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Optically monitoring and controlling nanoscale
topography during semiconductor etching

Chris Edwards, Amir Arbabi, Gabriel Popescu and Lynford L Goddard

We present epi-diffraction phase microscopy (epi-DPM) as a non-destructive optical method for monitoring semiconductor fabrication
processes in real time and with nanometer level sensitivity. The method uses a compact Mach-Zehnder interferometer to recover
quantitative amplitude and phase maps of the field reflected by the sample. The low temporal noise of 0.6 nm per pixel at 8.93 frames
per second enabled us to collect a three-dimensional movie showing the dynamics of wet etching and thereby accurately quantify
non-uniformities in the etch rate both across the sample and over time. By displaying a gray-scale digital image on the sample with a
computer projector, we performed photochemical etching to define arrays of microlenses while simultaneously monitoring their etch

profiles with epi-DPM.
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INTRODUCTION

To obtain properly functioning semiconductor devices, engineers
rely on tight dimensional control during nanofabrication. In pro-
cesses such as growth or etching, control of feature size, especially
height, is often performed by carrying out an initial calibration run
on a dummy wafer, which includes a post-process measurement
to determine the growth or etching rate. After this preliminary
calibration, the fabrication is run on the real wafer under the same
processing conditions, followed again by a post-processing measure-
ment check. This iterative approach has obvious drawbacks including
the added time and cost of duplicate runs, variation due to system drift
and lack of adaptive process control. Further, the characterization
measurement often requires destruction of the sample. It is clear
that accurate, non-destructive, real-time in situ monitoring is highly
desirable as it enables feedback and fine adjustment of the processing
conditions.

Optical characterization methods fulfill the need for nondestructive
testing. Thus, point-measurement techniques such as spectroscopic
ellipsometry,™ phase-sensitive ellipsometry,” laser reflectometry,®’
multi-beam interferometry,> and emission spectroscopy'®!! have
been successfully implemented. Typically, the structure height is
measured at a single point or region of interest and information
across the wafer is inferred assuming the process is uniform. This
is adequate for most planar processes, but it is well known that
the growth and etch rates in high aspect ratio structures, e.g., at
the bottom of a trench, depend on the width of the opening. Con-
sequently, an imaging rather than a single-point method is preferred.
Along these lines, imaging ellipsometry has recently been used to

characterize graphene on flat surfaces'? and to monitor the removal
of large area biomolecules during plasma etching.'> The sensitivity
of these single-point or imaging methods can be a few nanometers;
however, the measurements are typically hindered by vibrations and
drift in the sample. The ability to maintain nanoscale accuracy in noisy
environments is extremely difficult and represents the main challenge
in developing real-time monitoring of dynamic fabrication processes
such as wet etching.

During the past decade or so, quantitative phase imaging, i.e., map-
ping the path length shift created by a sample at each point in the
image, has received increasing scientific interest in life sciences.'* The
phase images from quantitative phase imaging provide information at
the nanoscale about the structure and dynamics of the specimen under
investigation. In particular, diffraction phase microscopy (DPM)"*isa
stable quantitative phase imaging method that has been used success-
fully to study nanoscale fluctuations of cell membranes.'>™'®

MATERIALS AND METHODS

Here, we present a new optical approach that exploits the concept of
DPM to perform real-time quantitative topographic measurements
of nanoscale dynamics. Our method, referred to as epi-diffraction
phase microscopy (epi-DPM), operates in reflection to accommodate
opaque samples, and renders topography information with 2.8 nm
spatial (i.e., point to point) and 0.6 nm temporal (frame to frame)
sensitivity. The nanoscale topographic images are obtained from a
single camera exposure, such that the acquisition rate is only limited
by the camera frame rate. Furthermore, epi-DPM is completely
non-invasive and allows for the continuous in-situ monitoring of a
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fabrication process in real-time through a transparent window on the
tool, without compromising the nanoscale topographic accuracy.
In particular, we present dynamic imaging data of semiconductor
structures while being etched; epi-DPM reveals quantitatively the etch
rate at each point in the image and each moment in time. We found
this rate to vary significantly versus position and time with typical
values in the range of 0-8 nm s~ '. Finally, we show that photochemical
etching can be used in combination with epi-DPM imaging to con-
trollably vary the etch rate across the sample and thereby fabricate
‘gray-scale’ structures, e.g., microlenses. Thus, the use of a computer
projector to display different optical masks combined with real-time
feedback from epi-DPM allows for the fabrication of structures with
arbitrary topographic profiles, without the need for iterative or multi-
step etching or expensive gray-scale lithography masks.

The experimental setup is shown in Figure 1. Light at 532 nm from a
frequency-doubled Nd:YAG laser is used as the epi-illumination
source. The laser beam is coupled into a single-mode fiber and then
collimated, which ensures full spatial coherence of the output field.
This collimated light then enters the back port of an inverted micro-
scope and is projected to the sample plane by a collector lens and the
objective. Thus, the sample is illuminated by a collimated beam. The
light reflected from the sample of interest is collected through the same
objective, passed through a beam splitter and tube lens, and directed
toward a side output port of the microscope.

To quantify the phase shift distribution across the field of view
with high stability, we constructed a compact Mach—Zehnder inter-
ferometer, as follows. A diffraction grating was placed at the image
plane of the microscope such that multiple copies of the image are
generated at different angles. Note that at the image plane, we obtain
a magnified replica of the field reflected by the sample. The diffrac-
tion grating had 300 grooves mm ™', blazed at an angle to maximize
the power in the first diffraction order. Lens L; is used to generate
the Fourier transform of the image field at its back focal plane. At this
Fourier plane, the first order beam is filtered down using a 10 pm
diameter pinhole, such that after passing through the second lens
(Ly), this field approaches a plane wave and, thus, can be used as the
reference of our interferometer. The original image is carried by
the zeroth order, which is combined with the reference field at the

charge-coupled device camera plane and creates an interferogram that
has the following irradiance distribution,

I(x,y) =L +I(x.y) +2v/ L o(x,y)cos[fx+ p(x.y)] (1)

where I, is the irradiance of the zeroth diffraction order, I, is the
irradiance of the first diffraction order after passing the pinhole,
f is the spatial modulation frequency provided by the grating and ¢
is the phase of interest. From this interferogram, the quantitative phase
image is obtained via a spatial Hilbert transform.'” The phase image
is then unwrapped using the Goldstein’s branch cut algorithm?® and
converted into a height image.

RESULTS AND DISCUSSION

The strength of epi-DPM is that it provides accurate topographic
height maps relative to other points in the image and therefore can
be made insensitive to any common mode motion of the sample.
To characterize the spatial and temporal path length noise of our
epi-DPM method, we repeatedly imaged a plain, unprocessed n+
GaAs wafer. Thus, we acquired a time-lapse series of images contain-
ing 256 frames at 8.93 frames s~ . We used a 10X objective (numerical
aperture=0.25), which provides a diffraction limited lateral resolu-
tion of 1 um. Note that the lateral resolution could be improved
considerably by using shorter wavelength light (e.g. deep ultraviolet)
or a higher numerical aperture objective. The field of view is approxi-
mately 160 pm X120 pm. After recovering the height images, a quad-
ratic fit of each individual image was subtracted off. The linear portion
of the fit corrects for the tilt of the sample and the angle of interference
in the camera plane, while the quadratic portion corrects for the quad-
ratic phase front of the beam across the field of view. After correction,
the spatial standard deviation of the image at each time frame, axy(t),
was computed. The median value was 11.2 nm.

It is well known that the speckles associated with the laser light
contribute significantly to the spatial phase noise floor. To further
lower the spatial noise, we inserted a rotating diffuser in the illumina-
tion path (see the supplementary information section for details).
This method essentially averages out the effects of speckles.*"** It
also dithers the image, which reduces the quantization error. The
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Figure 1 Set-up for epi-DPM imaging system. The simplified diagram illustrates the key components of the system including the fiber collimator (FC), two neutral
density filters (ND1, ND2), four lenses (L1-L4), rotating diffuser (D), 532 nm band pass filter (F) and grating (G). Microscope collector lens and tube lens not shown.

epi-DPM, epi-diffraction phase microscopy.
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resulting epi-DPM images revealed that the spatial noise floor
dropped to 10.4 nm after adding the diffuser.

Imperfections in optical components lead to non-uniformities
across the field of view in the phase of the light that impinges on the
sample. Since this type of phase error is reproducible, i.e., it is a
characteristic of the instrument, it can be largely removed through
proper system calibration. Thus, we collected a second time lapse
series of images both with and without the diffuser at a different spatial
location, separated by approximately 0.5 mm, i.e., several fields of
view away. Each series at the first location was averaged in time and
used as the calibration image. There is a different calibration image for
operation with and without the diffuser. The respective calibration
image was subtracted from each image at the second location. The
resulting spatial noise was 4.6 nm without the diffuser and 2.8 nm with
the diffuser. The value of 2.8 nm represents the spatial sensitivity of
our current instrument and the final sensitivity to lateral topography
changes within the field of view. Remarkably, due to the common path
interferometric geometry employed, the temporal sensitivity of epi-
DPM is significantly better than the spatial sensitivity. The temporal
standard deviation of the height at each point in the image, o(x,),
is shown in Figure 2a and 2b. A histogram of o(x,y) is shown in
each inset. We determined the temporal sensitivity as the median

a, —
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of this histogram to be 1.1 nm without the diffuser and 0.6 nm with
the diffuser.

In the Supplementary Information, we analyze the power spectral
density of the noise (Supplementary Figure S1). The spectrum reveals
low frequency noise as well as white noise. The diffuser significantly
reduces the low frequency noise as well as its spectral width. Given
the noise spectrum, it may be possible to reduce the noise floor by
one to two orders of magnitude by performing lock-in detection
both temporally and spatially (see Chap. 8 in Ref. 14).

Curvature removal and background subtraction are performed
on all measurement images collected with epi-DPM. However, given
the low temporal noise, only one image is collected for calibration
instead of the 256 frames for noise characterization.

To characterize the accuracy of epi-DPM, images of micropillars
fabricated by wet etching of an n+ GaAs wafer were collected.
Photolithography and developing were done using a standard SPR
511A photoresist recipe described in the supplementary information
section. Figure 2¢ shows the epi-DPM image of a micropillar with the
diffuser. The positions of the pillar and etched region were extracted
from the histogram of the epi-DPM image as shown in Figure 2d
by fitting each histogram peak to a separate Gaussian distribution
(see Supplementary Figure S2 for the corresponding image and
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Figure 2 Characterization of the sensitivity and accuracy of epi-DPM. The field of view for these measurements was 160 umx 120 um with the 10X objective. (a) Two
hundred and fifty-six frames at 8.93 frames s~ were collected of a flat unprocessed sample and the temporal variation of individual pixels across the field of view
without the diffuser is displayed. Inset shows a histogram of the temporal noise a; using the same color scale. (b) Temporal noise with diffuser. (c) Height measurement
of a micropillar with the diffuser.(d) Histogram of ¢, showing the standard deviation for the height of a pixel on the pillar or etched region. The mean height was
determined from the histogram to be 122.0=0.1 nm. Supplementary Figure S2 shows the height measurement figures corresponding to ¢ and d without the diffuser.

epi-DPM, epi-diffraction phase microscopy.
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histogram without the diffuser). Although the spatial noise from an
individual pixel is several nanometers, the standard error in the mean
position is 0.1 nm after averaging and assuming that pixels more
than a diffraction spot diameter apart are independent. Thus, the
mean height was 122.0+0.1 nm. This agrees very well with our
measurements taken by the Tencor Alpha-Step 200 surface profiler
and the Hitachi S-4800 scanning electron microscope, which gave
values between 120 and 130 nm for the various micropillars. A small
degree of non-uniformity among the micropillar heights was
observed, which is typical of the fabrication process. For epi-DPM,
the spatial standard deviation in height was 6.3 nm for the unetched
circular pillar and 4.8 nm for the etched region. The background
subtraction calibration procedure reduced the spatial noise in both
regions, but was not as effective as on the flat sample. Because the noise
contribution from laser speckle is due to interference, it cannot be
properly removed by subtracting the calibration image which contains
the interference pattern for a flat surface. However, the portion of the
spatial noise due to non-uniformities in the input phase can still be
removed. For these reasons, we believe that the spatial noise is lower
on the etched region but higher than the flat sample. The larger flat
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area enables better subtraction. Also, the wet etching process tends to
smoothen the semiconductor surface.

These sensitivity and accuracy results underscore the capability of
epi-DPM to monitor dynamic topographic changes at the nanoscale.
To exploit this feature, we imaged the topography of an n+ GaAs
wafer while being etched with a solution of H3;PO,:H,0,:H,0O
(see Supplementary Information for details on the processing steps).>
We acquired 400 frames at 8.93 frames s L for a total of 44.8 s.
Our epi-DPM movie (Supplementary Movie) revealed that it took
approximately 10 s for the etchant to diffuse into the field of view
and begin etching. The montage in Figure 3a indicates the spatial
inhomogeneity and the time evolution of the etching process. The
quantitative information provided by epi-DPM allows us to measure
etch rates in a spatially and temporally resolved manner. Thus,
Figure 3b—3d show the etch rate maps across the structure at different
moments during the process, while Figure 3e displays the overall
(mean) etch rate. The resolution of the etch rate images shown in
Figure 3b-3d is about 0.085 nm s~ ' given the temporal noise of
0.6 nm per pixel, the addition of noise in quadrature and the 10-s time
interval used to compute the derivative of the height images such as
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Figure 3 Real-time imaging of the wet etching process of the University of lllinois logo. Using the 5X objective, the field of view for each image is 320 pmx240 pum.
(a) Selected frames show top-down view of the logo during the etching process. The diagonal line in the lower left corner may be a scratch in the sample. (b—e) Etch rate
images at each pixel at (b) frame 150 (16.8s), (c¢) frame 250 (28.0's), (d) frame 350 (39.2 s) and (e) averaged for the entire process. (f) Final depth profile after etching
was completed. (g) Plot of etching depths over time to show variation of depths and etch rates at points marked in f.
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in Figure 3a. Figure 3f shows the final etched structure, while Figure 3g
illustrates the time-resolved etch depth profile at discrete points across
the sample, as indicated by the markers in Figure 3f. These data reveal
subtle details regarding the etching process. In particular, we found
that the etching process is considerably inhomogeneous, i.e., the etch
rate can easily vary by a factor of 5-10 at unmasked points separated
by only a few microns in space at a fixed moment in time or at
times separated by only a few seconds at a fixed point in space. This
unexpected inhomogeneity is most likely due to fluctuations in the
concentration of acid in the solution. The ability to quantify these
inhomogeneities in real time may provide the means to correct the
fabrication on-the-fly, for example, by perfusing the etching chamber
with an adjustable concentration of etchant.

In combination with epi-DPM, photochemical etching may offer
an efficient means to fabricate structures with precisely controllable
topography. The method is well suited for fabricating complex gray-
scale structures which are typically very difficult or expensive to
produce using standard photolithographic techniques. As an example,
we used epi-DPM to image microlens structures fabricated by photo-
chemical etching. Photochemical etching is a process by which
light absorption in a semiconductor increases the concentration of
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minority carriers which then diffuse to the surface and thereby
increase the rate of dissolution and corrosion of the semiconductor
in an oxidizing solution.**™*® The etch rate is limited by the supply of
minority carriers to the surface; therefore, the illumination accelerates
the etching process.**** We added a common light projector (EPSON
Powerlite S5 EMP-S5) in the illumination path, such that gray-scale
images delivered by a computer can be mapped onto the sample, as
shown in Figure 1. To demonstrate the ability of epi-DPM to monitor
gray-scale structures produced by photochemical etching, we fabri-
cated individual microlenses by simply using a digital image as an
optical mask. Figure 4a shows the mask delivered by the projector to
the sample plane and Figure 4b is the corresponding epi-DPM image
of the resulting fabricated microlens. The samples were plain, unpro-
cessed n+ GaAs wafers and the etch time was calibrated to 2 min for a
lens height of 500 nm and a diameter of 100 pum. The measured height
and diameter for the resulting microlens depicted in Figure 4b were
590 nm and 100 pum, respectively. Both the projector and the imaging
laser etch the sample. The laser etches uniformly, while the projector
etches the pattern. The laser power was minimized to reduce
unwanted etching. At the sample plane, the laser power density was
0.64 mW cm™?, while the projector delivered 8.9 mW cm™ 2. The

Etched microlens

h (nm)

Figure 4 Computer projector based photo-chemical etching of microlenses. (a) Digital image used to etch microlenses using only light from a projector and an isotropic
wet etch solution. (b) Image of an etched microlens displaying top-down view. (c) Projector intensity profile and comparison of horizontal and vertical cuts of b to
illustrate symmetry. (d) Microlens array displaying height, lens diameter and pitch. Heights were between 425 and 590 nm, the diameters ranged from 95 to 105 um
and the pitch varied from 120 to 125 pm. The field of view for images b and d was 320 um X240 um using the 5X objective.
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power density of the laser under normal imaging conditions without
attenuation was 57 mW c¢m >,

The profiles through the mask and the microlens (Figure 4c) indi-
cate that the photochemical etching process is nonlinear, i.e., the local
lens height is not simply proportional to the light irradiance delivered
at that point. However, epi-DPM can measure precisely this nonlinear
relationship and, in turn, provide a calibration curve for etching struc-
tures with prescribed profiles. In addition, imaging with epi-DPM can
render the feedback necessary to fine-tune the etching process in real
time, by controlling the projector light intensity across the field of view.

We also fabricated 2X2 arrays of microlenses, as illustrated in
Figure 4d. The optical mask in this case contained five 2X2 arrays
of gray-scale lenses with 100 pm diameters and 120 pm pitch. The
resulting heights ranged from about 425 to 590 nm across the array,
the diameters from 95 to 105 pm and the pitch ranged from 120 to
125 pm. The surface profiler verified that the diameters and pitch were
within 2 pm and the heights were within 10 nm of the values measured
by epi-DPM. Better height uniformity across the array can be obtained
by implementing adaptive control of the projector’s mask pattern.

CONCLUSIONS

In summary, we have shown how epi-DPM can be used to accurately
monitor the dynamics of semiconductor fabrication processes in real
time. The method has an excellent temporal stability of 0.6 nm per
pixel at 8.93 frames s~ '. This enabled us to accurately determine
spatial and temporal variations in the etch rate with a resolution of
0.085 nm s ! for a 10-s time interval. In conjunction with epi-DPM,
we performed photochemical etching to precisely define nanoscale
topographical features such as a microlens array.

We envision that using epi-DPM to image through transparent
viewing windows of semiconductor manufacturing tools will enable
engineers to better monitor and control the performance properties of
their fabricated devices. To watch an entire wafer die during proces-
sing, the field of view can be increased by using a higher resolution
camera. At the time of writing, there are commercially available 80
megapixel cameras (2.6” diagonal charge-coupled device). Also, higher
numerical aperture 10X objectives are currently available (e.g., numer-
ical aperture=0.5). This combination of camera and objective would
enable a 1.0 mmX0.76 mm field of view with 500 nm lateral resolution.
Further, using a shorter wavelength light source (e.g., deep ultraviolet)
would significantly reduce the diffraction limited lateral resolution and
could enable in situ monitoring of some of today’s smallest devices.
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This article, published on 28 September, should have been published with an accompanying supplementary information video file online.
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