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ABSTRACT: Far-field super-resolution optical microscopies have achieved incred-
ible success in life science for visualization of vital nanostructures organized in single
cells. However, such resolution power has been much less extended to material
science for inspection of human-made ultrafine nanostructures, simply because the
current super-resolution optical microscopies modalities are rarely applicable to
nonfluorescent samples or unlabeled systems. Here, we report an antiphase
demodulation pump−probe (DPP) super-resolution microscope for direct optical
inspection of integrated circuits (ICs) with a lateral resolution down to 60 nm.
Because of the strong pump−probe (PP) signal from copper, we performed label-free
super-resolution imaging of multilayered copper interconnects on a small central
processing unit (CPU) chip. The label-free super-resolution DPP optical microscopy opens possibilities for easy, fast, and large-scale
electronic inspection in the whole pipeline chain for designing and manufacturing ICs.
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■ INTRODUCTION

Semiconductor fabrication has managed to integrate a striking
density of nanowires and transistors on a small central
processing unit (CPU) chip,1,2 and the smallest human-made
features in CPU quickly reached a nanoscale size inaccessible for
inspection by any type of optical microscope. Thus, some
expensive tools, such as scanning electron microscopy (SEM),
transmission electron microscopy (TEM), and atomic force
microscopy (AFM) are routinely implemented, but they are
only suited to surface examination of ultrathin samples extracted
from a very small part of the entire IC chip. Therefore, the
imaging processes have become laborious because of the
requirements of a vacuum and time-consuming sample
preparation. Current breakthroughs on ptychographic X-ray
computed tomography (PXCT)3 and ptychographic X-ray
laminography (PyXL)4 have successfully achieved nondestruc-
tive three-dimensional (3D) imaging of IC chips with a spatial
resolution down to 14.6 nm over a large size. However, such an
imaging instrument relies on an enormous synchrotron
radiation source to supply coherent X-rays, which is usually
not accessible for broader applications. Furthermore, the super-
resolution optical microscopes have achieved incredible success
in revealing nanoarchitectures in single cells.5−14 However, the
human-made semiconductor nanostructures in IC chips have
hardly been imaged or characterized by super-resolution optical
microscopes because of their inapplicability for fluorescence
labeling. Label-free and far-field optical super-resolution nano-
scopy was thought to provide tremendous opportunities for
direct and easy IC visualization and inspection, and it has also

been theoretically and experimentally pursued by various
methods in Raman,15,16 coherent anti-Stokes Raman scattering
(CARS),17−19 stimulated Raman scattering (SRS),20−26 and
pump−probe (PP)27−29 microscopes. Pump−probe micro-
scopes have demonstrated super-resolution imaging of graphene
by applying excessive laser power or higher photon energy in the
donut beam to saturate the signal therein.28,30 Although the
pump−probe signal was also observed in copper,31 the
saturation is not applicable to copper wires in ICs. A higher-
order CARS microscope has realized super-resolution vibra-
tional imaging of a biological sample.19 However, CARS could
not obtain contrast from copper and other metal materials.
We herein report the antiphase demodulation pump−probe

(DPP) microscope and demonstrate direct super-resolution
imaging of multilayered copper interconnects in CPU with a
lateral resolution down to 60 nm. The copper interconnections
exhibit a strong PP response to the intensity modulation of the
pump laser. To achieve super-resolution imaging of interweaved
copper wires, we impress an additional pump laser in donut
shape with antiphase modulation and thus form a modulated
subdiffraction-limit focus center (SFC) in the laser focus. We
prove the concept by imaging the single-walled carbon nanotube
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(SWCNT) and boundary artifacts on monolayer graphene. On
optical characterization of the CPU chip, we perform super-
resolution imaging of the copper interconnects, revealing the
fine metal structures with a width of 78 nm. Furthermore, the
cross-sectional image depicts the complex metal connections in
the CPU from M10 layer down to M1 with details. This in situ
label-free super-resolution nanoscopy with specificity of copper
provides an optical alternative IC chip inspection.

■ RESULTS AND DISCUSSION
To achieve ultrahigh sensitivity, laser modulation accompanied
by a lock-in amplifier is routinely adopted in the PP microscope.
Here, in our concept of DPP super-resolution microscope,
counter-phase demodulation is applied in a donut-ring area of
the laser focus to achieve a 60 nm imaging resolution. Figure 1a
depicts the schematic of the system. After incidence of a 1040
nm femtosecond laser, an acousto-optic modulator (AOM)
generated zeroth and first-order diffraction laser beams with
automatic counter-phase intensity modulation. Further, two
beta-barium-borate (BBO) crystals doubled the frequencies of
both beams, and thus, their wavelengths can be reduced in half
to 520 nm (pump laser, antiphase modulation laser). To provide
independent pulse matching with the probe laser, two time-
delay lines were equipped for each of them. To ensure excellent
Gaussian beam output and pointing stability, we coupled both
lasers into two 0.3-m-long polarization-maintaining single-mode
(PM-SM) optical fibers, which not only served as spatial filters

but also chirped the femtosecond laser pulses to picosecond
pulses. Particularly, one of the collimated 520 nm laser passed
through a 2π vortex phase plate (VPP), which converted the
Gaussian laser beam to donut shape (Figure 1b). After spatial
and temporal combination, the intensity modulation was
canceled out in the donut-shaped area and was preserved only
in the center of the laser beam. Meanwhile, a 900 nm
femtosecond laser was frequency doubled to 450 nm and
spatially filtered to serve as the probe laser. The three laser
beams were combined and delivered into the microscope by an
X−Y scanning galvanometer. A high N.A. objective focused the
lasers to the sample with diffraction-limited spot. At the laser
focus, the probe laser (indicated in purple in Figure 1c) only
responded to the modulation in the very center of the Gaussian
beam in the presence of the copper materials and thus allowed
subdiffraction-limited super-resolution imaging (see detailed
scheme in Supplementary Figure 1).
To experimentally validate the concept and measure the

actual spatial resolution of the system, we performed DPP
imaging of the single-walled carbon nanotube (SWCNT) and
monolayer graphene. The SWCNT is well suited for resolution
characterization because a typical SWCNT is about 1−2 nm in
diameter and possesses strong PP signal. In Figure 2a,b, we
directly compared the PP and DPP images of the SWCNT. DPP
allowed significant improvement in lateral resolution, and the
full width at half-maximum (fwhm) of the SWCNT was
measured to be 60.9 nm (Figure 2c). As shown in Figure 2d,e,

Figure 1. Schematic of DPP microscopy. (a) Experimental schematic of the DPP system. AOM: acousto-optic modulator; VPP: vortex phase plate;
QWP: quarter-wave plate; PM-SMF: polarization-maintain single-mode fiber; DM: dichroicmirror; BS: beam splitter; SU: scanning unit; SL: scanning
lens; TL: tube lens; OB: objective; OC: oil condenser; BF: bandpass filter; PD: photodiode; ref. in frequency reference from the function generator;
DAQ: data acquisition; (b) Phase diagram in VPP andmeasured donut-shape PSF of the antiphasemodulation laser (80 nm gold bead was used). Scale
bar, 200 nm. (c) The principle of DPP system. Pump (green), probe (purple), and donut-shaped antiphase modulation lasers are combined and
focused on the sample. The probe laser only responds to the modulation in the very center of the Gaussian beam because of the antiphase
demodulation in the donut region.
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Figure 2. Super-resolution imaging of SWCNTs and graphene. (a,b) PP andDPP images of SWCNTs. Scale bars, 1 μm. Insets are the zoom-in images.
Scale bars, 200 nm. (c) Measured intensity profiles of the selected two SWCNTs in (a,b). (d,e) PP and DPP images of the graphene. Scale bars, 5 μm.
Zoom-in images are presented in the insets. Scale bars, 1 μm. (f) Measured intensity profiles of the selected pattern in (d,e).

Figure 3. Super-resolution imaging of the M2 layer of a CPU chip. (a,b) SEM and DPP images of the metal layer M2. Scale bars, 1 μm. Note: (a) and
(b) compare similar patterns from different locations. (c) PP spectrum obtained from copper wires. (d,e) Zoom-in images corresponding to the boxed
regions in (a,b). Scale bars, 200 nm. (f) Measured intensity profile of the selected copper wire indicated by the dashed line in (e).
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we further performed super-resolution DPP imaging of
nanowrinkles, which are typical artifacts with tens of nm size
in monolayer graphene. In contrast to the PP image, the super-
resolution DPP image resolved many fine features of these
nanowrinkles. In Figure 2f, we plotted and compared the
intensity profile of one nanowrinkle as indicated in the boxed
area. Additionally, the DPP image displayed the size of the
nanowrinkle to be 61.5 nm in fwhm. Because the measured
widths of the SWCNT and nanowrinkle are the convolution of
the effective point spread function (PSF) of the DPP imaging
system and the real size of the SWCNT or nanowrinkle, we
evaluated the lateral resolution of our DPP imaging system to be
∼60 nm by the measured PSF. Although DPP allows
discrimination of very fine features in the sample, weak features
become difficult for imaging because of the suppressed signal-to-
noise ratio (SNR). As shown in Supplementary Figure 2, the
DPP image of the line features with a strong signal present
enhanced resolution and maintained good SNR (indicated by
the yellow line). However, for weak features appearing in the PP
image, the SNR will be significantly suppressed in the super-
resolution DPP image.
In semiconductor manufacturing, the engineered multilayer

metal interconnection ensures the communications of all
electrical components. The copper wires as nanointerconnec-
tors are fundamental to IC chips because of their superior
conductivity and low electrical noise. To demonstrate the
practical application of the DPP system, we applied it to image
nanowires in the commercially available chip, an Intel Core
Q8200 processor manufactured with 45 nm technology. The IC
was initially prepared by mechanical delayering to the M2 metal
layer before imaging. Figure 3 compares the images of the M2
layer obtained by SEM and DPP microscopes. Although SEM
provides a higher image quality in Figure 3a, the DPP imaging
system not only provides comparable high spatial resolution
(Figure 3b) but also measures the time-resolved PP spectrum of

copper with femtosecond temporal resolution (Figure 3c). From
the zoomed-in view, SEM determined the fwhm of the indicated
metal wires to be ∼78 nm (Figure 3d). In a similar region, DPP
measured the fwhm of the metal wire (Figure 3e) to be 83.1 nm
(Figure 3f). Given that the PSF of the DPP system is 60 nm, the
optically measured width of the metal wire is consistent with the
theoretical prediction (see detailed simulation in Supplementary
Figure 3a−d).
Because of the limited space in the chip, metal wires play a

vital role in distributing signals, power, and ground vertically.
Figure 4a,b compare the cross-sectional images of 10-layer metal
interconnects obtained by SEM and DPP. We can clearly
identify the tungsten layer on the bottom (M1) and the copper
layers on the top (M2−M10). An interlayer dielectric (ILD)
functions to electrically separate closely spaced interconnect
lines arranged in the different levels. Meanwhile, the vias aid in
establishing connections of adjacent copper layers vertically (see
detailed data in Supplementary Figure 4a−d). The metal
interconnects in the upper layers (M4−M10) possess wider and
thicker metal wires to enhance the electrical conductivity and
reduce power dissipation. Particularly, the wires in layers from
M1−M3 have a size of only about a hundred nanometers, which
are indistinguishable for typical optical microscopes. In zoomed-
in images shown in Figure 4c,d, we confirmed that the optical
DPP can resolve the M1−M3 layers with as much detail as that
obtained by SEM. We plot the intensity profile of the indicated
via in Figure 4d, and the measured size of it is 88.1 nm in fwhm
(Figure 4e). In addition, the DPP super-resolution imaging
naturally possesses the capability of optical sectioning attributed
to the nonlinear effect. In Supplementary Figure 5a,b, we
performed 3D DPP imaging of multiple metal interconnects.
Meanwhile, this super-resolution concept can be extended to
other imaging methods, such as SRS imaging. As shown in
Supplementary Figure 6a, we performed SRS imaging of the
optical resist by detecting intrinsic carbon−hydrogen (CH)

Figure 4. Cross-sectional images of CPU obtained by SEM and DPP. (a,b) Both SEM and DPP images feature the 10 layers of metal interconnects in
CPU. Scale bars, 2 μm. (c,d) Zoomed-in images of the indicated part in (a,b), depicting the same degree of accuracy. Scale bars, 500 nm. (e)Measured
intensity profile of the selected via in (d).
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vibrations at 2800−3050 cm−1. The intensity profile of the
indicated pattern is presented in Supplementary Figure 6b. The
width of the pattern was measured to be 61.7 nm, which is
beyond the diffraction limit of the traditional SRS microscope.

■ SUMMARY

In summary, we have demonstrated the unique potential of DPP
microscopy with a spatial resolution of ∼60 nm and super-
resolution label-free imaging of SWCNT, graphene, and copper
wire interconnections in IC chips. The DPP optical microscopy
opens possibilities for easy, fast, and large-scale electronic
inspection in the entire pipeline chain of ICs’ design,
manufacture, and handling defects. Although SEM provides
higher imaging resolution, DPP not only provides comparable
imaging quality but also enables fast accessibility for broader
applications. In particular, the concept of DPP can be extended
to SRS microscopy, CARS microscopy, and other fluorescence
imaging modalities for significant spatial resolution improve-
ment.

■ MATERIALS AND METHODS

DPPMicroscope.We employed a dual-output femtosecond
laser system (InSight DeepSee, Spectra-Physics, Newport) to
provide two phase-locked femtosecond lasers with a repetition
rate at 80 MHz. The 220 fs output laser at wavelength of 1040
nm was modulated by an acousto-optical modulator (AOM,
1205C-1, Isomet) at 2.3 MHz. The zero-order and first-order
diffraction beams automatically possessed opposite modulation
phase. To generate shorter laser wavelengths for DPP imaging,
we implemented two BBO crystals (4 × 4 × 0.8 mm, SHG@
1040 nm, UnionOptic) to double the frequency of two 1040 nm
laser to 520 nm. Similarly, a 100 fs laser at 900 nmwas frequency
doubled by a BBO crystal (4 × 4 × 0.6 mm, SHG@750−1100
nm, Castech) to 450 nm laser, which served as a probe beam.
Two time-delay lines were applied to obtain time-resolved PP
spectra. To ensure the three lasers in single mode, we coupled
them into three 0.3-m-long optical fibers (PM-S405-XP,
Nufern). The demodulation beam passed through the VPP to
engineer phase change from 0 to 2π, leading to a doughnut
profile. After the pump and probe lasers were spatially
overlapped by a dichroic mirror (ZT491dcsp, Chroma
Technology) and a 50:50 beam splitter, all lasers were further
collinearly delivered into a home-built inverted microscope
equipped with a two-axis galvanometer (GVS002, Thorlabs).
For super-resolution imaging, we used a high N.A. objective
(N.A. 1.49, UAPON 100XOTIRF, Olympus) in all experiments.
An objective scanner (P-725.4CD, Physik Instrumente) was
installed for 3D imaging. After transmission through the sample,
the probe laser was collected by a high N.A. oil condenser (N.A.
1.4, U-AAC, Olympus) and detected by a Si PIN photodiode
(S3994-01, Hamamatsu), which is equipped with a 2.3 MHz
resonant amplifier. To block the modulated 520 nm laser, two
high-quality bandpass filters (ET450/40M/2P, Chroma Tech-
nology) were installed in front of the detector. To demodulate
the DPP signal, we implemented a high-speed lock-in amplifier
(HF2LI, Zurich Instruments) for sensitive heterodyne detec-
tion. All imaging signals were acquired by a 1.25 MHz
acquisition card (PCI 6251 NI, National Instrument).
In this scheme, an acousto-optic modulator (AOM) plays the

key role to generate pump 0′ and pump 1′ lasers with opposite
on off states. As the driving radio frequency to the AOM is on
(RF ON), ∼ 90% of input laser power will shift to the first order

diffraction beam (pump 1′ in the following Supplementary
Figure 1). While the RF is turned off (RF OFF), all laser power
will return to the zero order of the AOM (pump 0′). Thus, the
laser powers of pump 1′ and pump 0′ are always in opposite on/
off states depending on the RF power (on or off). The laser
power can be balanced and tuned independently by additional
wave plates and PBSs. If we turn on/off the RF power at
frequency about 2.3 MHz, the pump 0′ and pump 1′ can be
modulated in laser intensity but with opposite modulation
phase. It means that the intensity modulation will be completely
canceled out as the pump 0′ and pump 1′ lasers are spatially
overlapped. In our DPP scheme, we intentionally convert the
pump 0′ (Gaussian spot) to donut shape by a VPP, and we
combined pump 0′ and pump 1′ beams collinearly. Thus, the
modulation is canceled out in the donut region and maintained
in the center of the laser beam. Therefore, during DPP imaging,
we can implement a lock-in amplifier to extract the pump−probe
signal responded only at the very center of the probe beam focus
and achieve pump−probe imaging of graphene with lateral
resolution beyond the diffraction limit.
As the input laser is linearly polarized, the output donut laser

focus will become elongated along the polarization direction
(see simulation in Supplementary Figure 7).32 To obtain a
symmetric donut shape around the focal point, a quarter
waveplate is used to convert linear polarization to circular
polarization.

Laser Settings and Data Acquisition. Laser powers were
measured at the place between the scan lens and tube lens for all
experiments. For SWCNT imaging in Figure 2a,b, the pump,
probe and demodulation lasers were set at 450 nm (1 mW) and
520 nm (0.5, 1 mW), respectively. The field of view was 10 × 10
μm2 with 1000 × 1000 pixels, and the dwell time was 20 μs/
pixel. As shown in Figure 2d,e, the field of view in graphene
images was 26.5× 26.5 μm2 with 1000 × 1000 pixels, and the
dwell time was 15 μs/pixel. ForM2metal layer imaging in Figure
3b, the pump, probe and demodulation lasers were set at 450 nm
(3 mW) and 520 nm (1, 3 mW), respectively. The field of view
was 5 × 5 μm2 with 500 × 500 pixels, and the dwell time was 15
μs/pixel. For the cross-section of metal interconnect layers
imaging in Figure 4b and Supplementary Figure 4b,d, the pump,
probe and demodulation lasers were set at 450 nm (1.4 mW)
and 520 nm (1, 1.3 mW), respectively. The field of view was 16
× 28 μm2with 1450× 2500 pixels, and the dwell time was 40 μs/
pixel. SEM imaging was at 7.00 kV in Figure 3a, 4a, and
Supplementary Figure 4a. For 3D reconstruction images in
Supplementary Figure 5a,b, the field of view was 20 × 20 μm2

with 2000× 2000 pixels, and the dwell time was 30 μs/pixel. For
optical resist image in Supplementary Figure 6a, the field of view
was 15 × 15 μm2 with 750 × 750 pixels, and the dwell time was
15 μs/pixel.

Samples Preparation for DPP Imaging. SWCNT.
SWCNT (internal diameter 1−2 nm, XFNANO Materials
Technology Co.,Ltd.) and excess sodium dodecyl sulfate (SDS)
were dispersed in ethyl alcohol. An ultrasonic pulverizer was
used to crush the dispersion for 30 min, and then it was
sonicated for 1 h. The suspension was taken after centrifugation
at 3000 rpm. The solution of SWCNT was sonicated for 30 min
to obtain a homogeneous solution, followed by a 1:1000 dilution
with ethyl alcohol.

Graphene. A monolayer graphene sheet (Hefei Vigon Co.,
Ltd.) grown by chemical vapor deposition (CVD) was
transferred onto the silicon waveguide by the wet-transferring
method. The graphene film with polymer (poly(methyl
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methacrylate), PMMA) on the top and copper foil on the
bottom was floated on the etchant with 10 g of copper sulfate
pentahydrate (CuSO4·5H2O), 50 mL of deionized (DI) water,
and 50 mL of concentrated hydrochloric acid (HCl). After an
etching time of about 1 h, the PMMA/graphene film without
copper was transferred into a clean beaker and cleaned with DI
water. The chip was dipped into DI water to scoop up the floated
PMMA/graphene. Then the sample was baked for 20 min to
melt the PMMA resist for better contact between the graphene
and waveguides. We put the chip into acetone for 10−15 min to
remove the PMMA.
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