
IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 34, NO. 9, MAY 1, 2022 459

Spatial Narrowing of Two-Photon Imaging
in a Silicon CCD Camera

Wei Liu , Dongyi Shen, Guolin Zhao, Hengzhe Yan, Zhihao Zhou, and Wenjie Wan

Abstract— Imaging based on nonlinear two-photon absorption
can offer an attractive alternative for the traditional one-photon
imaging scheme with many potential benefits of imaging res-
olution, speed, and ability to image through scattering media.
Here we experimentally demonstrate a direct imaging scheme
based on two-photon absorption in the conventional silicon CCD
camera and observe a spatial narrowing effect in its imaging. This
technique, compared with its one-photon counterpart, exhibits
a better imaging resolution and signal-to-noise ratio, thanks to
the nonlinear nature of the two-photon absorption process. This
nonlinear imaging scheme opens up an avenue for rapid real-time
and high-resolution imaging through scattering media like rain,
fog, and biomedical samples.

Index Terms— Nonlinear optics, optical imaging, image
enhancement, infrared imaging.

I. INTRODUCTION

TWO-PHOTON absorption (TPA) imaging has attracted
many interests across many disciplines such as biol-

ogy, medical science, materials, and nanotechnology [1]–[4].
TPA inherently is a nonlinear process in which a transi-
tion from a ground state to an excited state is achieved
by simultaneously absorbing two photons. This enables a
unique microscopic technique, i.e. two-photon fluorescence
microscopy [1], permitting deeper penetration and better three-
dimensional resolution in complex bio-samples [5]. Recently,
TPA has been explored for its nonlinear response with sub-
bandgap excitations in semiconductors, especially in photode-
tectors [6]–[8]. Unlike other optical nonlinear processes in
crystals, e.g. second harmonic, Kerr effect, TPA in semi-
conductors can be ultrafast in time gating [7], insensitive
to temporal phase varying and polarization [9], offering a
unique opportunity for imaging purposes [9]. For example,
TPA imaging similar to optical coherent tomography (OCT)
configuration [10] has been demonstrated to be insensitivity to
temporal and spatial turbulence [9], which is finally be utilized
for imaging through an opaque scattering medium [11]. More-
over, three-dimensional mid-IR imaging [12] can be obtained
using nondegenerate TPA with an uncooled GaN photodiode
with an efficiency comparable to traditional liquid-nitrogen-
cooled HgCdTe (MCT) detectors [8], where the nondegenerate
TPA allows expanding the detection spectrum into mid-IR
range [13] with enhanced sensitivity [8].
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Although these features of TPA imaging may be crucial in
many areas, their practical applications are halted by imaging
speed mainly due to the raster scanning process associated
with the single-detector imaging scheme. This problem can
be overcome by incorporating TPA imaging with commer-
cially available imaging array detectors such as charge-coupled
devices (CCD), CMOS [14]–[17], where silicon materials also
permit TPA processes [18]. In this manner, such silicon-based
cameras detour the problem of scanning in TPA imaging, offer-
ing a fast, affordable, and efficient alternative TPA imaging
scheme in visible, near-IR, extendable to mid-IR spectrum.
Previously, using this technique, single-shot recording of an
ultrashort laser pulse sonogram has been achieved in a con-
ventional silicon CCD camera [14]; Similarly, wide-field mid-
IR images for chemically selective imaging of polymers and
biological samples have been demonstrated at 100 ms exposure
times using picosecond pulse through non-degenerate TPA,
also in a standard Si-based CCD [15]; Moreover, this technique
can be further improved to realize rapidly wide-field, high-
definition 3D tomographic imaging with chemical selectivity
of structured materials and biological samples [16].

In the letter, we experimentally demonstrate TPA imaging
with an enhanced resolution as compared to the one-photon
detection in a conventional silicon CCD camera, where
sub-bandgap photons can be up-converted through TPA and
form images. The enhanced resolution origins from the
quadratic dependence of the excitation intensity during TPA,
as a result, the widths of measured spatial beam profiles
by TPA are effectively reduced from its one-photon coun-
terpart. Furthermore, this effect permits an enhanced TPA
imaging scheme against scattering background, which inher-
ently provides a better resolution and signal-to-noise ratio to
the traditional one-photon imaging technique. This nonlinear
imaging technique allows rapid real-time and high-resolution
imaging without time-consuming scanning and paves the way
for practical imaging applications through scattering media in
free-space, underwater, biomedical areas.

II. THEORY AND METHOD

In traditional imaging techniques, signals in the detectors
scale linearly with incident optical intensity. In contrast, two-
photon absorption is an inherently nonlinear process through
simultaneously absorbing two sub-bandgap photons and pro-
moting one electron to the conduction band (Fig. 1), as a result,
the TPA signals scale quadratically with the excitation optical
intensity at photon energy below the bandgap as:

ST P A = β
P2

s
(1)

where ST P A represents a two-photon signal, β is TPA effi-
ciency, P is incident power and s is the spot area. Equation (1)
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Fig. 1. The principle of two-photon absorption imaging on a conventional
silicon CCD camera. (a) simple optical setup imaging through two-photon
absorption. The inset is the two-photon process in which the valence band
absorbs one photon (reference) to a virtual state, subsequently absorbs another
photon (signal) to the conduction band, and produces a photocurrent. (b)image
of target “5” from USFA resolution test on a conventional silicon CCD
camera with 1550nm laser. (c) the signal response of two-photon absorption
to 1550nm laser with a silicon avalanche photodetector (APD) combining a
lock-in amplifier, and its slope is 2.17.

shows that the TPA signal not only depends on the square of
input power but also is inversely proportional to spot area.
In this manner, such TPA detectors offer a unique way to
image sub-bandgap photons in a quadratic response, unlike the
linear response with the traditional one-photon detection. This
feature enables us a unique way to enhance imaging resolution,
especially through a scattering medium, as we shall discuss in
the following section.

For an optical imaging system, imaging resolution is crucial.
Conventionally, image formation in the imaging system could
be generally described by using the image of a point, namely
the point spread function (PSF). The image of an object is
obtained by convolving the object intensity distribution with
the PSF. Assuming the original PSF of the optical system
can be approximated by a 3D Gaussian distribution, in a
conventional one-photon CCD, i.e. P0 exp(− x2+y2

2ω2
0

− z2

2ω2
0z

)

where P0 is the initial power at the origin, ω0 and ω0z are
the width in the transverse and axial directions. According to
Eq. 1, the TPA signal is the square of optical power and is in
the inverse ratio of spot area, and it is written with (2). The
attribute of two-photon absorption with a beam pump laser
is different from up-conversion two-photon absorption [19]
in which signals depend on linearly the optical intensity.
Equation (2) shows that the width of the “new” PSF is shrunk
by

√
2 times along all three dimensions and the imaging

resolution is improved by a factor of
√

2 , i.e. ω̃0 = ω0

/√
2

and ω̃0z = ω0z

/√
2 :

ST P A = β P2
0 exp

(
− x2 + y2

2ω̃2
0

− z2

2ω̃2
0z

)
/s (2)

Such resolution enhancement of TPA imaging is theoret-
ically much similar to prior works in high-order correlation
imaging [20]–[22], which, however, requires temporal fluctu-
ations/modulations of the imaging signal, while TPA imaging
provides an instant and real-time technique for imaging. More-
over, the sub-bandgap photons with a longer wavelength are
believed to have better immunity against scattering events [23],
these combined features pave a way for some practical imaging
applications through scattering media.

III. RESULTS

Experimentally, we implement a TPA imaging configuration
to verify the above theory, using a 120 femtosecond laser
(ErFemto-780 Pro) at the wavelength of 1550nm as the signal
beam whose TPA efficiency is high for silicon, and a conven-
tional silicon CCD camera (QHY 5L-II-M) as a TPA imaging
sensor in Figure 1. Fig. 1(a) shows the general schematics of
TPA imaging with a signal beam at 1550nm (below silicon’s
bandgap photon ∼1100nm) directly impinged onto a silicon
CCD camera where TPA occurs. During the TPA process,
pixels in the CCD allow absorbing one photon to pump an
electron to an intermediate virtual state, followed by absorbing
a secondary cascaded photon to promote the electron to the
final conduction band.

As a result, TPA signals can be generated in each active
pixel to form an image, such that the imaging object “5”
from the USFA resolution card is imaged at the CCD with the
1550nm laser as shown in Fig. 1(b). To illustrate the nature of
TPA, we perform an additional measurement of TPA signals
with respect to the input laser power as shown in Fig. 1(c):
the quadratic dependence exhibits a slope rate around 2.17 in
the log-scale plot, well predicted by the theoretical relation
shown in (1).

To evaluate the resolution enhancement predicted by (2),
we have experimentally compared images of the spot by using
Si CCD and InGaAs CCD (NIRvana, 640). Fig. 2(a) and (b)
show the spatial profiles of a 1550nm laser beam. The images
in Fig. 2(a) and 2(b) are normalized by the resolution target.
Compared with Fig. 2(a), Fig. 2(b) exhibits a clear spatial
narrowing effect, and its narrowing ratio is 1.2 which is close
to the theoretical result

√
2 . Besides, we also compare the

spatial profiles, e.g. Full-Width Half-Maximum (FWHM) of
one signal beam at its focus, separately using a one-photon
detector (InGaAs APD, Thorlabs-APD 130C/M) and a TPA
one (silicon APD, Thorlabs-APD 120A/M). Fig. 2(c) and (d)
show the spatial profiles of a 1550nm laser beam along the
transverse (x) and the axial (z) directions with the two type
detectors. Obviously, the transverse profiles read by TPA
detectors exhibit narrower FWHMs than its counterpart by
the one-photon detector, and the ratio of the FWHMs with
the two type detectors is ∼3. To demonstrate the narrowing
effect along the axial direction, we purposely focus down the
laser and scan its focal spot using the two detectors, here
the ratio between the FWHMs further enlarge to 10. These
results exceed the theoretical narrowing value of

√
2 predicted

from (2). We believe this observation may origin from two
aspects: first, TPA signals inversely depend on the spot size
as indicated by (2), although we tend to control the aperture
size uniform in all our measurements, the diverge angle in
different regimes of the laser spot may cause some variant
in TPA detections; second, if the incident 1550nm laser is
too weak to generate TPA signal, i.e. down to background
noise level, we cannot obtain any spatial profile distribution,
meanwhile, one-photon detectors would not suffer the same
problem. Effectively, such low responsivity of TPA detection
further shrinks the measured FWHMs. Besides, the effect is
enhanced by using high NA objective lens.

Nevertheless, this narrowing effect using TPA detection
suggests one important implication in imaging applications to
enhance the resolution, especially helpful for imaging through
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Fig. 2. Spatial profiles measured through one-photon absorption and two-
photon absorption using a 1550nm laser source, Si CCD, InGaAs CCD, a
silicon APD (Thorlabs, APD 120A/M) as a two-photon detector, and an
InGaAs APD (Thorlabs, APD 130C/M) as a one-photon detector. The spot
diameter from the 1550nm laser is ∼5mm. (a) spot image using InGaAs CCD;
(b)spot image using Si CCD; (c) x-direction profiles. We place a slit before
the objective lens and move the slit from the left to right along the x-direction;
(d) z-direction profiles by moving the objective lens along the z-direction.

scattering media. It is well-known that PSF that propagates
through a scattering medium would be broadened due to
scattering events, which finally leads to a blurred image.
Previously, with the help of a secondary reference beam,
ballistic photons that don’t suffer any scattering can be distin-
guished out using a single TPA detector, such that, images
can be scanned and reconstructed even through an opaque
and dynamical scattering medium [11]. Moreover, high-order
correlations have also been explored to enhance fluorescent
microscopy [21], even with the second-order correlations [24].
With the current observation in Fig. 2 and theoretical predic-
tion in (2), we believe such narrowing effect of TPA imaging
may also be implemented to enhance the imaging resolution
through a scattering medium, where the narrowing may behave
like a spatial filter to enhance the high-intensity portion in the
images while suppressing others with low intensity such as
scattered lights.

To demonstrate directly two-photon absorption narrowing
effect, we implement one-photon imaging and two-photon
imaging with an InGaAs CCD and a silicon CCD using a
120 femtosecond laser at 1550nm. The imaging object, i.e.
a resolution card, can be illuminated with a laser source at
1550nm, the laser beam transmits and converges through an
objective lens onto the two kinds of CCD cameras separately.
Figure 3 shows the images of the resolution card. Although
the clear images are both exhibited in Fig. 3(a) and Fig. 3(b),
the image of zooming in Fig. 3(b) is clearer than the one
of zooming in Fig. 3(a). The one reason is the two-photon
narrowing effect, and the other reason is the signal-to-noise
ratio (SNR) of one-photon absorption is Isignal/Inoise, where
Isignal is the intensity of signal and Inoise is the intensity of
noise mainly caused by the scattering light, meanwhile, SNR
of TPA indeed is the square of SNR of one-photon absorption,
(Isignal/Inoise)

2. Moreover, to show clearly the two-photon
absorption narrowing effect, we decrease the effective NA of
the objective lens by reducing the entrance pupil diameter
with a pinhole. The results are shown in Fig. 3(e) and (f).
Obviously, the resolution of Fig 3(e) is higher than the
resolution of Fig 3(f). Here image quality can be compared

Fig. 3. The images of resolution target one-photon absorption and two-
photon absorption using a 1550nm laser source in Si CCD and InGaAs CCD.
(a)one-photon image using an InGaAs CCD; (b) two-photon image using a
Si CCD; The scale bar is 250μm in Fig 3a and Fig 3b; (c) zoom-in image
of Fig 3a with an effective NA of 0.4; (d) zoom-in image of Fig 3b with an
effective NA of 0.4; (e) zoom-in image of Fig 3a with an effective NA of
0.08; (d) zoom-in image of Fig 3b with an effective NA of 0.08; The scale
bar is 150μm in Fig 3c-f; (g) The CNRs from the images are plotted as a
function of spatial frequency.

Fig. 4. Images through a rotating ground glass using a 1550nm laser in a
Si CCD and an InGaAs CCD. (a)one-photon image using an InGaAs CCD;
(b)two-photon image using a Si CDD; The scale bar 150μm. (c) The CNRs
from the images are plotted as a function of spatial frequency.

quantitatively using the contrast-to-noise ratio (CNR) which
is defined as (�I f � − �Ib�)/((σ f + σb)/2), where �I f � is the
average intensity of the feature of interest, �Ib� is the average
intensity of the surrounding background, and σ is the standard
deviation of pixel intensity. From Fig 3(g), CNRs of all images
decrease, but CNRs of two-photon images are higher than one
of the one-photon images. Therefore, two-photon absorption
possesses a spatial narrowing effect for imaging applications.

To validate this technique’s potential application in scat-
tering imaging, we implement TPA imaging with a silicon
CCD for imaging through a scattering medium, i.e. a rotating
ground glass. As shown in Figure 5, the imaging object, i.e.
a resolution card, can be illuminated with a laser source at
1550nm, the laser beam transmits through a rotating ground
glass (single scattering layer), and converges through an objec-
tive lens onto the silicon CCD camera. Figure 4 shows images
using a Si CCD and an InGaAs CCD. Compared with Fig. 3(c)
and Fig. 3(d), the resolution of images in Fig. 4(a) and 4(b)
both declines. However, the resolution of the two-photon
image is better than its one-photon counterpart. To compare
one- and two-photon images quantitatively, the CNR is shown
in Fig. 4(c). From Fig. 4(c), CNRs of all images decrease,
but CNRs of the two-photon images are higher than their one-
photon counterpart. Therefore, two-photon absorption resists
crosstalk that produces speckle.

To further exam the spatial narrowing effect in the axial
direction, we move the CCD camera along the axial direction
to observe the evolution of imaging patterns as shown in
Fig. 5. The aforementioned narrowing effect in the beam’s
spatial profiles can manifest itself here in two ways: along the
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Fig. 5. The experimental setup of imaging through a rotating ground glass
(Thorlabs, DG20-220) using a 1550nm laser in a Si CCD and an InGaAs
CCD, and images along z-direction by moving the objective lens. The scale
bar 200μm.

axial direction, we observe the TPA imaging are more limited
to its focal point near 0mm, and quickly diminishes around
the distance of 0.6mm away from the focus. In contrast, the
one-photon imaging spans across a much wider range up to
1mm, even when the image becomes blurred. This observation
is in line with the previous results in Fig. 2. More importantly,
the resolution of TPA imaging is much enhanced compared to
its counterpart at the same distance, where the one-photon
images are always in company with some low-intensity back-
ground from scattering. For example, the image at 0.4mm by
TPA is still distinguishable, but the other one by one-photon
absorption is fully blurred. On the one hand, this enhancement
is contributed by the nonlinear intensity dependence mentioned
above. On the other hand, according to the definition of
signal-to-noise ratio (SNR), SNR of one-photon absorption
is Isignal/Inoise, where Isignal is the intensity of signal and
Inoise is the intensity of noise mainly caused by the scattering
light, meanwhile, SNR of TPA indeed is the square of SNR of
one-photon absorption, (Isignal/Inoise)

2. Compared with SNR
of one-photon absorption, SNR of two-photon absorption is
higher.

IV. CONCLUSION

In conclusion, we have experimentally demonstrated the
imaging through a scattering medium using a sub-bandgap
infrared femtosecond laser in a conventional silicon CCD
camera. Compared with the one-photon absorption detected
profile, the FWHM of spatial profiles through TPA is
greatly shrunk, providing us a door to realize imaging with
an enhanced resolution, even though a scattering medium.
As compared to other existing enhanced resolution imaging
techniques, imaging in a conventional silicon CCD with
TPA exhibits several advantages, such as label-free, wide-
field and high-resolution imaging. Moreover, it is suitable for
rapid imaging without raster scanning as compared to other
enhanced resolution imaging techniques using nonlinearly
wave mixing [25], synthetic aperture [26]. Although efficiency
and wavelength range of TPA are limitations, this technique
opens up a new avenue for rapid infrared imaging in the
biomedical area.
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