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Abstract: The stumbling block of employing Raman imaging in 
nanoscience and nanotechnology is the diffraction-limited spatial resolution. 
Several approaches have been employed to improve the spatial resolution, 
among which aperture and apertureless near-field Raman techniques are the 
most frequently used. In this letter, we report a new approach in doing near-
field Raman imaging with spatial resolution of about 80 nm, by trapping 
and scanning a polystyrene microsphere over the sample surface in water. 
We have used this technique to resolve PMOS transistors with SiGe source 
drain stressors with poly-Si gates, as well as gold nanopatterns with 
excellent reproducibility. 
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OCIS codes: (350.4855) Optical tweezers or optical manipulation; (170.5660) Raman 
spectroscopy; (170.5810) Scanning microscopy.  
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1. Introduction  

Raman spectroscopy measures molecular vibrations, which are determined by the structure 
and chemical bonding as well as the masses of the constituent atoms/ions. Raman spectra are 
unique in chemical and structural identifications. Conventional micro-Raman spectroscopy 
has a spatial resolution of about 500 nm, governed by the diffraction limit. To extend Raman 
imaging to the study of nano-materials, extensive efforts have been made to reduce the laser 
spot size below the diffraction limit by using scanning near-field optical microscopy (SNOM), 
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which can be broadly divided into two approaches, laser delivered through an aperture [1–3] 
and tip-enhanced (apertureless) [4-6] near-field techniques. 

Conventional near-field scanning Raman microscopy is based on the principle of aperture 
SNOM: an optical fiber with a small aperture (50 – 100 nm) is used to deliver the laser light 
and the fiber is kept at a close distance (~tens of nanometer) above the sample surface [7-10]. 
However the technique has been plagued by the very low throughput of the laser through 
metal-coated optical fibers (typically 100 nW) and the intrinsic weakness of the Raman 
scattering. A Raman mapping of modest S/N ratio takes very long time (e.g. ~10 hours). This 
approach has been largely abandoned for Raman imaging by researchers now. An alternative 
approach is to use apertureless technique, also known as tip-enhanced Raman scattering 
(TERS), in which laser spot focused on the tip apex creates a strongly confined optical field 
[11-14]. TERS is the preferred choice for performing near-field Raman scattering and 10 nm 
spatial resolution has been achieved [15]. However, TERS also has its severe limitations. The 
success of TERS experiments depends on the reproducibility of fabricating a “hot” tip, where 
strongly enhanced electromagnetic field can be excited on the apex of the tip. The 
reproducibility of this “hot” tip is still poor, due to the mismatch between the frequency of the 
excitation laser and the resonance frequency of the tip [16]. Due to the diffraction limit, the 
laser spot focused on the tip apex also causes an intense background (far-field signal) that 
should be eliminated to achieve better S/N ratio [17]. TERS also faces wear-tear and oxidation 
problems. These shortcomings must be overcome for TERS to be used for large-scale 
applications in nano-science and nano-technology. Recently, in order to improve the near-
field Raman signal, the polarization effects have been studied to minimize the far-field signal 
in TERS from Si-based sample [18-20].  Another promising approach in controlling the 
geometry of the tip is by using nanowire. Si nanowire with gold cap was shown to be a good 
candidate to achieve controllable and reproducible “hot” tip for successful TERS experiments 
[21,22]. 

We have developed a new approach, which we believe is a disruptive approach to near-
field Raman microscopy. In this method, the laser is focused to a spot smaller than diffraction 
limit by a dielectric microsphere. Besides being used as the excitation source for Raman 
spectroscopy, the incident laser beam is also used to hold the microsphere just above the 
sample surface, through the well-known optical tweezers mechanism [23,24]. Simulation 
studies on optical nanojet based on plane wave incident light have shown that sub-diffraction 
limited focusing can be achieved when the diameter of the dielectric microsphere is 
comparable to the wavelength of laser [25,26]. Optical tweezers controlled 10 μm solid 
immersion lens (SIL) was used by A. L. Birkbeck et al. to perform optical microscopy on 
chrome grating [27]. Here we show the capability of trapping a dielectric microsphere to 
achieve high-resolution Raman imaging. This technique has many advantages over the 
previous near-field techniques. The Raman signal collected with microsphere using our 
technique is always much stronger than that without microsphere, by 2-7 times depending on 
the diameter of microsphere used [28]. This is a critical advantage over the aperture near-field 
technique. As the laser light is focused on the sample through the microsphere, there is no far-
field signal in our setup, which has been one of the limitations in TERS. There is also no 
requirement to use a metal or metal-coated probe, e.g. metal-coated AFM tip, to perform the 
experiment. The strong near-field Raman signal and the simplicity in carrying out the 
experiment make this technique attractive, easy and fast. The reproducibility is also excellent, 
close to the 100% level. We also show that this technique can also work on different types of 
samples. 
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2. Experimental 

 
Fig. 1. (a). Schematic diagram of the near-field Raman microscope with microsphere. (b) 
Detailed description of the sample cell: (1) water immersion lens (60X NA=1.2 WATER 
IMMERSION), (2) water, (3) focused laser, (4) cover glass, (5) polystyrene microsphere (3 
mm), (6) sample, and (7) sample cell. (c) Typical Si-Si Raman intensity vs position with the 
best fit to equation 1 to determine the laser spot size. The spot size of the beam - the full width 
at half maximum (FWHM), was calculated to be 78 nm. Inset shows the integrated G-band 
intensity vs position of a 2-layer graphene sheet. The calculated spot size is 84 nm. 

The near-field Raman microscopy setup with polystyrene microsphere is based on the 
WITec CRM200 confocal Raman microscopy system (25 μm pinhole) with OLYMPUS 
microscope objective (60X NA=1.2 WATER IMMERSION), as shown in Fig. 1(a). A 
double-frequency Nd:YAG laser (532 nm, CNI Laser) is used as the excitation laser. The laser 
is coupled into a 3.5 μm-core diameter single mode fiber. The linearly polarized Gaussian 
beam (TEM00) used to excite the Raman signal is also used to trap the microsphere. A linear 
attenuator was used to reduce the laser power on the sample, which was about 3 mW. The 
laser beam is incident on the sample through the microsphere. Sample is placed in a sample 
cell with diluted polystyrene microspheres (diameter = 3 μm) in de-ionized water. One 
microsphere was trapped at the center of the laser beam laterally by the gradient force arising 
from the gradient in light intensity, and was pushed down by the scattering force to the sample 
surface24; hence the microsphere was in contact with the surface of the sample during 
scanning. The sample cell is put on a translation stage, which can be moved coarsely along x- 
and y-axes. It also can be finely moved with a piezostage. The piezostage has 100 μm of travel 
distance along x- and y-directions and 20 μm in the z-direction. The Raman scattered light was 
directed to either 1800 grooves/mm or 600 grooves/mm grating and detected using a TE-
cooled charge-coupled-device (CCD) cooled to -64 oC. The spectral resolution is 1 cm-1, read 
directly from the spectrometer and after curve fitting the spectral difference of 0.02 cm-1 can 
be resolved. The stage movement and data acquisition were controlled using ScanCtrl 
Spectroscopy Plus software from WITec GmbH, Germany. Fitting of single spectrum was 
done using Renishaw WiRE2.0 software. Data analysis for Raman images was done using 
WITec Project software. Polystyrene microspheres were purchased from Polysciences, Inc. 
Scanning electron micrographs were taken with Field Emission SEM (JEOL JSM-6700F), set 
to 10 keV. 

3. Results and discussion 

The laser spot size of our near-field Raman technique was determined by using a scanning-
edge method [29]. Before scanning, real-time observation of the peak intensity was done to 
ensure the focus was on the sample surface. The trapped microsphere was scanned across 
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Si/SiO2 structure with 10 nm step size and the Si intensity spectrum (Fig. 1(c)) was fitted with 
the Eq. (1), 

I(x) = P
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1− erf
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where P is the total power contained in the laser beam, x is the position of the scanning edge, 
x0 is the center of the beam and w is the 1/e2 half-width. The spot size of the beam - the full 
width at half maximum (FWHM), was calculated to be 78 nm from the following relationship, 

FWHM = 2ln2w . Note that there is a sudden increase of Si intensity at the edge of the 
trench. This can be attributed to a change in polarization of the light in the focal volume, 
which may be induced by inhomogeneities of the surface, changing the Raman selection rules 
as pointed as in the experiments done by E. Bonera et al [30,31]. To eliminate the uncertainty 
caused by the edge effect, we have also scanned the edge of a very thin 2-layer graphene sheet 
on SiO2/Si substrate and the spot size was 84 nm (inset of Fig. 1(c)). Our experimental spot 
size is smaller than the simulation results (120 nm) based on plane wave incident light [28]. 
This may be due to the tight focus light and also the interaction of the light with the substrate. 
At this point, simulation studies are still being carried out to further understand the 
mechanism of this approach. 

In this paper, we focus on the study of PMOS transistors with SiGe source drain stressors 
and poly-Si gate. The patterned wafers used in this study were prepared using 65 nm device 
technology. After spacer formation and Si recess etch, the wafers were cleaned and the 
epitaxial SiGe growth was performed on a commercially available low-pressure chemical 
vapor deposition (LPCVD) system. We also show the capability of our technique in studying 
the strain on the channel below the poly-Si gates, which is compressively strained by the SiGe 
stressors. 

Straining the silicon can suppress the inter-valley scattering and reduce the effective 
carrier mass. Hence, it results in an improvement of the effective carrier mobility in the Si 
channel. Semiconductor industry has used mechanical strain as an alternative to physical 
scaling in improving the transistor performance [32]. Appropriate strain applied to the channel 
region can significantly improve transistor performance. However, in complementary metal-
oxide-semiconductor (CMOS) transistor, n-MOS and p-MOS need to be strained differently. 
The compressive strain is known to be beneficial for p-MOS and the tensile strain is known to 
improve the n-MOS performance [33,34]. That is why a technique to characterize strain with 
sub-100 nm resolution reliably is high in demand.  

Micro-Raman spectroscopy has been a popular tool for strain measurements because it is 
non-destructive and quantitative [35-37]. Compressive strain shifts the Raman peak to higher 
frequency, while the tensile strain result in a red shift [38]. However, the spatial resolution of 
micro-Raman makes it impossible to be used for strain characterization in sub-100 nm 
semiconductor devices. Converging beam electron diffraction (CBED) in transmission 
electron microscopy (TEM) can be used to characterize the strain with nanometer-scale 
resolution [39,40]. But destructive and complicated sample preparations (which may alter the 
original strain field) have made this technique undesirable for large-scale strain 
characterization. Hence, reliable non-destructive quantitative assessment of strain in 
nanometer scale is critical. However, there is no such characterization technique available in 
the market. Here we show the strain measurement on the 65 nm device lines with much 
improved repeatability and excellent S/N ratio. 
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Fig. 2. The Raman spectra from (a) SiGe and (b) poly-Si lines with fitted peaks using 
Lorentzian function. In spectrum a, the Raman peak at 510.4 cm-1 corresponds to Si-Si phonon 
vibrations from SiGe, while the peaks at 518.9 and 520.6 cm-1 belong to tensile-strained Si just 
below the SiGe and the bulk Si substrate, respectively. In spectrum b, the Raman peaks at 
516.3, 520.6 and 522.1 cm-1 correspond to Si-Si phonon vibrations of poly-Si, bulk Si substrate 
and compressively strained Si in the channel region, respectively. (c) Scanning Electron 
micrograph with cross-section view diagram of periodic poly-Si lines and SiGe stressors. Line-
scan of Raman Si-Si intensity from SiGe is shown in yellow color, and the Si-Si peak position 
from the bulk Si is in purple color. The line scans show excellent correspondence with the 
structure. 

Figures 2(a) and 2(b) show the Raman spectra recorded in the SiGe line region and on top 
of the poly-Si line, respectively. Each spectrum was fitted with three Lorentzian peaks. In Fig. 
2(a), the Raman peaks from SiGe line correspond to Si-Si phonon vibrations from the SiGe 
(510.4 cm-1), tensile-strained Si just below the SiGe (518.9 cm-1), and the Si substrate below 
(520.6 cm-1), respectively. Similarly, in Fig. 2(b), the Raman peaks correspond to Si-Si 
phonon vibrations of poly-Si (516.3 cm-1) and bulk Si below (520.6 cm-1), and another one is 
from compressively strained Si in the channel region (522.1 cm-1).  

Figure 2(c) shows the SEM image of the device sample together with the detailed 
illustration diagram of the device structure. From Fig. 2(c) we can see the line profile of the 
integrated intensity of Si-Si phonon vibrations from the SiGe (yellow color), and the Si-Si 
peak position from the bulk Si (purple color). The results show excellent correspondence with 
the device structure with good S/N ratio. The line profile data (intensity and peak positions) 
are extracted from an area Raman mapping of 4.0x1.3 μm2 (100x32 points) shown in Fig. 
3(c), which took about six minutes to complete. 
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Fig. 3. (a) and (b) are 4.0x1.3 μm2 near-field and confocal Raman images of the periodic poly-
Si lines and SiGe stressors obtained in about six minutes, respectively, generated from the Si-Si 
peak intensity from SiGe. (c) 3D near-field Raman image from Si-Si peak position showing the 
relative strain at different regions. 

Figures 3(a) shows the Raman image from the intensity of Si-Si phonon vibrations from 
the SiGe of the structure shown in Fig. 2(c). For comparison, Fig. 3(b) shows the image from 
confocal Raman setup (far-field imaging). It is clear that our near-field technique can resolve 
the periodic lines with excellent repeatability, but far-field technique cannot resolve the lines. 
The 3D near-field Raman image from Si-Si peak position at Fig. 3(c) was constructed from 
Gaussian fitting of the Si-Si phonon vibration. From this image we can study the higher 
compressive strain regions, which are under the poly-Si lines and compressively strained by 
the SiGe stressors. The fact that it took only about six minutes to carry out the mapping means 
high-resolution Raman imaging using our technique can be performed in reasonable time. 

We have also performed Raman mapping on gold nanopatterns. Gold nanopatterns were 
fabricated on silicon substrate. Polystyrene microspheres of diameter 0.5 μm were purchased 
from Polysciences, Inc. The colloids were used as received and mixed with high purity de-
ionized water to a density of approximately 1010 beads/ml. 20 μl of this solution were drop-
coated on Si substrate. The polystyrene microspheres will self-assemble to form monolayer 
after drying. Gold thin film with a thickness of ~100 nm was deposited onto the Si substrate 
by using DC magnetron sputtering. The sample was sonicated for one minute in chloroform to 
remove the polystyrene microspheres. The sample was then annealed in Argon ambient at 400 
0C for 30 minutes. The size of the gold nanopatterns is ~100 nm. 
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Fig. 4. (a) and (b) are 5.0x5.0 μm2 near-field and confocal Raman images of the gold 
nanopatterns, respectively, generated using Si Raman peak intensity from the substrate. The 
white dots illustrate the gold nanopatterns on the substrate. Inset shows the SEM image of the 
gold nanopatterns with the size of the nanopatterns is ~100 nm. 

Figures 4(a) and 4(b) show the 5.0x5.0 μm2 (100x100 points) near-field and confocal 
Raman images of gold nanopatterns, respectively. Figure 4(a) shows the Raman image from 
the Si-Si peak intensity. Darker regions correspond to the gold nanopatterns. It can be clearly 
seen that the gold nanopatterns with the size of ~100 nm can be clearly resolved using our 
technique. The near-field Raman image corresponds well to the electron micrograph as shown 
in the inset of Fig. 4(a). The confocal Raman image of the gold nanopatterns shows no details 
of the patterns, as shown in Fig. 4(b). This proves the capability of our technique to various 
samples. Besides this, the spatial resolution can be improved further by reducing the 
Brownian motion of the microsphere in the solution, e.g. in sugar solution. We have achieved 
a spatial resolution (FWHM) of 48 nm by scanning the microsphere in 10% sugar solution (by 
weight). Adding too much sugar makes the solution too viscous and scanning becomes 
difficult. Smaller sizes of PS microspheres (0.5 μm and 1 μm) have also been used. However, 
the small dimension and Brownian motion have made the trapping difficult. 

It is also important to note that the peaks from PS microsphere are not a big concern. For 
the study of Si device, the peaks from Si and PS are not at the same positions and the peaks 
from PS are generally weaker. However, this technique is not limited to the use of PS 
microsphere. Different types of dielectric microsphere can be used, e.g. SiO2, TiO2, ZrO2 and 
so on. SiO2 microsphere has the advantage of not giving any Raman peak. Besides this, higher 
resolution can even be achieved with the use of higher refractive index dielectric microsphere. 

4. Conclusion 

In conclusion, we report a new design in performing high-resolution near-field Raman 
imaging. High-resolution Raman image of PMOS transistors with SiGe source drain stressors 
was obtained by scanning a 3 μm diameter polystyrene microsphere using optical tweezers 
mechanism. The microsphere is used to focus the excitation laser, and also to collect the 
scattered Raman signal. The major advantages of this technique are non-destructive, high 
reproducibility (almost 100%), fast (strong signal), no far-field background, and easy to use 
compared to other near-field Raman techniques, e.g aperture and apertureless methods. We 
also showed the capability of this technique in studying the strain on sub-100 nm 
semiconductor device, in which Si channel is compressively strained by SiGe stressors. 
Besides on the device sample, high-resolution Raman imaging was also performed on gold 
nanopatterns on Si substrates. Although spatial resolution of this method (80 nm) is far from 
what has been achieved by TERS (10 nm), the spatial resolution can be improved further by 
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reducing the Brownian motion of the microsphere, e.g. by scanning the microsphere in sugar 
solution. Preliminary result has shown resolution of 48 nm can be achieved. Microsphere with 
higher refractive index, e.g. TiO2, ZrO2 microspheres also can be used to achieve better 
resolution. The simplicity and reproducibility of this approach to achieve high resolution 
Raman imaging will make it attractive to be used for large-scale applications in nano-science 
and nano-technology. 
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