to perform using Femto DLPCA-200 without an additional signal conditioning 

circuit. The measured 3 dB bandwidth of the Stanford Research Systems SR570 at the gain 

setting used was 87 kHz. This was the value used for minimum detectable deflection (MDD) 

calculations. 

The signal spectrum measurements were recorded using an Agilent 89410A vector signal 

analyzer (VSA) based on the signal from the transimpedance amplifier and the AFM probe. 

Additionally, the Polytec OFV-5000 laser vibrometer was used to measure the cantilever 

displacement spectral response with a sensitivity of 50 nm/V. This measurement allowed 

confirmation of the value of resonant frequency and quality factor of the fabricated 

cantilever, as well as allowing verification of the sensitivity of the integrated readout. 

Results and discussion 

Three independent experiments were performed to demonstrate operation of the developed 

AFM LumiMEMS™ sensor module: (I) characterization of cantilever motion in response to 

electrostatic actuation, (II) acquisition of AFM images presenting a known surface topology 

on a reference sample and comparison with a modern commercial AFM system (Bruker 

Dimension ICON), and (III) measurement of unactuated Brownian motion of the free-

standing cantilever. 
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Cantilever response to electrostatic actuation 

Figure 5 presents the transmitted LumiMEMS™ signal as a function of cantilever downward 

deflection from its original rest position of 8.6 µm above the substrate. We observe a periodic 

response which confirms the interferometric effect taking place as the gap decreases with 

increasing actuation voltage. As expected, the peaks and nulls were found to repeat with a 

change in cavity distance between the cantilever and grating at approximately �/(2 cos �), 

where � = 1550 nm is the wavelength of the laser source [31], [32] and � ≅ 10° is the 

coupling angle of our grating [43], [44]. The slopes between the consecutive minima and 

maxima are related to the minimum measurable change in the optical transmitted signal, ��, 

associated with the minimum resolvable change in the cantilever position, ��. Detailed 

knowledge of this transfer function was subsequently used to calibrate the probe for AFM 

measurements, and is directly related to the measurement sensitivity. As indicated in Figure 

5, the positive slope before the first peak is 
��
�� = 67 � 

�!, whereas the negative slope is 
��
�� =

"93 � 
�!. The full extent of both positive and negative slopes of the interferometric response 

can be used unambiguously. Our readout system provides up to 300 nm of linear dynamic 

range, which can be extended using two or more laser sources with different wavelengths 

 

Figure 5. The optical power transmitted through the AFM module as a function of the 
downward deflection of the cantilever from its rest position of 8.6 µm above the 
substrate. The corresponding electrostatic actuation voltage is indicated on the top 
horizontal axis. Cantilever deflection was measured independently using an optical 
surface profiler. The two linear regions of positive and negative slope are marked on 
the plot. 
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[32], [47]. It is evident from Figure 5 that the peak transmission values for successive signal 

maxima increase as the cantilever downward deflection increases with increasing applied 

voltage. This is associated with the increasing optical cavity finesse for decreasing gap 

between the cantilever and the substrate. However, for the AFM measurements undertaken in 

this study, this change in peak transmission value is not relevant since all measurements were 

performed on the first positive slope, as indicated in Figure 5. 

AFM imaging of a reference sample 

Characterization of surface topography imaging using the LumiMEMS™ readout was 

performed and compared directly with a commercial AFM system. Figure 6 presents AFM 

images of the reference sample recorded using a commercial AFM tool (see Figure 6(a)) and 

 

Figure 6. AFM images of a SiC-6H (0001) reference sample consisting of 0.75 nm 
high steps between consecutive terraces. The images cover an area of 2x2 µm2. (a) 
The image was acquired using a Bruker Dimension Icon AFM system with the 
settings set to achieve the best quality image. (b) The image was acquired using our 
integrated on-chip interferometric readout with an open feedback loop, which means 
that the piezo-scanner along the Z-axis remained rigid. (c) The image was acquired 
using our integrated on-chip interferometric readout with a closed feedback loop, 
which means that the piezo-scanner was modulated along the Z-axis to keep the 
scanning cantilever deflection constant. (d-f) The graphs show height distribution 
profiles for each AFM image. 
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using the LumiMEMS™ readout approach acquired in both open loop (see Figure 6(b)) and 

closed feedback loop (see Figure 6(c)) configurations. During measurements the 

LumiMEMS™ probe was integrated with the DI D3000 instrument, and the performance 

comparison is made with a Bruker Dimension ICON AFM instrument. For this experiment a 

silicon carbide reference sample was used: 6H-SiC (0001) supplied by TedPella, which has 

charasteristic steps of 0.75 nm in height fabricated on its top surface that correspond to half 

the lattice constant. The stated maximum average roughness of the terraces between steps is 

90 pm. Figure 6(a-c) presents 2 x 2 µm2 surface area topography images consisting of 6 to 7 

terraces with a vertical increment of 0.75 nm between the consecutive terraces. Figure 6(d-f) 

shows the probability density function (PDF) of the height distribution in the reference 

sample, such that each peak represents the level of a single terrace, starting from the lowest to 

the highest within the measured area. The distances between the peaks represent the step 

heights, which can be used to verify linearity of the readout response. The amplitude and Full 

width at half maximum (FWHM) of the peaks represent the sample surface roughness (noise) 

of each terrace. Narrower and higher peaks represent a lower value of surface roughness of 

the terraces, and Figure 6(d-f) lists the values obtained for the average distance between 

peaks and the FWHM for each measurement. The values for FWHM and RMS surface 

roughness are correlated by a factor of 2√2 ln 2 for a Gaussian function [48]. However, in 

our case, we did not take this approach as the RMS roughness calculated from FWHM will 

be an overestimate, since the FWHM is calculated for the whole image that also includes the 

steps. Figure 6(a-c) lists the average terrace surface roughness for all three images, noting 

that the surface roughness value obtained using the ICON instrument (62 pm RMS) is 

approximately double the value obtained using the LumiMEMS™ readout (37 – 38 pm 

RMS). The RMS roughness was calculated for all points located away from terrace edges as 

standard deviation of the recorded height values. 
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Subsequently, static non-scanning noise measurements were performed in order to determine 

the effective noise characteristic of the AFM probe installed in an AFM system. The 

measurement was conducted with the tip in contact with the sample at a fixed position, with 

the X-Y and Z-piezo scanners in static fixed positions, and measuring the signal under 

conditions typically used for surface imaging. This noise measurement was performed for the 

LumiMEMS™ readout attached to the D3000, and then repeated for the host D3000 OBD 

readout, which allowed for a direct comparison of noise performance. 

The results were logged as stationery AFM images presented in Figure 7, with the noise data 

logged line-by-line. Each line consists of 512 points recorded with a scan rate of 1 Hz, and 

each image consists of 512 lines. After the images were collected, the probability density 

functions (PDF) and RMS noise values were calculated. A significant difference in the noise 

PDF is evident between the standard Digital Instruments D3000 AFM setup and the 

LumiMEMS™ readout. We obtained an RMS noise value of 19 pm using the LumiMEMS™ 

readout, which was significantly lower than the 51 pm measured with the OBD readout of the 

Digital Instruments D3000. The reference noise measurements for the standard configuration 

 

Figure 7. Probability density functions (PDF) and static AFM noise images for OBD 
and LumiMEMS™ readouts. The AFM images were acquired with a static AFM tip 
in contact with the sample, while the piezo-scanners were fixed and the images were 
created by recording the tip vibration over time. The PDF shows that the 
LumiMEMS™ readout is able to achieve a two-fold noise reduction in comparison to 
the OBD readout used in the Digital Instruments D3000 AFM system. The coloured 
Z-scale is applicable to both images. The full width at half maximum (FWHM) of the 
Gaussian noise distribution was used to verify calculations from the measurement 
noise values. The value of 19 pm RMS noise for LumiMEMS™ closely matches the 
noise figure obtained using the specifications of the Stanford Research Systems 
SR570 transimpedance amplifier of 18 pm RMS (see Table 1). 
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of the Digital Instruments D3000 were repeated with three different commercial MikroMasch 

silicon cantilevers having spring constants of 0.18 N/m (HQ:CSC17), 2.8 N/m (HQ:NSC18) 

and 40 N/m (HQ:NSC15). There was no significant difference between the noise images and 

PDF measured with OBD readout for all three cantilevers.  

The reported measurements indicate that the LumiMEMS™ readout is able to achieve noise 

level magnitudes about half of that observed for the OBD readout. This statement is based on 

a direct comparison of the RMS noise values presented in Figure 7 for LumiMEMS™ (19 pm 

RMS) and the OBD (51 pm RMS), and the fact that this correlates very well with the 

doubling of surface roughness value obtained for the SiC terraces as measured by 

LumiMEMS™ (37 – 38 pm RMS) and OBD (62 pm RMS), as presented in Figure 6. In 

summary, by using the AFM system with the LumiMEMS™ readout, noise levels have been 

achieved that are well below those of commercially available AFM tools and that have been 

presented in previous reports in the literature. Our measurement of the static AFM noise of 

19 pm RMS, outperforms the best values reported recently by Dukic et al. [22], who achieved 

RMS noise levels of 25 pm for OBD and 32 pm for piezoresistive readouts.  

Cantilever deflection noise density 

Characterisation of the deflection noise density (DND) of the cantilever [49] was performed 

in order to investigate noise sources for our AFM readout approach, as well as to measure the 

resonant frequency and the quality factor of the fabricated suspended cantilever. The 

measurement required acquisition of the frequency spectrum of the output optical signal 

transmitted through the LumiMEMS™ readout with the unactuated cantilever suspended 

above it. The cantilever vibration is stimulated by the ambient laboratory environment, and 

this measurement establishes the ultimate noise floor achievable by an AFM system utilizing 

our approach and operating in a common laboratory atmosphere.  
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Figure 8 presents the DND of the cantilever vibration as a function of frequency measured 

using LumiMEMS™, as well as for a simultaneous measurement performed using an 

external vibrometer. The DND was measured using a vector signal analyser (VSA) and 

recorded as the RMS voltage density spectrum averaged over 100 traces for all 

measurements. Measured values were converted to current density using the transimpedance 

amplifier current sensitivity of 10%& A/V, and finally to power density using the 

photodetector responsivity factor, ) = 1.0 A/W. The power density was then converted to 

deflection noise density using the measured LumiMEMS™ displacement sensitivity of 

,�/,� = 33 μW/μm, which is the initial slope of the response near zero deflection, as 

shown in Figure 5. 

Figure 8 indicates that Brownian motion dominates the measured frequency spectrum near 

the first resonant frequency of the cantilever, identified by the distinct peak near 45 kHz. 

 

Figure 8. Deflection noise density spectrum for cantilever vibration stimulated by 
laboratory ambient. The green trace shows Brownian motion signal measured using 
an optical vibrometer and the pink trace is for the LumiMEMS™ interferometric 
readout. The effective measurement noise shown by the blue trace is dominated by 
shot noise, and is composed of dark current noise, photodetector shot noise, 
transimpedance amplifier electronics noise and noise of the laser source. The 
effective measurement noise was acquired using an optical attenuator fitted in place 
of the silicon photonics chip and set to give the same optical power at the receiver. 
The solid black line shows the square root sum of the squares of the calculated 
spectrum of the Brownian motion signal and the shot noise. The shot noise was 
estimated based on measured input power to the photodetector, Pt = 3.7 µW. 
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Additionally, the second resonant frequency peak can be identified near 280 kHz in the 

LumiMEMS™ measurement. The Brownian motion of the cantilever, also known as 

thermomechanical motion, is not dependent on the readout technique and is a function of the 

cantilever design. Using the DND measurements presented in Figure 8, the first resonant 

frequency of the cantilever is determined to be ./ = 46 kHz with a quality factor 2 = 46, 

and the second resonant frequency to be .3 = 280 kHz. The second resonant peak is not 

visible in the vibrometer measured data in Figure 8 since it is below the noise floor for this 

instrument. The values obtained for the resonance centre frequency peak amplitude are in 

agreement for both LumiMEMS™ and vibrometer measurements. The vibrometer has a 

calibrated displacement sensitivity of 50 nm/V, which means that an output signal change of 

1 V represents a displacement of 50 nm. Since the resonance peak amplitudes as measured 

using LumiMEMS™ and the vibrometer are in agreement, the positive slope displacement 

sensitivity of our system measured in Figure 5 near cantilever zero deflection as ,�/,� =
33 μW/μm is validated, and that value was used for DND calculations. This independent 

validation of the measured transfer function parameters provides a high level of confidence in 

the LumiMEMS™ measured displacement sensitivity. 

Subsequently, the effective measurement noise was measured, which consists of all noise 

sources excluding the Brownian noise originating from the LumiMEMS™ probe. During this 

measurement, the LumiMEMS™ probe was replaced with a variable optical signal attenuator 

(JDS Fidel) and the attenuation was adjusted to achieve the same level of signal transmission 

as observed for the set-up including the LumiMEMS™ probe. The attenuation was set to a 

value of 34.3 dB, which represents the signal loss due to the input and output coupling 

between the optical fibre and silicon photonics chip, plus the signal loss resulting from the 

specific position of the cantilever. The obtained effective measurement noise signal is shown 

in Figure 8 by the blue trace, and it is noted that the level is indistinguishable from the 
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LumiMEMS™ measurement noise for frequencies well away from the resonant frequency 

peaks.  
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The average effective measurement noise was found to be approximately 565788 =
36 fm/√Hz (while 9788 = 1.2 pA/√Hz) as shown in Figure 8. This value can be compared to 

the theoretical noise values originating at various points of the measurement set-up, and 

estimated using manufacturer provided technical specifications summarised in Table 1. In the 

experimental measurement system, the primary noise sources are: (i) electronic noise of the 

transimpedance amplifier, and (ii) shot noise of the photodetector. The square root sum of the 

squared noise values gives the total calculated noise of the measurement system. The 

electronic noise of the transimpedance amplifier for the Stanford Research Systems SR570, is 

specified by the manufacturer for a current sensitivity of 10%& A/V as a noise current density 

of 97 = 2 pA/√Hz [50] giving a 5657 = 61 fm/√Hz, while for the Femto DLPCA-200 the 

noise current density was specified as 97 = 0.45 pA/√Hz [51], giving a 5657 = 14 fm/
√Hz. This noise level is only slightly higher than the Johnson noise level of the 

transimpedance amplifier, which is dominated at low frequencies by the transimpedance, 

;< = 100 kΩ. The RMS value of the Johnson noise current density for the given 

transimpedance was calculated using the following equation [52]  

Table 1. Noise values for the characterised LumiMEMS™ readout in configuration 
with two different transimpedance amplifiers compared to theoretical noise limits for 
the presented system configuration. The minimum detectable deflection (MDD) was 
calculated for a bandwidth of 87 kHz, which is the estimated signal bandwidth during 
AFM imaging. 

 
Measured 

noise 
(Figure 8) 

SR570  
(AFM imaging) 

DLPCA-200 
(noise char.) 

Theoretical limits 

Electronic noise 
(specified by manufacturer) 

Johnson 
noise 

Shot 
noise 

RSS of Shot 
and Johnson 

noise 
Current density 

[pA/√Hz] 1.2 2 0.45 0.41 1.1 1.17 

DND  
[fm/√Hz] 36 61 14 12 33 35 

MDD [pm]  
(BW = 87 

kHz)  
11 18 4.1 3.5 9.7 10 
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 9@A = 〈CDE〉
G∆8 = IJKLM

NO  (1) 

where PQ = 1.38 · 10%ST J/K is Boltzmann’s constant, W = 300 K is temperature, and ,. is 

the measurement noise bandwidth, giving a Johnson noise current density 9@A =
0.41 pA/√Hz, which gives 565@A = 12 fm/√Hz. The RMS value of the shot noise current 

density of the photodetector was calculated using the following equation [53] 

 9X = 〈CY〉
G∆8 = G2Z�< (2) 

where Z = 1.602 · 10%3[ C is electronic charge, �< = 3.7 μW is the optical power on the 

detector, ) = 1.0 A/W is detector responsivity, and ,. is the noise bandwidth. The shot noise 

current density was equal to 9X = 1.1 pA/√Hz, which results in 565X = 33 fm/√Hz. 

The measured value of effective measurement noise 565788 = 36 fm/√Hz, is 

approximately equal to the square root of the sum of the squares of the shot noise and 

electronic noise of the Femto DLPCA-200 amplifier used during this experiment. 

Consequently, we validate that these are the main contributing noise sources in our 

measurement presented in Figure 8. Since the value estimated for the shot noise (565X =
33 fm/√Hz) is significantly higher than the value of electronic noise (5657 = 14 fm/√Hz) 

and is almost at the same value as the observed effective measurement noise (565788 =
36 fm/√Hz), the LumiMEMS™ readout is essentially shot noise limited since the shot noise 

constitutes the major contribution to the overall measurement noise. It needs to be noted, that 

during the AFM measurements presented in this section, the Stanford Research Systems 

SR570 amplifier was used in place of the Femto DLPCA-200, thus limiting the noise 

performance to an electronic noise level near the estimated 5657 = 61 fm/√Hz, which 

gives an RMS noise of 18 pm over 87 kHz, close to the measured value of 19 pm. 
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The amplitude of the cantilever Brownian motion peak is found to be significantly greater 

than the level for shot noise and electrical noise sources. The frequency spectrum of the 

cantilever vibration near the first resonant frequency, ]�Q(.^, was calculated using the 

following equation [54], [55]: 

 ]�Q(.^ = I SKLM
_8̀ Ka  3

[3%(8/8̀ ^b]bc[8/(8̀ a^]b (3) 

where measured values for the resonant frequency, ./ = 46 kHz, quality factor, 2 = 46 and 

spring constant P = 1.2 N/m have been used. The black solid line in Figure 8 shows the 

square root of the sum of the squares of the calculated theoretical Brownian motion DND, 

]�Q(.^, and the shot noise DND (see Table 1). It is evident that the calculated result 

compares favourably with the Brownian motion signal measured using the LumiMEMS™ 

readout. 

The DND allows us to calculate the minimum detectable deflection (MDD) for our AFM 

probe. Using the average measured value of 565 = 36 fm/√Hz, an MDD value of 11 pm is 

calculated for the 87 kHz bandwidth used in the AFM imaging. This MDD value is 

significantly lower than the value for an optical readout reported by Noh et al. [56], where 

they achieved an MDD of 54 pm for a bandwidth of 250 Hz. The 565 =  36 fm/√Hz is the 

ultimate value demonstrated in this work for the LumiMEMS™ readout, and can be achieved 

using the set-up and apparatus of this work provided that Brownian motion noise is not 

significant, which can be realised via mechanical damping of the Brownian motion during 

contact mode imaging. 

The AFM images reported in this study have been limited by the noise floor of the Stanford 

Research Systems SR570 transimpedance amplifier (5657 = 61 fm/√Hz). The use of 

Femto DLPCA-200 transimpedance amplifier (5657 = 14 fm/√Hz) would have allowed us 
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to collect this AFM data with a noise floor of our shot noise limit (565X = 33 fm/√Hz) and 

result in greater than the demonstrated near two-fold increased noise level performance of 

LumiMEMS™ in comparison to OBD. Since our method is shot noise limited its noise floor 

is directly related to the intensity of the optical signal, and can be significantly improved by 

increasing input laser power or decreasing light coupling losses. Our optical signal losses can 

be reasonably expected to reduce from the current level of ~30 dB by more than 15 dB by 

investing in better apparatus and methods [41], [42], [57]. This would result, according to 

equation (2) in the reduction of our shot noise limited DND value to the level of single 

fm/√Hz for our input laser power of 10 mW, matching noise performance demonstrated by 

the approach used in [25]–[27]. However, this highly interesting approach, in comparison to 

our method is significantly more difficult to implement from the fabrication perspective since 

it utilises non-standard fabrication methods. Additionally, the tip dynamic range is limited by 

the extent of the evanescent field, requiring the gap between the probe and microdisk 

resonator to be ~200 nm. Such a small gap could potentially lead to difficulties during 

measurement. As demonstrated, our method compares favourably in this aspect by allowing 

the gap between cantilever and the interrogating grating to extend to several micrometres. 

Conclusions 

We have demonstrated an AFM probe using an integrated on-chip interferometric cantilever 

deflection readout, which is based on silicon photonics, and combines the ultimate sensitivity 

of an interferometric optical readout with on-chip miniaturisation. The realised AFM probe, 

being characterised by a deflection noise density (DND) of 36 fm/√Hz, surpasses the 

performance of present day optical beam deflection (OBD) and piezoelectric readouts. Such a 

technology outperforms other readouts in terms of higher resolution imaging with potentially 

higher imaging rates. The integrated nature of this interferometric approach, since the AFM 
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cantilever and readout are fabricated on the same chip, provides a system that requires no 

alignment of free-space optics. The presented LumiMEMS™ solution can potentially provide 

a cost-effective AFM readout solution without sacrificing measurement sensitivity, system 

miniaturisation or multiprobe array scalability. 

The noise characteristics of the demonstrated sensing probe module were determined to be 

dominated by photodetector shot noise for frequencies well away from the cantilever natural 

mechanical resonance, where Brownian motion noise was found to dominate. 

AFM images of reference samples have been presented using the developed probe, which 

demonstrated a significant reduction of the measured reference surface roughness compared 

to values obtained using a modern commercial AFM tool (Bruker Dimension ICON), 

achieving an AFM static image RMS noise floor of 19 pm. 
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