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ABSTRACT: A nanogenerator, as a self-powered system,
can operate without an external power supply for energy
harvesting, signal processing, and active sensing. Here, near-
infrared (NIR) photothermal triggered pyroelectric nano-
generators based on pn-junctions are demonstrated in a p-
Si/n-ZnO nanowire (NW) heterostructure for self-powered
NIR photosensing. The pyroelectric-polarization potential
(pyro-potential) induced within wurtzite ZnO NWs couples
with the built-in electric field of the pn-junction. At the
moment of turning on or off the NIR illumination, external
current flow is induced by the time-varying internal electric
field of the pn-heterostructure, which enables a bias-free
operation of the photodetectors (PDs). The NIR PD exhibits
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a high on/off photocurrent ratio up to 10” and a fast photoresponse component with a rise time of 15 s and a fall time of
21 ps. This work provides an unconventional strategy to achieve active NIR sensing, which may find promising applications
in biological imaging, optoelectronic communications, and optothermal detections.
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ear-infrared (NIR) light, as electromagnetic radiation

| \ | with wavelengths between visible and infrared light,
has a wide range of applications in biomedical
imaging, remote temperature sensing, chemical analyzing, and
environmental monitoring.l_3 NIR sensing has attracted
tremendous attention in the past few decades, and numerous
NIR photodetectors (PDs) have been demonstrated based on a
series of emerging material systems, such as nanocrystal
quantum dots,** 2D layered materials,”” and organolead halide
perovskite.*” The NIR photoabsorption capacities of these
materials inherently limit the corresponding performances of
the reported NIR PDs. More importantly, fundamentals of
these PDs rely on the separation of photogenerated carriers by
the built-in electric field formed within pn- and/or Schottky
junctions. During this process, photoinduced voltage (PIV)
arising from the separated carriers is formed with an opposite
direction to the built-in electric field,'® which can reduce the
built-in electric field and weaken the separation of carriers in
turn, thus limiting the photoresponse performances of NIR
PDs. Therefore, NIR PDs with a rational design are highly
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required to further improve their performances and expand
their practical applications.

For pyroelectric materials with nonsymmetric structure,
pyroelectric polarizations can be induced by time-dependently
changing the temperatures across the material.'”'> Further-
more, an IR radiation-induced change in temperature of the
pyroelectric materials results in the generation of a pyroelectric-
polarization potential (pyro-potential) along their polar
direction.” In semiconductor devices formed with wurtzite
ZnO nanowires (NWs), the introduction and existence of
polarization potential (piezo-potential an pyro-potential) can
effectively tune/control the charge movement/transport across
the junction and modulate the optoelectronic processes of local
carriers, leading to the emerging fields of piezo-tronics, piezo-
phototronics, and pyro-phototronics. Moreover, a time-depend-
ent change of the internal polarization electric field inside the
ZnO NW(s) can effectively drive the flow of electrons through
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Figure 1. Working mechanisms of the light-triggered pn-junction-based pyroelectric nanogenerator. (a) A pn-junction is negatively biased
under an external bias (U), and the depletion width L is formed (upper). The depletion width will be expanded (upper) or shrunk (lower) if
the external voltage increases or decreases, respectively. (b) A zero-biased pn-junction formed with p-Si and an n-ZnO NW, a depletion region
(width of L), and corresponding built-in electric field (E,) are formed (upper). Upon NIR illumination (middle), a transient high output
current is generated and flows through an external circuit when dT/dt < 0. Upon shutting down the NIR light (lower), —E,,, is produced,
caused by dT/dt < 0, leading to a transient high output current in the reverse direction.

external circuits, and hence short-circuit current outputs are
obtained. These are the fundamentals of pyroelectric and
piezoelectric nanogenerators,"”'*'> which have been revealed
recently.'

The pn-junction is an important functional unit in today’s
electronics and optoelectronics. The depletion width and built-
in electric field of the pn-junction dominant the transport
properties of charge carriers and corresponding device
performances. Normally, when a pn-junction is negatively
biased under an external voltage of U, the depletion region with
a width L is formed (Figure la, upper). The depletion width
will be expanded (L + AL) or shrunk (L — AL) once the
external voltage increases (U + AU) or decreases (U — AU),
respectively, as shown in the middle and lower panel of Figure
la. The variation of the depletion width is caused by the change
of the built-in electric field. The expansion or shrinkage of the
depletion region is equivalent to the increasing or decreasing of
the built-in electric field inside the pn-junction.

The Maxwell displacement current, defined in terms of the
rate of change of the electric displacement field, can be given by
the equation'®"”

__, &

] 02 + 2
Dot ot

ot (1)

where ], represents the displacement current; D is the
displacement field; E is the electric field, and g, is the
permittivity of a vacuum. As clearly illustrated previously,'®"®
the displacement current is not an electric current of moving
free charges, but a time-varying electric field (vacuum or media).
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Therefore, if the time-varying built-in electric field in a pn-
junction is triggered by an ac stimulus under bias-free
conditions, ac current flow in the external circuit can be
induced by the displacement current inside the pn-junction.
This is feasible to utilize to develop effective semiconductor
devices for self-powered functional applications.

In this work, an NIR-light-triggered pyroelectric nano-
generator is demonstrated in a Si/ZnO NW pn-junction and
is introduced to achieve self-powered NIR PDs. At the moment
of turning on or off the NIR illumination, time varying of the
total internal electric field (pyro-potential and built-in electric
field) inside the pn-heterostructure results in the conductive
current flow in the external circuit. Interestingly, the photo-
response behavior of the NIR PD is tuned and the
photoresponse performances are significantly improved by
reducing the thickness of the p-Si substrate from 500 ym to 45
um, which is attributed to the decreased PIV caused by the
weakened photoabsorption in thinner Si devices. The 45 ym
ultrathin-Si-based NIR PD exhibits a higher on/oft photo-
current ratio up to 107 and a better photoresponse component
with a rise time of 15 ps and a fall time of 21 us. The proposed
working mechanisms of the self-powered NIR PD are further
confirmed by fabricating and investigating the photoresponse
properties and corresponding performances in three different
types of NIR PDs: a Si/ZnO NW pn-junction devices, metal/
ZnO NW Schottky-junction devices, and ITO/ZnO NW
ohmic-junction devices.
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Figure 2. Structural and photoresponse characteristics of the NIR PDs based on the 500 gm p-Si/n-ZnO NW heterostructure. (a) Schematic
image of the 500 ym p-Si/n-ZnO NW heterostructure devices. Cross-section-view (b1) and tilt-top-view (b2) scanning electron microscopy
(SEM) images of the as-grown ZnO NWs, both with scale bars of 500 nm. (c) Upon the illumination of 1064 nm light, two optical processes
are induced in the pn-junction device: the instantaneous pyro-polarization inside the ZnO NW and the photoexcitation at the local junction.
(d) Photogenerated holes and electrons are separated, leading to the generation of E,. (e) I-V characteristics of the p-Si/n-ZnO NIR PDs
under nine different power densities of NIR illumination. (f) Under bias-free conditions, the output-current response of the pn-junction PDs
to 4.8 mW cm™> NIR illumination under periodical NIR illumination. (g) One typical cycle of the short-circuit I-¢ curve.

RESULTS AND DISCUSSION

The working mechanism of the NIR-light-triggered pyroelectric
nanogenerator based on a pn-junction is schematically
illustrated in Figure 1b. Considering a zero-biased pn-junction
formed with a p-type nonpyroelectric semiconductor (e.g., p-Si)
and an n-type pyroelectric semiconductor (e.g, n-ZnO NW), a
depletion region (width of L) with a built-in electric field of Ey,
is formed at the junction interface under thermal equilibrium
conditions (Figure 1b, upper). If the polar c-axis of the ZnO
NW points away from p-Si, upon NIR illumination (Figure 1b,
middle), light-induced pyro-potential (E,,) in the direction of
E,, is created within the pyroelectric ZnO NW arising from the
photothermal-induced instantaneous temperature increase
(dT/dt > 0) due to the superior photothermal heating property
of NIR."”~*" The depletion width is expanded by the E,, and
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thus E, increases. The total electric field inside the
heterostructure (Eyq = E,, + Ep) increases instantly, and the
time variation of E,; at this moment drives the flow of
electrons through an external circuit and produces a transient
short-circuit output current. The displacement current inside
the pn-heterostructure results in the conduction current in the
external circuit. Then the transient output current disappears
and the current decreases to a steady-state value after the
photothermal heating is stable and reaches equilibrium. This
steady-state current is dominated by the optoelectric processes
of the pn-junctioned devices, which will be discussed later. At
the moment of shutting down the NIR light (Figure 1b, lower),
a reverse pyro-potential (—E,,) in the opposite direction of E,,
is produced owing to the instantaneous temperature decrease
(dT/dt < 0). The depletion width is shrunk by the —E, and E,,
decreases. The total electric field (E = E, — E,,) decreases
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Figure 3. Schematic, digital images and photoresponse characteristics of the NIR PDs based on a 45 gm p-Si/n-ZnO NW heterostructure. (a)
Schematic and (b) digital images of the 45 um p-Si/n-ZnO NW heterostructure devices. (c) Transmission properties of the two different kinds
of NIR PDs. (d) Under bias-free conditions, the output-current response of the pn-junction PDs to 4.8 mW cm ™2 NIR illumination under
periodical NIR illumination. (e) One typical cycle of the short-circuit I—¢ curve.

instantly, and the time-varying E,, at this moment drives the
reverse flow of electrons through the external circuit and
produces a transient short-circuit output current in the reverse
direction. Last, the output current disappears and returns to a
dark current after the photothermal heating vanishes. As clearly
illustrated above, the transient current-output signals are
generated without external bias at the moment of turning on
and/or off the NIR light originating from the time-dependent
NIR photothermal excitation; thus it is highly suitable for
applications in effective and self-powered NIR photosensing.
In order to experimentally verify the proposed physical
mechanisms and develop self-powered NIR photosensing of the
pn-junction-based pyroelectric nanogenerator, p-Si/n-ZnO NW
heterostructure devices (labeled as device A) were fabricated
first by hydrothermally synthesizing uniform ZnO NWs on a
500-pm-thick Si substrate, as schematically shown in Figure 2a.
Cross-section-view and tilt-top-view scanning electron micros-
copy (SEM) images presented in Figure 2bl and b2 indicate
the as-grown ZnO NWs with average diameters of 30—60 nm
and lengths of 800 nm. The detailed fabrication processes and
measurement setup are found in the Methods section and the
Supporting Information (Figure S1). Upon the illumination of
NIR (1064 nm) from the ZnO side, two optical processes can
be induced in the pn-junction device: the instantaneous pyro-
polarization inside ZnO NWs and the photoexcitation at the
local junction caused by the photoabsorption of NIR in 500-
um-thick Si (Figure 2c). Owing to the existence of E;, within
the depletion region of the pn-junction, photogenerated holes
and electrons will be separated and driven toward the p-Si and
n-ZnO NWs side, respectively (Figure 2d). The separated

8342

charge carriers lead to a photogenerated potential in the
opposite direction to Ej. Therefore, the coupling among E,,
E,p, and E,, in the heterostructure devices can be expressed by
Eyw = E,y + E, — Ey, which dominates the photoresponse
behavior and performances of the NIR PDs.

I-V characteristics of the p-Si/n-ZnO heterostructure device
under a series of different power densities of NIR light
illumination are measured and plotted in Figure 2e, showing
good photoresponse properties of the NIR PDs. Under bias-
free conditions, the output-current response of the pn-junction
PDs to NIR illumination of 4.8 mW cm™ is systematically
investigated and summarized in Figure 2f by periodically
turning on and off the NIR light using an optical chopper. One
typical cycle of the short-circuit I—t curve extracted from Figure
2e is plotted in Figure 2f. It is clearly seen that a sharp current-
response peak, with a magnitude of I, = 2.04 X 107° A, is
induced at the moment the NIR light is turned on. This I, is
caused by the time-dependent change of the total electric field
(Eqora) inside the pn-junctioned devices due to NIR-photo-
thermal heating induced instantaneous temperature increase
(dT/dt > 0) in ZnO NWs, as clearly illustrated above. Then the
pyro-potential is gradually reduced and disappears as the
temperature variation vanishes (dT/dt = 0) by retaining the
power intensity of the NIR illumination, and the output current
reaches a steady plateau (I,;,) due to the stable separation of the
photogenerated carriers by E, within the depletion region. A
reverse sharp current-response peak (—I,) is induced once the
NIR light is turned off, originating from the reverse pyro-
potential induced by the instantaneous temperature decrease
(dT/dt < 0) in the ZnO NWs. Last, the temperature returns to
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Figure 4. Schematic images, I-V curves, and photoresponse properties of the pn-junction, Schottky-junction, and ohmic-junction devices. I—
V characteristics of the (a) pn-junction, (b) Schottky-junction, and (c) ohmic-junction devices, with corresponding schematic images of these
three kinds of devices as inset images. The short-circuit photoresponse current of the (d) pn-junction, (e) Schottky-junction, and (f) ohmic-

junction devices under periodical illumination of 1064 nm light.

room temperature and stays stable with the pyro-potential
slowly vanishing again, and thus the output current returns to
dark current. From the PD performances point of view, the

I,—1
- : oy Tk M 22,23
photoresponsivity R is calculated as R = = T

where Py = I;; X S is the NIR illumination power, ¥ represent
the internal gain, 7, is the external quantum efficiency, q is
element electronic charge, h is Planck’s constant, v is the
frequency of light, I is the excitation power density, and S is
the effective area of the PDs. Under the NIR light power
density of 4.8 mW cm ™2, R is calculated to be 4.3 X 107* A
W', Furthermore, the rising time is defined as the time from
10% to 90% of the maximum photocurrent, and the recovery
time is defined as the falling time from 90% to 10% of the
maximum photocurrent.”**> The response times of the self-
powered p-Si/n-ZnO NW NIR PDs at the rising and falling
edge are calculated to be 210 and 260 us, respectively.

To enhance the photoresponse performances of the NIR
PDs, ultrathin-Si/ZnO NW pn-junction devices (labeled as
device B) were fabricated by chemically reducing the thickness
of the p-Si substrate from 500 ym to 45 pm. Details on the Si
thickness-reduction processes are found in the Method section.
The schematic and digital images of the 45 ym ultrathin Si/
ZnO NW based NIR PDs are shown in Figure 3a and b.
Corresponding SEM images of the ultrathin-Si/ZnO NW
heterostructure and the as-synthesized ZnO NWs are found in
the Supporting Information (Figure S2). The transmission
properties of devices A and B without a bottom Cu electrode
are characterized and plotted in Figure 3¢, indicating that the
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transmittance of device B is much higher than that of device A
at a wavelength of 1064 nm due to the thickness reduction. The
significantly weakened NIR photoabsorption in device B will
considerably reduce the amount of photogenerated carriers and
corresponding Eph component. The output-current response of
device B to 4.8 mW cm™ NIR illumination is measured under
zero-biased conditions by periodically turning on and shutting
down the NIR light with a 1000 Hz frequency, as plotted in
Figure 3d. One typical cycle of the short-circuit I—t curve is
shown in Figure 3e. It is noteworthy that I, in device B is
markedly decreased, on the order of 107'° A, which is much
lower than that in device A (107° A). Meanwhile, the induced
sharp current-response peak at the moment the NIR
illumination is turned on is as high as I,, = 1.05 X 1073 A,
exhibiting a high on/off photocurrent ratio up to 10”. The
photoresponsivity R is calculated to be 0.22 A W™, which is
nearly 3 orders of magnitude larger than that in device A. On
the other hand, the response times of device B at the rising and
falling edge are 15 and 21 us, corresponding to photoresponse
speeds at the rising and falling edge 13.9 and 16 times faster
than those in device A. The enhanced photoresponsivity and
photoresponse speed of device B are attributed to the decrease
of E, and increased E (equal to E,, + E, — E,;,) upon the
illumination of NIR light, as schematically shown in Figure S3
(Supporting Information).

One typical cycle of the short-circuit I—t curve of the 45 ym
ultrathin Si/ZnO NW PDs under a series of different light
frequencies is systematically investigated and summarized in
Figure S4a (Supporting Information). Obviously, the induced
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I, increases with increasing the light frequency, which is
attributed to the enhanced temperature-change rate (dT/dt)
under higher light frequency conditions. The pyroelectric
current can be described as I, = PA(dT/dt),'""* where P, is
the pyroelectric current coefficient and A is the electrode area;
therefore, I,, is proportional to dT/df. The stability and
durability of the pn-junction-based pyroelectric nanogenerator
is also demonstrated by measuring hundreds of cycles of the
short-circuit I—t curve of the 45 pm ultrathin Si/ZnO NW PDs
under a light frequency of 1 kHz, as shown in Figure S4b
(Supporting Information). The systematical studies on the
photoresponse properties of the 45 ym ultrathin Si/ZnO NW
NIR PDs and corresponding results also verify the physical
mechanisms of the light-triggered pn-junction-based pyro-
electric nanogenerator illustrated above. Compared with the
convention photon NIR sensor, the demonstrated NIR sensor
not only enables a self-powered operation but also benefits
from its low-cost fabrication without involving complicated and
expensive technology.

In order to further explore and confirm the origins of the
induced current under zero-bias conditions, three different
heterostructures of the devices were fabricated and studied: p-
Si/n-ZnO NW pn-junction devices, n-ZnO NW/Cu Schottky-
junction devices, and ITO/n-ZnO NW ohmic-junction devices.
I-V characteristics of the pn-junction, Schottky-junction, and
ohmic-junction devices, with corresponding schematic images
of these three kinds of devices as inset images, are shown in
Figure 4a, b, and ¢, respectively. The short-circuit photo-
response currents of these three different kinds of devices under
periodical illumination of 1064 nm light are investigated and
summarized in Figure 4d, e, and f. As clearly seen, the self-
powered current is generated in pn-junction and Schottky-
junction devices, while no current can be induced in ohmic-
junctioned devices by periodically turning on and shutting
down the NIR illumination. This can be attributed to the fact
that the space charge region or depletion region exists only in
the pn-junction and Schottky junction rather than at the ohmic
junction;10 therefore, the time-varying internal electric field
inside the pn-junction and Schottky junction is significant,
while the induced change of pyro-polarization is rapidly
screened by the free electrons and holes inside the ZnO
NWs. Moreover, the I, induced in the pn-junction device at
the moment the NIR light illumination is turned on is up to the
order of 107 A, which is nearly 4 orders of magnitude larger
than that in Schottky devices (1077 A). This agrees with the fact
that the generated depletion region at the pn-junction interface
is much larger than that in the Schottky junction, and hence the
time-dependent variation of the built-in electric field induced
by periodical NIR illumination in the pn-junction is more
significant than that in the Schottky junction. These results
consistently confirm the working mechanisms of the NIR-light-
triggered pyroelectric nanogenerator based on a pn-junction.

CONCLUSIONS

In conclusion, an NIR-light-induced pyroelectric nanogenerator
based on a pn-junction is demonstrated in a p-Si/n-ZnO NW
heterostructure, and a self-powered NIR PD is achieved. The
photoresponse behavior of the NIR PD is tuned, and the
photoresponse performances are significantly improved by
reducing the thickness of the p-Si substrate from 500 pm to 45
pum, which is attributed to the reduced PIV due to the
weakened photoabsorption in thinner Si devices. The 45 ym
ultrathin Si based NIR PD exhibits a high on/off photocurrent
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ratio up to 107 and a superior photoresponse component with a
rise time of 15 us and a fall time of 21 us. The proposed
working mechanisms of the self-powered NIR PD are further
confirmed by fabricating and measuring the photoresponse
properties and performances in three different types of NIR
PDs: Si/ZnO NW pn-junction devices, metal/ZnO NW
Schottky-junction devices, and ITO/ZnO NWs ohmic-junction
devices. This work provides an unconventional strategy to
achieve active NIR sensing via an NIR-self-induced pyroelectric
nanogenerator, which may find promising applications in
optothermal detection, biological imaging, optoelectronic
communications, and environmental monitoring.

METHODS

Fabrication Process of the 500 um p-Si/n-ZnO NW PDs. A
500 pm p-type Si wafer was purchased from UniversityWafer Inc. (100
mm B-doped (100) wafer, 1—10 € cm, 500 gm SSP prime). A ZnO
seed layer was deposited by RF magnetron sputtering (PVD7S, Kurt. J.
Lesker Company) at a power of 120 W and chamber pressure of 8
mTorr for 30 min, with a thickness of 100 nm. The coated p-Si
substrates were then placed into the mixed nutrient solutions (0.02
mM Zn(NOj;), and 0.02 mM hexamethylenetetramine) for ZnO NW
growth via a hydrothermal method in a mechanical convection oven
(model Yamato DKN400, Santa Clara, CA, USA) at 85 °C for 30 min.
In order to get separated ZnO NWs and obtain the desired size, 5—10
mL of ammonium hydroxide (Sigma-Aldrich) was added per 100 mL
of mixing solution. After cooling the whole system, the product was
washed with ethanol and distilled water, collected, and vacuum-dried
at 100 °C for 1 h. Then a thin layer of ITO was deposited on ZnO as
the top electrode, and Cu was sputtered on the back of p-Si as a
bottom electrode. Testing wires were connected to the top and
bottom electrodes by silver paste. Finally, a thin layer of Kapton tape
was applied to fix the testing wires and improve their robustness.
Detailed microscopic structures of ZnO NWs are characterized by
SEM (Hitachi SU8010).

Fabrication Process of the 45 um p-Si. A 500-ym-thick Si wafer
with a resistivity of 1—10 Q-cm (University Wafer Inc.) was used to
achieve the flexible Si substrate. The 4-in.-sized Si substrate was dipped
into potassium hydrate (KOH) solution with a concentration of 50%
at 130 °C for 6—8 h to be reduced to the desired thicknesses. The
wafer became flexible when the thickness was in the scale of dozens of
micrometers.

Optical and Electrical Measurements. Transmission spectra of
ZnO were measured by a UV—vis spectrophotometer (JASCO V-
630). IV characteristics of the device are measured and recorded by a
customized computer-controlled measurement system with a Stanford
SRS low-noise current preamplifier (SRS70)/SRS low-noise voltage
preamplifier (SRS60) in conjunction with a GPIB controller (GPIB-
USB-HS, NI 488.2). The optical input stimuli were provided by a
multichannel fiber coupled laser source (MCLSI, Thorlabs Inc.) with
precisely adjustable light power density. The light power density used
in this work was measured and obtained by a thermopile powermeter
(Newport 818P-001-12). An NIR objective was used to expand the
1064 nm laser to illuminate the whole device in air at room
temperature, and the effective size of the device is 10 mm X 10 mm.
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