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ABSTRACT

While bipolar phototransistors show promise for in-sensor computing, their incompatibility with standard complementary metal-oxide-
semiconductor (CMOS) technology has hindered practical integration. In this work, we demonstrate nonvolatile bidirectional photoresponse
using a fully CMOS-compatible metal-ferroelectric-metal-insulator-semiconductor ferroelectric field effect transistor with Hf; 5Zr, O, and
IGZO materials. The key lies in a floating gate-based ferroelectric-tunable band alignment mechanism, achieving nonvolatile bipolar photo-
conductive states while reducing write power by two orders of magnitude. Furthermore, high-performance image processing tasks, including
image sharpening, edge detection, and motion detection, are implemented using the device. This work presents a promising approach to

CMOS-compatible hardware design for future in-sensor computing systems.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0299857

The rapid development of the Internet of Things (IoT) has driven
an urgent demand for efficient processing of vast visual information.
While advanced image sensors are capable of real-time image detec-
tion, data transmission between different units causes severe latency
and efficiency issues.' * To address this, in-sensor computing has been
proposed, which integrates photosensing, memory, and computing
functions into a single hardware platform."*”

In recent years, emerging devices like resistive switching memo-
ries,” phase-change memories,” atom switch memories,'” and photo-
transistors'"'* have been proposed as potential devices for in-sensor
computing. Among them, phototransistors have attracted increasing
attention due to their unique advantages of nonvolatile storage, precise
gate voltage (V) control, low power consumption, and high integra-
tion capability,””'® and have been widely used in advanced sensing
systems. Conventional phototransistors predominantly exhibit only
positive photoresponse driven by the generation and dissociation of
photo-excited carriers under light.” ' 1In contrast, negative

photoresponse, which refers to a decrease in channel conductivity
under illumination, is less common and typically occurs under specific
conditions of temperature,20 pressure,21 atmosphere,z’ or operating
voltage.”””*" This special photoresponse exhibits distinct advantages
over the positive one, including reduced energy loss and enhanced effi-
ciency,” significantly expanding the functionality of traditional photo-
detectors and enabling advanced applications such as low-power
photode‘[fectors,25 optical logic gates,zr’ neuromorphic devices,”” and
multifunctional nonvolatile memories.””

Furthermore, by incorporating both positive and negative photo-
responses into a single transistor, effective pixel matching with diverse
convolution kernels can be achieved at the sensor level, enabling
hardware-based convolutional operations.”*” This approach not only
boosts recognition accuracy and computational efficiency but also
streamlines hardware design and further reduces energy consump-
tion.”>***" Tt broadens the applications of phototransistors to optical
and electrical dual-control’’ or all-optical control logic devices,”®
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enabling efficient image processing in more complex environments
with minimized energy consumption and maximized operational
speed.®” For instance, in event camera applications, the cancelation of
positive and negative photoresponses in a single phototransistor can
highlight moving objects, effectively filtering out static background
information and improving recognition efficiency.”

Recent studies have investigated bidirectional photoresponse in
various material systems. For example, Wang et al. demonstrated this
phenomenon in a graphene/organic semiconductor heterojunction
phototransistor in 2018, and Miao et al. and Han et al. reported simi-
lar photosensing behaviors in ReS,/h-BN/MoS,™* and MoS,/h-BN/
Gr'” in 2018 and 2022, respectively. However, these materials predom-
inantly rely on low-dimensional (0D-2D),”"*********" organic,”*"” or
perovskite-based photosensitive materials, which face significant
challenges in scalability, environmental stability, and complementary
metal-oxide-semiconductor (CMOS) compatibility. In contrast, oxide
materials like InO and InGaZnO (IGZO) demonstrate superior scal-
ability, stability, and straightforward integration into existing semicon-
ductor workflows, making them promising candidates.””"* Although
limited works have explored bidirectional photoresponse in oxide-
based systems, organic components are still inevitably introduced.*”
Thus, developing a fully CMOS-compatible phototransistor with bidi-
rectional photoresponse remains a significant challenge.

In this work, we employ a fully CMOS-compatible metal-ferro-
electric-metal-insulator-semiconductor (MFMIS) ferroelectric field
effect transistor (FeFET) with ferroelectric (FE) Hf, 5Zry 50, (HZO)
material and IGZO channel to enable bidirectional photoresponse.
Both positive and negative photoconductive states are achieved in the
device through an FE-tunable band alignment, which facilitates
the tunneling of photo-generated holes or electrons from IGZO to the
floating gate (FG) under illumination. Benefiting from the nonvolatile
polarization of the FE layer, not only are the photoconductive states
memorized but the write power consumption is also reduced by two
orders of magnitude. Furthermore, high-performance image process-
ing tasks, including image sharpening, edge detection, and motion
detection, are implemented using the device. This work presents a
promising approach to CMOS-compatible hardware design for future
intelligent in-sensor computing.

The MFMIS FeFET was fabricated following a fully CMOS-
compatible process, as shown in Fig. 1(a). The device structure is sche-
matically shown in Fig. 1(b), and the optical microscope image from
the top of the device is shown in Fig. 1(c). 30 nm TiN was first depos-
ited by sputtering on SiO,/Si and patterned as the bottom gate (BG)/
floating gate (FG), followed by 10 nm HZO by atomic layer deposition
(ALD) at 250°C. Another 30nm TiN top gate (TG) was then sput-
tered and patterned, with subsequent 450 °C rapid thermal annealing
(RTA) in N, for 30s to crystallize the HZO. Then, a 40nm IGZO
channel was sputtered and etched, followed by 40 nm Ni source/drain
(S/D) evaporation and 250°C RTA (5min) for Ohmic contacts. All
electrical measurements were conducted using a Keithley 4200A SCS
Semiconductor Analyzer. Light pulses were controlled by a VB-8012
VisualBench signal generator, allowing for power adjustment via a
voltage source.

As we know, the MFMIS FeFET can be modeled as a series con-
nection of a metal-ferroelectric-metal (MEM) capacitor (Cgg) and a
metal-insulator-semiconductor (MIS) capacitor (Cr),"* as shown in
Fig. 1(d). A key parameter, the area ratio (AR), is defined as the ratio
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FIG. 1. (a) Device fabrication process; (b) schematic illustration, and (c) optical
microscope image of the MFMIS FeFET. (d) Equivalent circuit structure and (e)
band diagram illustrating the operation principle of the MFMIS FeFET. (f) Transfer
characteristics of the device, demonstrating a large memory window of 5.5V and an
Ion/lo ratio of 10° at an area ratio (AR) of 1:3. (g) Hysteresis and switching current
curves of the gate-integrated MFM capacitor within the MFMIS structure.

of the areas of these two capacitors. The operation mechanism of the
device is shown in Fig. 1(e) from the perspective of an energy band
diagram. When Vj; is applied at the top gate (TG), the voltage is dis-
tributed across the FE and insulator layers (IL), and the actual voltage
drop across the FE layer determines the memory window (MW)."*
In this way, a large MW of 5.5V is obtained through a low AR of 1:3,
with a considerable photosensing area (W/L=1000/100 um), as
shown in Fig. 1(f). The on/off ratio (I,,/I,4) also reaches a high value
of 10° In addition, the ferroelectricity of the gate-integrated MFM
capacitor is characterized in Fig. 1(g), and 2P, of ~40 u C/cm? is dem-
onstrated. The GIXRD pattern of HZO is shown in Fig. S1 (supple-
mentary material).

Then, the optoelectronic characteristics of the device under
405nm light illumination were investigated. Figures 2(a) and 2(b)
illustrate the variation of Ipg in response to a sequence of light
pulses at different Vi, while maintaining a constant light intensity of
1.35 W/cm®. More specifically, in Fig. 2(a), Vi ranging from 1.5 to 3V
was applied to the TG of the device during the test. Upon illumination,
a sharp increase in current is observed, which saturates under light
exposure and then rapidly decreases when light is turned off. This
behavior demonstrates a typical positive photoresponse of the device.
Notably, the condition changes dramatically at a higher V>4V, as
shown in Fig. 2(b). In this case, a significant decrease in current is
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observed during the illumination periods, followed by a gradual recov-
ery of current in the dark. This contrasting behavior highlights the neg-
ative photoresponse of the device. The relatively slower decrease and
recovery of the current suggest a different physics from the conven-
tional positive photoresponse, which exhibits rapid switching under
light. These results demonstrate that the HZO-based MFMIS structure
of FeFET exhibits both positive and negative photoresponses under the
modulation of V. Additionally, a small upward/downward current
peak is detected at the instant the light is turned on/off. Given the rapid
response speed, these peaks are likely attributed to the generation and
recombination of photo-excited carriers in the IGZO layer. Locally
magnified close-ups distinguishing the fast peak from the slow tunnel-
ing one were shown in Fig. S2 (supplementary material). This observa-
tion indicates a potential competition between positive and negative
photoresponses within the device, where a higher V; promotes the
dominance of the negative photoresponse over the positive one.
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FIG. 2. Gate-tunable bidirectional photoresponse of the device at V=1V under
405nm illumination. (a) Positive and (b) negative photoresponses under varying
V. (c) Positive and (d) negative photoresponses at a fixed Vg under different light
intensities. (e) Extracted /,, and (f) R as a function of Vs under different light intensi-
ties. (g) Mapping of I, and (h) R with varying V¢ and light intensities.
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Moreover, the photoresponse under various light intensities was
also investigated, as illustrated in Figs. 2(c) and 2(d). The spot size of
the light source relative to the single demo device is schematically illus-
trated in Fig. S3 (supplementary material). In both cases, stronger pho-
toresponses are observed as the light intensity increases. To gain
deeper insights into how the photoresponse is influenced by Vg, the
photocurrent (I,;,) and photoresponsivity (R) under different illumina-
tion conditions were extracted as a function of Vg, as shown in Figs.
2(e) and 2(f), respectively. When Vg < 2V (approximately the thresh-
old voltage (V;,)), no significant change is observed for either I, or R.
Beyond that, both Lon and R increase and reach a maximum around
Vi ~ 3V, and then decrease rapidly for Vi > 3 V. Notably, a transi-
tion from positive to negative photoresponse occurs at Vg ~ 4V.
These results clearly demonstrate a significant gate-tuning effect on
the photoresponse. More intuitively, mappings of the change in I,
and R with respect to V; and light intensity are presented in Figs. 2(g)
and 2(h), respectively. The absolute value of L, (|I,|) increases while
R decreases with higher light intensities. Importantly, negative I, and
R, corresponding to the negative photoresponse, only appear when Ve
exceeds a critical high value around 4 V. The gate-tunable bipolar pho-
toresponse is also investigated by Ips—Vps measurements, under both
405 and 450 nm light, as shown in Fig. S4 (supplementary material).
These findings collectively highlight the capability of the device to
exhibit gate-modulated bipolar photoresponse behavior.

The above-mentioned measurements were performed with a per-
sistent V; at the TG, which, however, may lead to power consumption
issues. Considering that ferroelectric polarization has been widely
applied in nonvolatile memories to reduce energy consumption,”**
here, an alternative strategy was tried. First, a negative Vi pulse
(—4.5V, 25) was applied at the TG to preset the polarization of the FE
layer in the upward direction from FG to TG and then removed before
light illumination. As a result, progressive positive photoconductive
states were achieved and memorized with a series of light pulses, as
shown in Fig. 3(a), under different light intensities. During each optical
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FIG. 3. Nonvolatile (a) positive and (b) negative photoresponses under varying light
intensities with an initial preset Vg pulse. (c) and (d) Extracted changes in Ips
(Alps) as a function of the number of light pulses.

Appl. Phys. Lett. 127, 223303 (2025); doi: 10.1063/5.0299857
Published under an exclusive license by AIP Publishing

127, 223303-3

82 125 €0 9202 AN €T


https://doi.org/10.60893/figshare.apl.c.8150057
https://doi.org/10.60893/figshare.apl.c.8150057
https://doi.org/10.60893/figshare.apl.c.8150057
pubs.aip.org/aip/apl

Applied Physics Letters

ARTICLE pubs.aip.org/aip/apl

TABLE I. Comparative analysis of phototransistors exhibiting bidirectional photoresponses, highlighting key parameters: channel material, gate structure, MW, /,,/l, ratio, photo-

sensing wavelength, nonvolatility, and CMOS compatibility.

Ref. 11 Ref. 29

Ref. 53 Ref. 54 This work

Channel Bilayer MoS,
Gate Al,O5 HfO,
MW 241V o

Lon/Logr 10° 10°

Photosensing wavelength 660 nm
Nonvolatility Yes No
CMOS compatibility No No

MAPDI;/Bi,0,Se

400 nm, 500 nm, 700 nm

Black phosphorus InO IGZO
SiO, Side-gate jon-gel TiN/HZO/TiN
15V ~15V 55V

4 10° 10°
White light 520 nm 405 nm, 450 nm

Yes Yes Yes

No No Yes

operation period, the current rises under illumination, although a
decrease in current occurs during the dark intervals, it does not revert
the photoconductivity to its initial pre-illumination value.
Consequently, the photoconductive states are effectively memorized.
Similarly, after applying a positive V pulse (4.5 V, 0.02 s), the polariza-
tion of the FE layer was preset in the downward direction from TG to
FG; in this case, progressive negative photoconductive states are
achieved, as shown in Fig. 3(b). The retention of nonvolatile negative
photoresponse, exceeding 100 s after one illumination period, was pre-
sented in Fig. S5 (supplementary material). During the illumination
periods, a sustained decrease in current is observed. The overall trend
of current with light pulses reflects a reduction in photoconductivity,
indicating a dominant nonvolatile negative photoresponse. Therefore,
taking advantage of the nonvolatility of the FE layer, both positive and
negative photoconductivity are achieved and memorized in the device
without persistent V. The change in Ips (Alps) with the number of
light pulses in both cases was also extracted, as shown in Figs. 3(c) and
3(d), respectively, which will serve as optical weights in image process-
ing tasks discussed later. In fact, a lower positive V could also induce
a negative photoresponse, like the case in Fig. 3(b), but the pulse dura-
tion should be longer to ensure sufficient polarization switching, as
shown in Fig. S6 (supplementary material). Compared with operations
that require persistent Vg, benefiting from the nonvolatile polarization
of the FE layer, not only is nonvolatile bipolar photoresponse achieved
but also the power consumption for each optical operation has been
evaluated to be decreased by two orders of magnitude (from
82 % 107 to 3.2 x 107'")). The detailed calculation method is pre-
sented in the supplementary material. Compared to other phototran-
sistors that exhibit bipolar photoresponse, our device shows excellent
CMOS compatibility with nonvolatile photosensing behaviors,''***>*
as shown in Table I, offering a promising route to high-performance
sensing, computing, and memory integration.

Next, we understand the physical origin of the bidirectional pho-
toresponse of the device. To address the effect of FG in our device, we
investigated the optoelectronic behaviors in different structures while
keeping the materials unchanged. A stepwise Vi [see the inset of
Fig. 4(a)] was exerted on the FG instead of the TG to examine the con-
tinuous change of I, with V; in an MIS configuration. Vpg was set as
1V, and light intensity was set as 4.3 W/cm? to ensure an obvious vari-
ation in current. Interestingly, in this MIS case, no negative I, is
observed regardless of Vi, as shown in Fig. 4(a), indicating that the
key to the bipolar photoresponse lies in the FG structure of the device.
The same measurement condition was also applied to the MFMIS

a = Dark ss b
@ — Light 4 | (b)
Always |, > 0 fo 000 200
Mi

Ips (A)

10°

Light Intensity = 4.3 W/cm?

Light Intensity = 4.3 W/cm?
0 20 40 60 80 100 120 140 o 50 100

Time (s)

..... Time (s)
(c) Nonvolatile positive photoresponse

After -Vg
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Hole tunneling
[«] h* ®a-
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533
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(d)
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Ey

(e} h* [ ) e-
© Negative bound charge

FIG. 4. (a) Temporal evolution of /ps under stepwise Vs in MIS and (b) MFMIS con-
figurations. The inset in (a) illustrates the stepwise V scheme applied to the device.
Band diagram illustrations of the nonvolatile (c) positive photoresponse and (d) neg-
ative photoresponse.

structure. Notably, as shown in Fig. 4(b), although a negative I,, is
observed when V; exceeds a critical value, consistent with what we dis-
cussed earlier, a too-high V; would revert the negative I, back to posi-
tive. This is likely attributed to the breakdown of the FE layer under a
rather high voltage, further evidence is shown in Fig. S7 (supplemen-
tary material). This phenomenon is common and repeatable in various
single demo MFMIS devices with different AR values (see Fig. S8 in
the supplementary material). Moreover, different from the reported
van der Waals (vdW) heterostructure-based FG structures,’’ in this
work, we additionally induce ferroelectricity, which may play a distinct
role. Therefore, a device with unannealed HZO, which lacks ferroelec-
tricity, was also investigated. In this metal-insulator-metal-insulator-
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moving car and (f) a walking person.

semiconductor (MIMIS) structure, although a negative photoresponse
also emerges under high Vi (see Fig. S9 in the supplementary mate-
rial), a persistent Vj; is required to maintain the photoconductivity due
to the absence of ferroelectric polarization.

Based on the above-mentioned considerations, the nonvolatile
bipolar photoresponse can be understood well by a ferroelectric-
tunable band alignment mechanism. Specifically, as shown in Fig. 4(c),
after a sufficient negative Vi pulse, the polarization is preset upward
from FG to TG, causing the energy band of the FE layer to exhibit a
downward slope from FG to TG. This tilts the energy band of the insu-
lator layer (IL) in turn, creating an opposite slope direction and estab-
lishing a steep band gradient across the IL, enhancing the tunneling
possibility of carriers. Additionally, the band of the IGZO layer bends
upward near the interface with the IL, leading to electron depletion
and hole accumulation. Under illumination, a significant number of
photo-excited carriers are generated. Driven by the band alignment,
the photo-generated holes can tunnel through the IL from IGZO to
FG and be trapped there, inducing a positive electric field that attracts
electrons from the n-type IGZO layer, thereby increasing the electron

density near the interface and enhancing channel conductivity. After
illumination, many of the photo-excited electrons and holes recombine
with each other, leading to a transient decrease in channel conductiv-
ity. However, the trapped holes in FG continue to exert a persistent
positive field, maintaining the photoconductive states over time. A
comparison of the band diagrams before and after light illumination is
further described in Fig. S10(a) (supplementary material).

In contrast, as shown in Fig. 4(d), after applying a sufficient posi-
tive Vg pulse, the band alignment is reversed compared to the previous
case, promoting the tunneling of photo-generated electrons rather
than holes from IGZO to FG through IL. The trapped electrons induce
a negative electric field, attracting holes in the channel and conse-
quently decreasing the channel conductivity. This results in a negative
photoresponse. The comparison of the band diagrams before and after
light illumination is described in Fig. S10(b) (supplementary material).
In this way, nonvolatile positive/negative photoconductive states are
achieved through a ferroelectric-tunable band alignment by applying a
sufficient negative/positive V pulse to preset the polarization before
illumination.
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High-performance image processing was also achieved using the
MEMIS structure. Unlike conventional methods based on differential
photoresponsivity (AR=R,, — R,,), our approach leverages bidirec-
tional photoresponse to construct optical convolution kernels, enabling
precise spatial weight modulation for feature enhancement. To miti-
gate gradient attenuation in traditional sharpening, we implemented a
programmable Laplacian kernel (k= [[0 —1 0], [-1 5 —1], [0 —1 0]]),
with weights tunable in [—5, 5] via bidirectional photoresponse. This
configuration amplifies central pixels (5x) while suppressing periph-
erals (—1x), enhancing second-order differential features. Simulations
[Figs. 5(b) and 5(c)] show improved edge SNR and reduced variance,
balancing feature enhancement and noise suppression in both sharp-
ening and edge extraction.

Moreover, inspired by the antagonistic mechanisms of bipolar
ON/OFF cells and temporal modulation in retinal neurons, a reti-
nomorphic motion detection paradigm was developed.” As illus-
trated in Fig. 5(d), the system integrates a 2D retinomorphic array
with a positive conductance matrix (W},m) and a negative conduc-
tance matrix (W2,) to perform frame difference computations.
For a motion sequence spanning t, to tend, let X,,,,, and Y,,,,, repre-
sent normalized brightness distributions (scaled [0,1]) at t; and t;
+ At, respectively. The retinomorphic device executes the
following:

Output = W' X(t;)+W? - Y(t,+At), 1)

where - denotes the Hadamard product. Static backgrounds exhibit
near-zero outputs due to conductance matrix symmetry (||W!|]
~ ||[W?|]), effectively suppressing stationary noise. Moving objects
induce differential responses proportional to displacement magnitude,
enabling motion detection through thresholding [Figs. 5(e)-5(f)].

In conclusion, nonvolatile bidirectional photoresponse in a fully
CMOS-compatible MEMIS FeFET is achieved in this work. This origi-
nates from a ferroelectric-tunable band alignment, which enables
photo-generated holes or electrons to tunnel through the IL and be
trapped in the FG. Outstanding in-sensor convolutional operations,
including image sharpening, edge extraction, and motion detection,
have also been demonstrated based on the device. This work offers a
promising route to hardware design toward high-performance sensing,
computing, and memory integration systems.

See the supplementary material for details concerning the writing
power consumption calculation method, GIXRD pattern of the HZO
film, the locally magnified close-ups of positive and negative photores-
ponse, the spot size of the light source relative to the single demo
device, bidirectional photoresponse of the MFMIS device under
450 nm blue light and 405 nm purple light, retention of the nonvolatile
negative photoresponse after one illumination period, the bidirectional
photoresponse behaviors with a lower but longer preset Vg pulse, the
evidence of FE breakdown after high Vg, change in I, with progres-
sively increased Vg in different MFMIS devices, the bidirectional pho-
toresponse in an MIMIS FeFET, and the band diagram illustrations of
nonvolatile positive and negative photoresponse mechanisms before
and after light illumination.
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