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We have developed a new microscopy design that can achieve wide field-of-view (FOV) imaging and yet possesses
resolution that is comparable to a conventional microscope. In our design, the sample is illuminated by a hologra-
phically projected light-spot grid. We acquire images by translating the sample across the grid and detecting the trans-
missions. We have built a prototype system with an FOV of 6 mm x 5 mm and acquisition time of 2.5 s. The resolution
is fundamentally limited by the spot size—our demonstrated average FWHM spot diameter was 0.74 ym. We demon-
strate the prototype by imaging a U.S. Air Force target and a lily anther. This technology is scalable and represents a

cost-effective way to implement wide FOV microscopy systems.

OCIS codes: 170.0110, 090.2890, 170.5810.

Automated, high-resolution, and cost-effective wide field-
of-view (FOV) microscopy is highly sought for many ap-
plications, such as high-throughput screening [1] and
whole-slide digital pathology diagnosis [2]. In a conven-
tional microscope, the FOV is inversely related to the
microscope objective’s resolution due to the critical re-
quirement of aberration correction for the whole viewing
area. Commercial products for accomplishing wide FOV
imaging typically raster scan the target samples under mi-
croscope objectives and reconstitute full-view images
from multiple smaller images. This approach requires pre-
cise mechanical actuation along two axes. Scaling up the
FOV for such an approach requires a linear cost increase
(add more objectives) or longer scan time. Recently, ex-
citing in-line holography methods [3,4] demonstrated the
potential to cover a wide FOV image very cost effectively
and without requiring sophisticated optics and mechani-
cal scanning. In-line holography does require excellent
raw data quality, as data noise can significantly distort
the computed image and deteriorate resolution. To our
knowledge, in-line holography’s demonstrated resolution
for simple objects is about 1 ym [3].

In this Letter, we report a microscopy technique that
employs holography concepts in a different fashion to ac-
complish wide FOV imaging. Our technique, termed ho-
lographic scanning microscopy (HSM), uses a specially
written hologram to generate a grid of tightly focused
light spots and uses this grid as illumination on the target
sample to perform parallel multifocal scanning while the
sample is translated across the grid. In comparison to in-
line holography, the resolution here is fundamentally
determined by the focused spot size. Unlike in-line holo-
graphy, this approach does require mechanical scanning,
but the scanning format is a simple one-dimensional (1D)
translation. This approach is readily scalable, as we
would simply use a large hologram with more projection
light spots to accomplish wider FOV imaging.

Our HSM prototype demonstration, as shown in
Fig. 1(a), used a laser (Excelsior-532-200-CDRH, Spectra
Physics, with wavelength of 532 nm and power of
200 mW) as light source. The laser was attenuated, spatial
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filtered, and expanded to be a collimated Gaussian beam
with 1/ beam diameter of 21.3 mm. We used the center
portion of the beam (diameter 12 mm and power 1 mW)
as the illumination. A hologram transferred the incoming
collimated beam into a grid of 200 x 40 (along the x and the
y direction, respectively) focused light spots at a focal
length of 6 mm. The spacing between spots was 30 pm.
The sample was mounted on a translation stage (LTA-HS,
Newport) and positioned under the illumination of the fo-
cus grid. An achromatic lens pair (MAP10100100-A, Thor-
labs) imaged the focus grid onto the imaging sensor
(MotionXtra N3 with 1280 x 1024 pixels and 12 ym pixel
size, Integrated Design Tools) with a magnification of 1.6.
Note that the aberration induced in the projection lenses
is not critical since we only need to differentiate different
focus spots, which were well separated (30 ym). A beam
block with diameter of 1 mm was positioned at the focus
of the lens pair to block the zero-order transmission
through the hologram.
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Fig. 1. (Color online) (a) System setup of the wide FOV
microscope system and (b) scanning mechanism employed
for imaging.
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In the experiment, we linearly scanned the sample
across the focus grid, which was tilted at a small angle
with respect to the scanning direction, as shown in
Fig. 1(b), and detected the transmission of the foci
through the sample. Each focus spot will contribute to
a line scan of the sample and a microscopic image can
be reconstructed by appropriately shifting and assem-
bling the line scans. This scanning scheme is similar to
that of the optofluidic microscope [5], except that here
we used a two-dimensional focus grid instead of a 1D
aperture array. The focus grid was arranged so that the
line scans of the adjacent columns of spots can be di-
rectly patched together. The linear scanning scheme
has two advantages. First, we can achieve a small sam-
pling distance of the image with relatively large focus
spot spacing because of the slight angular tilt geometry.
Second, it is simpler and can be much faster than a raster
scanning scheme. As shown in Fig. 1(b), the sampling dis-
tances in the x and y directions can be written as

Sx = dsin(6), 5y =v/F, (1)

where d is the spacing between focus spots, @ is the tilt
angle of the focus grid with respect to the sample scan-
ning direction, v is the scanning speed, and F' is the frame
rate of the imaging sensor. In the experiment, we chose
the parameters to be d =30 yum, 6 =0.025 rad, v =
2.5 mm/s, and F = 3333 frames/s. The exposure time
was 7 us. Thus the sampling distances éx and dy were
both 0.75 um, approximately matching the average focus
spot size in our HSM system. Note that a high density of
focused light spots is desirable as it would allow us to
simultaneously collect more image data. On the other
hand, we need to maintain adequate separation between
adjacent light spots so that their projections on the
sensor can be unambiguously distinguished. Our chosen
spacing of 30 um worked well as a compromise.

According to the scanning scheme, the FOV in the x di-
rection is determined by the extent of focus spots in this
direction. Because of the linear scanning characteristics,
the starting and ending part of the image will have a saw-
tooth shape, as shown in Fig. 1(b). The effective FOV in
the y direction can be calculated by L — H, where L is
the scan length and H is the extent of focus spots in
the y direction. We used 200 x 40 focused light spots with
30 um spacing, and a scan length of 6.2 mm for acquiring
our images. Thus the FOV was 6 mm in the x direction and
5 mm in the y direction. The acquisition time of the image
is determined by the scanning speed and the range of the
translation stage, and was calculated to be 2.5 s. We note
that the FOV in the x direction can be expanded by simply
adding more focused light spots along that direction
through the use of a larger hologram. The FOV in the y
direction is limited only by the extent to which we are will-
ing to translate our sample along that direction.

The key optical component of our HSM system is the
hologram. The use of holography to generate tiny focus
spots has been reported in the literature [6,7]. Our holo-
gram is technically challenging, as we require it to be cap-
able of rendering tightly focused light spots over a
relatively wide area. We implemented a scheme that
is capable of patterning such a hologram [shown in
Fig. 2(a)]. In this scheme, we employed a specially pre-
pared mask. The mask consisted of a grid of apertures
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patterned on a layer of metal film. The aperture diameter
was 0.8 um, and the spacing between adjacent apertures
was 30 ym. The metal film was intentionally chosen to be
thin (with an optical density of ~3) so that the incoming
collimated light can be transmitted through it and be at-
tenuated. The light transmitted through the apertures,
serving as the sample beam, would then interfere with
the attenuated collimated light, serving as the reference
beam, and project an appropriate pattern onto the holo-
graphic plate (VRP, Integraf) for recording.

After exposure, the holographic plate was developed
and bleached to produce the hologram. During recon-
struction, as shown in Fig. 2(b), a conjugated collimated
beam can then be transformed into a focus grid, and the
focal length is the same as the distance between the ho-
lographic plate and the mask during recording. Note that
there is a strong zero-order beam during reconstruction
that needs to be blocked to enhance the spot pattern con-
trast in the imaging sensor, as shown in Fig. 1(a). Using
the in-line holography scheme, the focal length can be
adjusted easily, and a large area of apertures in the mask
can be recorded. The effective NA of the recording is
ultimately limited by the resolution of the holographic
material. Our holographic plate has a resolution of more
than 3000 lines/mm, which corresponds to a maximum
NA of 0.8. The focus grid was observed under a mi-
croscope to measure the focus spot size. Figures 2(d)-
2(f) show microscope images, using a 60x objective, of
spots from different region of the focus grid, as indicated
in Fig. 2(c). The FWHM spot size was measured to be
0.65-0.80 um (average of 0.74 ym). The effective NA
was ~0.36, and the Rayleigh range is ~2.3 ym. The devia-
tion of the experimental NA from the theoretical maxi-
mum NA is attributable to recording and developing
imperfections. The nonuniform spot intensities of dif-
ferent focus spots were compensated by a normalization
procedure during data processing. Note that the spot
size in the x direction is larger than that in the y direction.
The asymmetric shape of the spot was due to slight
misalignment of the mask and holographic plate during
the recording process.

The simplicity of this recording scheme and its robust-
ness are important, as the method can be used to create
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Fig. 2. (Color online) (a) In-line holographic recording
scheme for making the hologram, (b) generation of focus grid
illumination by holographic reconstruction using the hologram,
(c) schematic of the focus grid, and (d)—(f) observation of focus
spots from different regions of the focus grid, as indicated in
(c), under a microscope using a 60x objective.
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large format and good quality light-spot-grid holograms.
At this point, it is also worth noting that there are other
ways to implement focus grid illumination, e.g., by using
a microlens array [8]. The challenge of using a microlens
array lies in the fact that, to maintain a reasonable NA and
high focus-light-spot density, the focal length would have
to be very short. For example, for a spacing of 30 ym and
NA of 0.36, the microlens would have a diameter of 30 ym
and a focal length of ~40 ym. Aside from fabrication is-
sues related to the difficulty of implementing such small
lenses and short focal lengths with good focusing quality,
the short focal length is also inconvenient for sample
handling. In comparison, our hologram had a much longer
focal length of 6 mm. This difference is attributable to the
fact that the effective lenses in the hologram can overlap
each other, while microlenses simply cannot overlap in a
microlens array. In fact, the extent of overlap for our pro-
totype was remarkable. In our prototype, the holographic
“lenses” were effectively 4.3 mm in diameter, while the
lens-center spacing was 30 pm.

To test our prototype system, we acquired images of a
U.S. Air Force target and a lily anther microscope slide, as
shown in Fig. 3. Figure 3(a) shows the wide FOV image of
the U.S. Air Force target with effective FOV indicated by a
dashed rectangle. Figure 3(b) shows the expanded view of
the region indicated in Fig. 3(a), which contains the smal-
lest feature size with a line width of 2.2 ym (group 7, ele-
ment 6). Figure 3(c) shows the wide FOV image of the lily
anther. Many distinct features, such as carpel, micro-
spore, and petal, of the lily anther can be seen in the image.
Small features can also be discerned, as demonstrated in
Fig. 3(d), where an expanded-view image of the rectangle
area indicated in Fig. 3(c) is shown. We can see that our
system can render a wide FOV image and still provide
good resolution. The shadow artifacts that are apparent
in Fig. 3(b) were caused by crosstalk among the projected
transmissions of the light spots. Light spots that were
close to the feature edges tend to diffract strongly and in-
troduce light onto regions of the camera that are sampling
other spots. These systemic artifacts can be iteratively
corrected via postimaging processing. We also note that
scan motion nonuniformity (~0.8 yum) is the cause of
the image jitter along the scan direction, as can be seen
in some horizontal bars. This issue can be solved by em-
ploying a more uniform linear actuation system.

Our HSM prototype actually operates in a sub-Nyquist
sampling regime. To render full images at the fundamental
resolution limit set by the spot size, the sampling increment
for both directions should be halved. This can be accom-
plished by choosing a tilt angle § of 0.0125 rad and using a
scanning speed v of 6666 frames/s. Our achieved resolu-
tion with the demonstration operating parameters was
1.5 pm; this is why we were able to discern the smallest
individual scale bars (feature width = 2.2 ym) in Fig. 3(b).

We note that our system does not contain feedback
systems (common in commercial FOV systems) for keep-
ing the sample in focus during scanning. We believe that
our HSM design can potentially allow us to solve the axial
focus control issue by a different means—by using the
hologram to instead project a grid of finite Bessel beams
[9], we can potentially image nonflat samples without re-
quiring focus tracking. Finally, we note that the HSM can

Fig. 3. (Color online) (a) Wide FOV image of a U.S. Air Force
target, with an effective FOV of 6 mm x 5 mm, as indicated in
the large dashed rectangle, (b) expanded view of the smallest
feature (groups 6 and 7) of the target, as indicated in (a), (c)
wide FOV image of a lily anther, with an effective FOV of
6 mm x 5 mm, as indicated in the large dashed rectangle, and
(d) expanded view of the small rectangle area as indicated
in (c). S.D., scanning direction.

potentially collect fluorescence images by simply insert-
ing the appropriate filter.

In summary, we have shown a wide FOV microscope
system based on holographic focus grid illumination.
The use of focus grid illumination can effectively provide
wide FOV and high-resolution microscopy imaging. We
have demonstrated the principle by making a prototype
system with an FOV of 6 mm x 5 mm and an acquisition
time of 2.5 s. The resolution is fundamentally limited by
the spot size—our demonstrated average FWHM spot
diameter was 0.74 ym. The prototype system was used
to image a U.S. Air Force target and a lily anther for
capability testing.
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