Optimizing Performance of Silicon-
Based p—n Junction Photodetectors
by the Piezo-Phototronic Effect

Zhaona Wang,"** Ruomeng Yu,"# Xiaonan Wen,"* Ying Liu," Caofeng Pan,’ Wenzhuo Wu," and

Zhong Lin Wang™*"$

*School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332-0245, United States, *Department of Physics, Beijing Normal
University, Beijing, China, 100875, and §Beijing Institute of Nanoenergy and Nanosystems, Chinese Academy of Sciences, Beijing, China, 100083. A Wang, R. Yu,

and X. Wen contributed equally to this work.

ABSTRACT Silicon-based p—n junction photodetectors (PDs)
play an essential role in optoelectronic applications for photosensing
due to their outstanding compatibility with well-developed inte-
grated circuit technology. The piezo-phototronic effect, a three-way
coupling effect among semiconductor properties, piezoelectric
polarizations, and photon excitation, has been demonstrated as
an effective approach to tune/modulate the generation, separation,
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optoelectronic processes in piezoelectric-semiconductor materials. Here, we utilize the strain-induced piezo-polarization charges in a piezoelectric n-Zn0

layer to modulate the optoelectronic process initiated in a p-Si layer and thus optimize the performances of p-Si/Zn0 NWs hybridized photodetectors for

visible sensing via tuning the transport property of charge carriers across the Si/Zn0 heterojunction interface. The maximum photoresponsivity R of 7.1 A/W

and fastest rising time of 101 ms were obtained from these PDs when applying an external compressive strain of —0.10%o on the Zn0 NWs, corresponding

to relative enhancement of 177% in R and shortening to 87% in response time, respectively. These results indicate a promising method to enhance/

optimize the performances of non-piezoelectric semiconductor material (e.g., Si) based optoelectronic devices by the piezo-phototronic effect.
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ilicon-based optoelectronic devices

have become increasingly important

and played a profound role in informa-
tion and communication technologies in
the era of “systems-on-a-chip”' due to their
excellent compatibility with well-developed
integrated circuit technology. Combining
with the rapidly developed nanotech-
nologies in semiconductor materials, plenty
of silicon-based nano/microscale optoelec-
tronic components, such as photodetec-
tors (PDs), > light-emission diodes,* and
lasers,” have been extensively investigated
during the last decades. Among which,
ultrasensitive PDs featuring fast response
time and miniaturized device size are open-
ing possible opportunities to integrated
optoelectronic systems for various applica-
tions, such as laser-related sensor networks,
optical communications, and many more.®
However, most of the reported silicon-
based nano/micro-PDs are still suffering
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from difficulties of further improving the
photoresponsivity and lacking of adjust-
ability.”~'°

The piezo-phototronic effect, a three-way
coupling effect among semiconductor
properties, piezoelectric polarizations, and
photoexcitations, has been demonstrated
as an effective approach to tune/modulate
the generation, separation, and recombi-
nation of electron—hole pairs during op-
toelectronic processes.'’'? Significant en-
hancements on the performance of solar
cells,’>* light emission diodes,""'%">'6 and
photodetectors'” ' have been achieved
by modulating the charge carrier transport,
separation, or recombination across the
local junction/interface through strain-in-
duced piezoelectric polarization charges.
Although the piezo-phototronic effect has
been reported to be effective in improving
the performances of piezoelectric semi-
conductor materials-based optoelectronics,
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Figure 1. Device fabrication. (a) Schematic structure of a p-Si/n-ZnO NW hybridized PD. (b—d) Schematic structure (left
panel) and SEM images (right panel) of (b) etched Si wafer and p-Si/n-ZnO heterojunctions (c) before and (d) after spin

coating Ag NWs.

it has not been investigated yet for silicon-based
electronic/optoelectronic devices.

Here we designed and fabricated a p-Si/ZnO nano-
wire (NW) hybridized PD by utilizing strain-induced
piezo-polarization charges on the piezoelectric n-ZnO
side to modulate the optoelectronic process initiated
on the p-Siside and thus optimize the performance of a
photosensing device. Experimental results indicate
that silicon-based ZnO NW hybridized PDs can effec-
tively respond to visible-range optical signals. The
general performances of the PD are optimized and
significantly enhanced after introducing a piezo-
phototronics effect''?° by externally applying strains
to modify the interface properties at the Si/ZnO het-
erojunction. Under a compressive strain of —0.10%o, a
photoresponsivity R of 7.1 A/W was obtained, corre-
sponding to an enhancement factor of 177%; the
fastest rising time of 101 ms was achieved with 87%
improvement. The optimal performances are attribu-
ted to the strain-induced piezo-polarization charges
at the Si/ZnO heterojunction interface, where the
generation, separation, and recombination of electro-
n—hole pairs are modulated through the modifications
of the depletion region and band structures. These
results indicate the capability of the piezo-phototronic
effect to effectively enhance/optimize the perfor-
mances of silicon-based optoelectronic devices.

RESULTS AND DISCUSSION

The structure of an as-fabricated p—n junction PD
is schematically illustrated in Figure 1a. A textured
p-type Si wafer with micropyramids 2—4 um in size
(Figure 1b) is produced by etching a Si wafer?' to
increase the surface area for better light absorption.
The obtained Si micropyramid structure is then cov-
ered by a thin layer of ZnO as a seed layer and ZnO
nanowires as an antireflection coating to improve the
energy-conversion efficiency,'®** forming p-Si/n-ZnO
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heterojunctions with highly dense ZnO NWs grown
perpendicular to the surface of Si micropyramids along
the c-axis direction as shown in Figure 1c. To increase
the conductivity of the top electrode, Ag nanowires are
dispersed on a ZnO NW array as shown in Figure 1d.
Finally, the ITO layer and copper are sputtered on the
ZnO NW array and the p-type Si as the transparent
top electrode and the bottom electrode, respectively.
Detailed fabrication procedures are described step by
step in the Methods section.

The output signals of p-Si/n-ZnO NWs hybridized
PDs under different external strain conditions and
without any illumination were first measured and
plotted in Figure 2a. The amount of strain applied to
the ZnO NWs is estimated based on Young's modulus
ratio among different materials by assuming a uniform
distribution of forces among each layer of the device
for the state of mechanical equilibrium;'? tensile strain
is defined as positive and compressive strains as
negative (Methods). The stronger the externally ap-
plied strain, the higher the output current, as shown in
I—V characteristics of the p—n heterojunction PDs. The
inset of Figure 2a indicates a near-linear increase of
output current from 20 uA (strain-free) to more than
155 uA (—0.32%o strain) when the bottom electrode
(p-Si) is biased at 2 V. Significantly, the rectifying per-
formance of the p-Si/n-ZnO heterojunction is ob-
viously enhanced, indicated by the rectification ratio
Ie/lz (Ir and Iz stand for the forward and reverse
currents, respectively)?® increasing from 8 to 63. There-
fore, by simply applying external strains, the interface
properties of the p—n heterojunction are improved.

On the basis of a 2D physical model using real
dimensions of a p-Si/n-ZnO NW hybridized structure
as parameters (Methods), a finite element analysis is
conducted to simulate the strain/piezoelectric poten-
tial distributions in ZnO NW arrays, as shown in
Figure 2b. When pressing the device with a force of
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Figure 2. Working mechanism. (a) /—V characteristics of the device under different strain conditions without laser
illumination. The inset shows the current changes with the external strains when a 2 V bias is applied. (b) Simulation results
of strain distribution (top panel) and piezoelectronic potential distribution (bottom panel) in the ZnO nanowire array by FEA.
(¢, d) Schematic band diagrams of a p-Si/n-ZnO heterojunction (c) without and (d) with compressive strain applied to illustrate
the working mechanism of piezo-phototronic effect optimized p—n junction PDs.

10 N, the simulation results clearly show that the
compressive strain mainly distributes in ZnO NWs near
the tips of the micropyramids (top panel in Figure 2b).
The corresponding piezo-potential distributions are
also illustrated in color codes, as shown in Figure 2b
(bottom panel), by knowing the polarity of the external
strains (compressive) and the crystalline orientation of
the ZnO NWs (c-axis pointing outward perpendicular
to the surface of micropyramid Si)."" The positive
piezo-potential distributes at the local interface of
the n-ZnO/p-type Si heterojunction, effectively mod-
ulating the separation process of light-generated elec-
tron—hole pairs by tuning the energy band structure of
the piezoelectric ZnO NWs array. The negative piezo-
potential distributes at the tip of the micropyramid,
where ZnO NWs form contacts with the ITO top
electrode; this is equivalent to applying an additional
forward bias voltage on the PD. Thus, the output
current increases when applying more compressive
strain, as shown by the /—V characteristics in Figure 2a.

The influence of compressive strain on the photo-
generated carriers' transport process at the p-Si/n-ZnO
interface is understood from the expansion of the
depletion width on the p-Si side' and the modification
of the band diagram based on Anderson's model®*
(Figure 2¢,d). The band gap and electron affinity values
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for Si and ZnO are Ey; = 1.12 eV,** ys; = 4.05 eV** and
Egzn0 = 3.36 €V, yzno = 435 eV,” respectively. Once
a p—n heterojunction is formed, a conductive band
offset AE. = 0.3 eV and a valence band offset AE, =
2.54 eV?® are present at the local interface, as shown
in Figure 2c. Upon visible light (442 nm) illumina-
tion, photons pass through the n-ZnO layer and are
mostly absorbed in the underlying p-Si considering the
band gaps of both materials, generating electro-
n—hole pairs and thus increasing the output current.
Under compressive strain, the depletion width on the
p-Si side is increased by positive piezo-polarization
charges present at local interface of the p-Si/n-ZnO
heterojunction.”® The depletion region expands and
shifts toward the p-Si side’” because of the presence of
positive piezoelectric charges at the junction. This
expansion of the depletion region on the p-Si side will
effectively increase the photon-absorption volume
and thus lead to a larger amount of charge carriers
generated under illumination especially for visible light
that mostly generates the electron—hole carriers on
the Si side. On the other hand, the positive piezo-
polarization charges displayed at the p—n heterojunc-
tion interface on the n-ZnO side also attract and trap
some of the photogenerated electrons, which is
equivalent to forming a dip at both conduction and
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Figure 3. General photoresponse of p-Si/n-ZnO NWs hybridized PDs. (a) Schematic illustration of the experimental setup.
(b) Transmission spectra of a ZnO NWs array on the glass (black solid line) and the ZnO NWs coated with Ag NWs (purple dashed
line). The insets are a photograph and SEM images of Ag NWs. (c) /—t response of the device under different illumination power
densities at 2 V bias voltage. The inset shows the current change with the power density. (d) /—V characteristics of the device
under different illumination power densities when a triangle wave is applied. The inset shows a photograph of the real device.

valence bands of ZnO NWs (Figure 2d). This trapping
mechanism retards the effective separation of photo-
generated electron—hole pairs and therefore reduces
the photocurrent. The two above-described processes
will compete with the increase of strain; thus, there
exists an optimum strain at which the performance of
the PD is maximized. Our experimental results will
show such a result. This is the fundamental working
principle of piezo-phototronic effect optimized perfor-
mance of p-Si/n-ZnO hybridized visible PDs.

The general photon-response performance of p-Si/
n-ZnO NWs hybridized PDs is carefully investigated
and summarized in Figure 3 by applying 442 nm laser
illumination (Figure 3a). The transmission spectra of
ZnO NWs synthesized on a glass substrate (black solid
line) under the same growing conditions as those on
a p-Si and ZnO NWs array covered by Ag NWs (purple
dashed line) are presented in Figure 3b, together with a
photograph and SEM images of Ag NWs as insets. It is
obvious that both ZnO and Ag NWs are almost trans-
parent to the 442 nm lasing (T &~ 90%), indicating the
photogeneration process happens mostly on the p-Si
side at the local junction/interface. Fixing the forward
bias voltage at 2.0 V, the light response of p-Si/n-ZnO
NWs hybridized PDs under 442 nm laser illumination
to nine different power densities ranging from 0 to
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1.3 x 10~*W/cm? is presented in Figure 3c. The output
current increased from 20.5 uA (dark current), through
439 uA (5 x 107° W/cm?), to 81.5 uA (1.3 x 107*
W/cm?). The inset current vs power density plot clearly
shows a linear relationship between the output current
and the power density, facilitating the calibration for
practical applications. By applying a triangular wave
across the device, the corresponding /—V characteris-
tics are also presented in Figure 3d together with a
photograph of the real device.

Piezo-phototronic effect optimized performances of
p-Si/n-ZnO NWs hybridized PDs are systematically in-
vestigated by applying a series of light power densities
as well as external strains to the devices. The output
currents of the PDs are measured and summarized in
Figures 4a and S1a (Supporting Information) by apply-
ing a fixed bias voltage of 2 V across the p—n junction.
Under each power density (from 3.2 x 107> to 1.3 x
10~*W/cm?), 11 different strains ranging from —0.00%o
to —0.40%o0 are exerted onto the PD to measure its
optoelectronic behavior, indicating an obvious in-
crease in output currents by increasing either the light
power density or the external strains. The photocurrent
Al'=1— lgans (lqark s represents the corresponding dark
current under certain strains) are calculated and pre-
sented in Figure 4b, clearly showing that, under each
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Figure 4. Piezo-phototronic effect. (a) Output current of the PDs under different strain and illumination conditions at 2 V bias
voltage. The inset shows a schematic illustration of the experimental setup. (b) Photocurrent, (c) photoresponsivity, and (d)
relative changes of photoresponsivity of the device under different strain and illumination conditions, biased at 2 V.

strain condition, the photocurrent increases with an
increase in the power density of illumination. More-
over, a local maximum value of photocurrent Al is
obtained at —0.10%o compressive strain under illumi-
nations with power densities from 3.2 x 107> to 1.3 x
10~* W/cm?, indicating the optimization of PD perfor-
mances by the piezo-phototronic effect.

As a critical parameter of PDs, the photoresponsivity
R is also calculated as shown in Figure 4c for all the
power densities and external strain conditions with the
bottom electrode 2 V biased. The photoresponsivity?®
R is defined as

R — light, s — ldark, s _ Wextqu
Pi|| hv

where Py = Iy x S is the illumination power on the PD;
hights and lqark s represent the photon and dark current
under the corresponding external strain, respectively;
I'; is the internal gain; 77ey is the external quantum
efficiency (EQE); g is the electronic charge; h is Planck's
constant; v is the frequency of the light; Iy is the
excitation power density; S is the effective area of the
PD. A maximum value of R is obviously concluded from
Figure 4c under each power density, with the highest
value of 7.1 A/W under —0.10%o strain at a power
density of 3.2 x 107° W/cm? corresponding to a
relative enhancement of 177%. This achieved R value
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is larger than that of a commercial Si photodiode PD
(in the range 0.1—0.2 A/W at 442 nm),” near 100 times
larger in magnitude than that obtained from a Si/ZnO
core—shell NW array PD (1.0 x 1072 A/W, 480 nm,
—1V),2also larger than that of a Si/CdS core—shell NW
network PD (<1 A/W, 480 nm, —1 V).%°

To illustrate the piezo-phototronics effect on photo-
responsivity more clearly, relative changes of photo-
responsivity R with respect to R, (corresponding
photoresponsivity at no strain) are calculated and
summarized in Figure 4d. It is observed that, under
each power density, the relative change of R varyies
with applied strain in a similar manner to that of
photocurrent Al (Figure 4b) and photoreponsivity R
(Figure 4c), displaying a maximum value at an external
strain of —0.10%o. In addition, the specific detectivity
D* is also calculated as

D* = R/(2e~ Idark, 5/5)0'5

where lyark s is the dark current under the correspond-
ing external strain (considered as the major noise)
and S is the surface area of PD.*° Figure S1b (Sup-
porting Information) presents the highest detectivity
D* of 7.1 x 10° Jones with an applied external strain
of —0.10%0 under each incident light power density.
The maximum value derived in photocurrent,
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Figure 5. Repeatability and time response of the PDs. (a) Repeatability and time response and (b) the corresponding rise and
fall time of the device under different illumination power densities, under —0.24%o. external strains. (c) Repeatability and time
response and (d) the corresponding rise and fall time of the device under different compressive strains, under a power density

of 6.3 x 107> W/cm?.

photoresponsivity, relative change of R, and the de-
tectivity D* is attributed to the simultaneously existing
competition between the expansion of the depletion
region in p-Si and the trapping mechanism of the
photogenerated carriers as a dip in energy band of
n-ZnO upon straining.

The stability and repeatability of the p-Si/n-ZnO NW
hybridized PDs are presented in Figure 5a by switching
the 442 nm laser source under 8.0 x 1075,3.2 x 107%,
and 63 x 107> W/cm? for six repeated cycles. The
output current presents impressive consistency and
repeatability for all illumination conditions. To clearly
show the changes of response time at rise/fall edges
with the power density, a weight-averaged rise time
and fall time®' of the PD are calculated from the I—t
curve under 2 V forward bias and presented in
Figure 5b based on the best fit double-exponential
function.?'>2 A short fall time of the PD fluctuating near
57 ms and relative long rise time ranging from 110 to
229 ms are obtained. A similar measurement is carried
out and presented in Figure 5c by applying different
strains to the device illuminated by a 442 nm laser
under a power density of 6.3 x 107> W/cm?. Following
the same fitting approach described above, weight-
averaged rise time and fall time are calculated and
shown in Figure 5d under different external strains.
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No significant changes of the fall time are observed
when various strains are applied to the p-Si/n-ZnO NW
hybridized PD, which can be seen clearly from enlarged
fall edges as the inset in Figure 5¢, while a minimum
value of 101 ms is observed for the rise time at an
external strain of —0.10%o, corresponding to a relative
change of 87%.

CONCLUSIONS

In summary, the piezo-phototronic effect is utilized
to modulate the optoelectronic behaviors of the non-
piezoelectric semiconductor material and thus to opti-
mize the performances of silicon-based p—n junction
visible photosensing devices. Upon applying strain,
piezoelectric polarization charges are induced at the
local interface to effectively modulate the band struc-
ture and the depletion width of the p-Si/n-ZnO hetero-
junction. The coexisting expansion of the depletion
region in p-Si and the trapping mechanism in n-ZnO
contribute to the optimal performances of PDs by
controlling the transport properties of charge carriers
across the local p—n junction. The maximum photo-
responsivity R of 7.1 A/W and fastest rising time of
101 ms are obtained from these PDs when applying
an external compressive strain of —0.10%o on the ZnO
NWs, corresponding to a relative enhancement of
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177% in R and shortening to 87% in response time,
respectively. This work provides a potential approach to

METHODS

Device Fabrication Process. In our experiment, the p-type silicon
wafer (B doped (100) wafer, 1—30 Qcm, University Wafer) is
etched by KOH at 85 °C for 30 min.2' The etching solution is
composed of KOH (2.0 wt %), deionized (DI) water, and iso-
propy! alcohol (5.0 vol %). The obtained Si wafer with micro-
pyramids is then ultrasonically cleaned for 2 min in acetone,
distilled water, and ethanol, consecutively. Next, a 100 nm ZnO
seed layer is deposited on silicon by radio frequency (RF)
magnetron sputtering at room temperature (PVD75 system,
Kurt J. Lesker Company). The coated silicon wafers are then
placed into the mixed nutrient solutions (0.02 mM Zn(NOs), and
0.02 mM HMTA) for ZnO NWS growth via a hydrothermal
method in a mechanical convection oven (Yamato model
DKN400, Santa Clara, CA, USA) at 85 °C for 1 h. In order to get
separated ZnO NWs, 0—5 mL of ammonium hydroxide (Sigma-
Aldrich) is added per 100 mL of mixing solution. After cooling
the whole system, the product was washed with ethanol and DI
water, collected, and vacuum-dried. A thin layer of Ag NWs is
spin coated onto the ZnO-covered silicon for better conductiv-
ity. Finally, thin layers of ITO (100 nm) and copper (200 nm) are
deposited as the transparent top electrode and the bottom
electrode by RF magnetron sputtering at room temperature
(PVD75 system), respectively. Testing wires are connected to
the top and bottom electrodes by silver paste. The active area of
the device is 8 mm x 8 mm.

Materials Characterization. Detailed microscopic structures of
pyramid nanostructures of p-type Si, ZnO, and Ag NWs are
characterized by scanning electron microscope (SEM) (Hitachi
SU8010).

External Strain Calculations. External strains are applied onto
the p-Si/n-ZnO PD by pressing the surface of the device through
a piece of sapphire with a 3D mechanical stage (movement
resolution ~10 um), while fixing the device on a manipulation
holder through two layers of double-sided Kapton polyimide
tape with a thickness of 100 um (consisting of 25 um Kapton film
and a 75 um silicone adhesive layer). Considering the Young's
modulus of silicone is 0.001 GPa (obtained from the manu-
facturer), which is much smaller than that of other materials
(Kapton ~2.5 GPa, Si ~150 GPa, ZnO ~129 GPa) stacked in
the device, when applying a certain compressive force on the
system, most of the deformation is produced in the silicone
layers. Under the condition of static mechanic equilibrium, the
forces are uniformly distributed in different layers of materials,
and then the strain in ZnO NWs is calculated based on the
Young's modulus ratio among these materials.'®> The strain
value corresponds to the longitudinal strain along the c-axis
of ZnO NWs with tensile strain defined as positive and com-
pressive strain as negative.

Measurement. Transmission spectra of ZnO and ZnO/Ag NWs
are measured by a UV—visible spectrophotometer (JASCO
V-630). |-V characteristics of the device are measured and
recorded by a computer-controlled measurement system with
a Stanford SRS low noise current preamplifier (SR570)/SRS low
noise voltage preamplifier (SR560) in conjunction with a GPIB
controller (GPIB-USB-HS, NI 488.2). The optical input stimuli are
provide by a He—Cd laser (wavelength = 442 nm, model no.
KI5751I-G, Kimmon Koha Co., Ltd.). A continuously variable filter
is used to control the light power density, which is measured by
a thermopile powermeter (Newport 818P-001-12). An objective
is used to expand the 442 nm laser beam. The diameter of the
laser beam illuminated on the device is 4 mm.

Theoretical Simulation. A two-dimensional physical model
using real dimensions of p-Si/n-ZnO NWs hybridized PDs as
parameters is employed for finite element analysis to simulate
the strains and piezoelectric potential distributions within ZnO
NWs arrays upon straining by simplifying the ZnO NWs to a film
coated on the pyramid structures. The simulation parameters

enhance/optimize the performances of silicon-based
optoelectronic devices by the piezo-phototronic effect.

are as follows: the bottom side length and the height of the
micropyramids are 2 and 1.7 um (Figure 2b), respectively. The
thickness of the ZnO film is about 1 um (Figure 2b and c). The
ITO electrode layers with a thickness of 100 nm are ignored in
this calculation. The c-axis of the ZnO layer is pointing outward
perpendicular to the surface of the micropyramids. Material
constants of ZnO used in this calculation are the same as those
in our previous report.>* The Young's modulus, Poisson ratio,
and density of the Si are E = 150 GPa, vp = 0.17, and p = 2.33 X
10? kg/m?>, respectively. A compression force of 10 N is applied
to this model by pressing the p—n junction PD. All calculations
are carried out by using the COMSOL package.
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