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Piezo-Phototronic Effect on Selective Electron or Hole
Transport through Depletion Region of Vis—NIR

Broadband Photodiode

Haiyang Zou, Xiaogan Li, Wenbo Peng, Wenzhuo Wu, Ruomeng Yu, Changsheng Wu,
Wenbo Ding, Fei Hu, Ruiyuan Liu, Yunlong Zi, and Zhong Lin Wang*

Silicon underpins nearly all microelectronics today and will continue to do

so for some decades to come. However, for silicon photonics, the indirect
band gap of silicon and lack of adjustability severely limit its use in applica-
tions such as broadband photodiodes. Here, a high-performance p-Si/n-ZnO
broadband photodiode working in a wide wavelength range from visible to
near-infrared light with high sensitivity, fast response, and good stability is
reported. The absorption of near-infrared wavelength light is significantly
enhanced due to the nanostructured/textured top surface. The general perfor-
mance of the broadband photodiodes can be further improved by the piezo-
phototronic effect. The enhancement of responsivity can reach a maximum

of 78% to 442 nm illumination, the linearity and saturation limit to 1060 nm
light are also significantly increased by applying external strains. The photo-
diode is illuminated with different wavelength lights to selectively choose the
photogenerated charge carriers (either electrons or holes) passing through the
depletion region, to investigate the piezo-phototronic effect on electron or hole

used semiconductor for discrete devices
and integrated circuits, on account of the
excellent compatibility with integrated cir-
cuits and fast development of nanofabri-
cation techniques and nanomaterials.>-'1]
However, for silicon photonics, because of
its weak absorption over the wavelength
band 0.9 um due to the indirect absorp-
tion mechanism'213 and highly reflective
surface across the electromagnetic spec-
trum,!'* Si-based broadband photodiodes
indicate an unsatisfactory response to
wide wavelength range of lights.

Most of the reported silicon-based
nano-/microsensors are still suffering
from difficulties of further improving
the responsivity and lack of adjust-
ability. Piezo-phototronics is an effective

transport separately for the first time. This is essential for studying the basic
principles in order to develop a full understanding about piezotronics and it
also enables the development of the better performance of optoelectronics.

Extensive applications of photodiodes in communication sys-
tems, medical, thermal imaging, environmental monitoring,
and defense technology'® have increased the need for high-
speed, sensitive broadband photodetectors. Silicon is the most

H. Zou, Dr. X. Li, Dr. W. Peng, Dr. R. Yu, C. Wu, Dr. W. Ding,
F. Hu, R. Liu, Dr. Y. Zi, Prof. Z. L. Wang

School of Materials Science and Engineering
Georgia Institute of Technology

Atlanta, GA 30332-0245, USA

E-mail: zZlwang@gatech.edu

Dr. X. Li

School of Electronic Science and Technology
Institute for sensing Technologies

Dalian University of Technology

Dalian, Liaoning 116024, China

Dr. W. Wu

School of Industrial Engineering

Purdue University

West Lafayette, IN 47907-2023, USA

Prof. Z. L. Wang

Beijing Institute of Nanoenergy and Nanosystems
Chinese Academy of Sciences

Beijing 100083, China

DOI: 10.1002/adma.201701412

Adv. Mater. 2017, 29, 1701412

1701412 (1 of 10)

approach to tune/modulate the charge
carrier generation, separation or recombi-
nation, transport of electron-hole pairs at
the interface/junction by the piezoelectric
potential. The piezoelectric potential is
generated due to dipole moments caused
by strains in a non-centrosymmetric wurtzite semiconducting
crystal.l'>8] Significant improvements have been demonstrated
on the performance of solar cells,'”! photodiodes,?%2! light-
emitting diodes (LED),22?%l and even electrochemical processes
and energy storages.?Yl Although, extensive investigations in
piezotronic and piezo-phototronic effects in both theoretical
analysis and device applications have been carried out, the
tuning effects are studied based on the charge carriers of both
electrons and holes in the depletion region. In order to develop
a full understanding of the theory of piezotronics and enable
the development of a high-performance electronics, opto-
electronics, smart microelectromechanical systems (MEMS)/
nanoelectromechanical systems (NEMS), and human-machine
interfacing, it is essential to investigate how the piezo-photo-
tronic effect influences on the electron or hole transport at the
interface separately, and how these affect the performance.
Here, we fabricated high-performance broadband photo-
diodes based on p-Si and vertical ZnO nanowire (NW) array
heterojunction operating in the wide range of lights from vis-
ible to near-infrared (NIR) wavelengths. The performances are
significantly enhanced by applying the piezo-phototronics effect
because of the modification of the interface properties at the
Si/ZnO heterojunction. The enhancement of responsivity could
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reach a maximum of 78% for 442 nm illumination, and 18%
for 1060 nm illumination. The linearity and saturation limit of
1060 nm light detection are significantly increased by applying
external strains. Our results show that the fabricated p-Si/n-
ZnO nanowire array heterojunction photodiodes have high sen-
sitivity, fast response, and great stability, which are entirely suit-
able for operating at relatively high-speed response conditions
in wide spectral bandwidth for various applications, such as
nanorobotics, imaging, medical, analytical fields, optical-fiber
communication systems.®l Furthermore, by employing two dif-
ferent wavelength of lights, electron—hole pairs are excited only
on one side of the depletion region so as to restrict the kind of
carriers (either electrons or holes) flowing across the interface
of p—n junction in the depletion region. In this way, the type of
the charge carriers could be controlled at the interface of p-n
junction, thus the piezo-phototronic effect on the transport of
either electrons or holes could be studied separately. The strain
effect on the response time of the photodiodes is also studied in
a systematic manner. These are all important and essential to
study the basic principles to develop a full understanding of the
theory of piezotronics and enable the development of the better
performance of optoelectronics, such as solar cell, light emis-
sion diodes, and so on.

The structure of p-Si/n-ZnO broadband photodiode is sche-
matically illustrated in Figure 1a. A piece of p-type Si wafer
(about 10 mm X 10 mm) was cleaned by acetone, isopropyl

www.advmat.de

alcohol, and deionized water, and then was dried via a nitrogen
gas gun. A thin seed layer (100 nm) of ZnO was sputtered on
the silicon wafer, for hydrothermal growth of ZnO nanowire
arrays at 95 °C for 90 min with diameters of 70-100 nm
and length of =2 um. Figure 1b shows the top view of ZnO
nanowire arrays on a large scale to demonstrate the uniformity
of the ZnO nanowire arrays. As indicated in Figure 1c, the sam-
ples have a strong X-ray diffraction (XRD) peak at 26 = 34.5°,
corresponding to the (0002) plane of Wurtzite ZnO, which is
responsible for the piezoelectric property. The ZnO nanowires
have a high degree of alignment and are grown along +c-axis on
(100) plane of Si substrate. Then, the samples were annealed
at 350 °C for 2 h. If the indium tin oxide (ITO) electrode was
directly deposited, the ITO could go deeper into the bottom
through the gaps between the nanowires, and contact with p-Si
or seed layer, causing short circuit and current leakage. To avoid
these, a special design of a mushroom-like ceiling top electrode
is proposed. ZnO nanowire arrays were first fully encapsu-
lated by a layer of poly (methyl methacrylate) (PMMA) via spin
coating and etched by oxygen plasma for 4 min to expose the top
tips of the nanowires. The side-view and 30° tilt view scanning
electron microscope (SEM) images (Figure 1d,e) show that the
tips of ZnO nanowires were exposed. ITO with the thickness of
~100 nm was deposited on the exposed tips of the nanowires to
create core—shelled ZnO/ITO and flat PMMA plane to form a
continuous ITO film. The top electrode has a mushroom-like
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Figure 1. Device fabrication. a) Schematic structure of a p-Si/n-ZnO NW photodetector. SEM images of n-ZnO nanowires from b) top view before
PMMA spin coating, c) XRD diffraction pattern obtained from the ZnO/p-Si heterostructure, d) side view and e) 30° tilt view of p-Si/n-ZnO hetero-
junction after PMMA spin coating and oxygen etched, f) ITO coating as top electrode. g) 30° tilt view of ITO coating at the edge of the device after

applying strains repeatedly.
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nanostructured surface as the top surface and a flat surface at
the bottom. Figure 1f illustrates that the sharp tips of the
nanowires are rounded (like the head of a mushroom), and
are fully core—shell covered by ITO, and connected with each
other via continuous ITO film. More details can be found in the
Supporting Information. Aluminum was deposited on the back
of p-Si wafer as the bottom electrode. Devices were cleaned by
acetone to remove the PMMA, and then were heated to 350 °C
again to burn out all PMMA residues, building up better Al-Si
contact, and improving the transmission of ITO. Figure 1g
shows the 30° tilt view SEM image of the edge of the device
after applying compressive strains repeatedly. The PMMA was
all removed, leaving the empty space between the nanowires.
The continuous ITO film is supported by nanowires. We have
found that the contact was firm and the nanowires showed the
necessary flexibility, even when the p-Si substrate was cracked
due to the excessive compressive strain, the ITO electrode and
nanowires were not damaged or broken. Thus, the mushroom-
like ceiling top transparent electrode was formed. It provides
a novel method for fabricating top electrodes for nanowire
arrays, allows for annealing at high temperature for nanowire
arrays, and eliminates the direct contact of the top electrode
and bottom layer. Such a special design was later found to sig-
nificantly contribute to a low dark current, high rectifying ratio,
and high light absorption. Detailed fabrication procedures and
measurement setup are described step by step in the Experi-
mental Section and Figures S1-S3 and Note S1 (Supporting
Information).

Silicon has a weak absorption of the light over the wave-
length of 0.9 um due to the indirect absorption mechanism.'?!
For this hybridized broadband photodiode, the absorption in
this region was greatly enhanced due to the nanostructured/
textured top surface of ZnO and ITO (Figure 2a). The mush-
room-like ceiling ITO electrode has a textured structure top
surface that acts as an antireflection coating layer to reduce
the reflection of NIR light, and it also has a flat surface at the
bottom to enhance the reflection so that light could be reflected
back again to be absorbed. To illustrate the photoresponse of
different materials, a reference sample of ZnO nanowire arrays
was grown on a glass (2 um thick) with the same preparation
conditions. The absorption spectra (Figure 2a) and transmis-
sion spectra (Figure 2b) show that n-ZnO nanowires are trans-
parent to 1060 nm wavelength light because photons have less
energy (hv < E,) than the band gap needed to generate elec-
tron—hole pairs in ZnO; because of the local defect levels within
the band gap,'®%-?7] the =2 um thick ZnO nanowire arrays
absorb most of 442 nm wavelength light, the light intensity is
greatly reduced when the light transmitted through the ZnO
nanowires and the part (<4%) absorbed by p-Si are negligible.
To further verify the intensity of the two different wavelength
lights passing through the =2 um ZnO, a power meter was
used to measure the power density of light passed through the
reference sample with/without ZnO NW arrays (Table S1, Sup-
porting Information). The results are very similar to the data in
Figure 2a.

Figure 2c shows the -V characteristic of the broadband
photodiode in dark (black line), under the illumination of
442 nm (red line) and 1060 nm (purple line) with power densi-
ties of 26.45 and 18.9 mW cm™2, respectively. The photodiode
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presents a typical rectifying characteristic of a p—n junction
diode between —2 and 2 V. Figure 2d shows the sensitivity of
the device measured under photoconductive mode at a reversed
bias of -2 V, under different power densities of illumination.
The sensitivity defined as (Iign — laand)/laan® is found to be
about 5200% and 4000% (Figure 2d) at the power densities
mentioned above. The photodiode still has a good sensitivity of
450% at low power densities of 0.3 mW cm™ for 1060 nm light,
and 650% at 0.62 mW cm 2 for 442 nm light.

The broadband photodiodes exhibit good photosensing
properties under the illumination of lights at wavelengths
ranged from 442 to 1060 nm at low power consumption (-2 V)
(Figure 2e,f). The rise time, defined as the time interval for
the response to rise from 10% to 90% of its peak value,[122% is
1.071 ms under 442 nm light with 0.62 mW cm™ and 0.849 ms
under 1060 nm light with 3.32 mW cm™ at the on—off fre-
quency of 20 Hz. Similarly, the fall time, defined as the time
interval for the response to decay from 90% to 10% of its peak
value, is 1.304 ms for 442 nm light, and 1.277 ms for 1060 nm
light, at the conditions mentioned above, respectively. The
broadband photodiode has excellent stability and repeatability
as shown in Figure 2e.f, as there is no observable deviation for
more than 50 cycles.

Consequently, the results imply that the p-Si/n-ZnO hetero-
junction photodiodes have good performance, and are entirely
suitable for operations at relatively high-speed conditions, as
compared to other nanostructure photodiodes, as shown in
Table 1 and some commercial silicon photodiodes.’*3! The
excellent photoresponse characteristic of ZnO significantly
attributes to some factors such as the presence of defect con-
centration in the ZnO grown, quality of ZnO nanowires, crys-
tallographic orientation, and processing condition.?

The piezo-phototronic effect was applied to modulate the
optoelectronic processes and the performance as well. Under
various strains, the broadband photodiode was first illumi-
nated by 442 nm light, and then 1060 nm. -V characteristics
were measured under the high intensity of illumination with
the power density of 26.5 mW cm™ of 442 nm light, then
18.9 mW cm™2 of 1060 nm light, which are shown in Figure 3a,d.
The amount of strain applied to the ZnO NWs is calculated
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 nega-
tive.?2l The insets are the enlarged figures showing that under
the above illumination conditions, the output current over
various strains increases as the strains go higher from 0% to
—1.42%. The intensity dependences of photocurrents (|AI| =
| ight —Idark|) under different strains are plotted in Figure 3b,e.
When the samples are illuminated at 442 nm, the photocur-
rent rises as the strain increases between the power density of
0.6 and 26 mW cm™2, as shown in Figure 3c. From Figure 3e,
when the samples are illuminated at 1060 nm without
strains, the photocurrent has a saturation limit at high power
levels (above 16 mW c¢m™) and that there are no additional
photocurrent outputs from the photodiode as the incident
optical power increases. By applying compressive strains, the
device showed a better linearity and higher saturation limit,
which demonstrate that the photoresponse is greatly enhanced

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Optical properties of the device. a) Absorption spectra of p-Si, n-ZnO, p-Si/n-ZnO nanowire arrays without top electrode, and the sample with
mushroom-like ceiling top electrode. b) Transmission spectra of ITO, ZnO NW array on the glass before annealed and after annealed. c) I-V charac-
teristics of the device in dark, under the illumination 442 and 1060 nm wavelength with the power densities of 26.45 and 17.42 mW cm™2, respectively.
d) The sensitivity of the device under different illumination power densities. Repeatability and time response of the device under e) 442 nm light with

a power density of 0.62 mW cm2 and f) 1060 nm light with a power density of 3.32 mW cm=2. The chopper on/off ratio is about 20 Hz. The devices
were all measured at —2 V bias voltage.

(Figure S5, Supporting Information), even though the photo-  decreasing to increasing under the illumination of 1060 nm
current decreases with the strains increased at low illumination  light is about 7 mW cm™. This is because the flowing free
power levels (below 6 mW cm™2, Figure 3f). When the applied  electrons at the interface would be trapped by local immobile
strain increases at high illumination power levels of 1060 nm  piezoelectric positive charges at low intensity of illumination;
light (above 10 mW cm™), the photocurrent increases. The  while at high intensity of illumination, the large photocurrent
turning point of photocurrent under compressive strains from  would screen part of the piezoelectric potential (a dip is not
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Table 1. A comparison of photosensing properties for various nanostructure photodiodes.

Material and Device type Light of detection  Bias Dark Current Rise time Fall time Reference
structure [nm] V] current

ZnO NW p—h junction 442-1060 -2 3.17uA 131 pA (442 nm) 0.97 ms (442 nm) =1.30 ms (442 nm) Our work
arrays/p-Si 167 pA (1060 nm) 0.84 ms (1060 nm) =1.28 ms (1060 nm)

ZnO nanorods M-S 450 - 1nA =25 nA 3.7s =60 s [33]
ZnO hollow- M-S 350 5 50 nA 2.6 UA <5 ms <5ms [34]
sphere nanofilm

ZnS/ZnO p—n junction 320 1 0.2 uA 1.0 A <0.3s =1.7s [35]
ZnO n—i-n 365 -5 =6.4 nA ~8.6 A <160 ms <350 ms [36]
NWSs/i-MgO/n-Si

ZnO NW p—n junction 442 2 60 HA 80 uA 110-229 ms 57 ms [37]
arrays/p-Si

TiO, nanorod/p-Si- p-n junction 405 3 =70 uA =140 uA 9ms 9.7 ms [38]

created), so that the trapping force would be much lower, and
the enhanced built-in field would be easier to promote electron
transition from the p-side to the n-ZnO side. This will be fur-
ther explained by band gap diagram in Figure 5.

The total responsivity of the photodiode, R, is defined as

R= I]jght,s _Idark,s — ant FG (1)

Py hv
where Py = I x S is the illumination power on the photo-
diode, Ijghs and Igqs represent the photon and dark current,

respectively, under the corresponding external strain, I'; is the
internal gain, 7Ny is the external quantum efficiency, g is the
electronic charge; h is Planck’s constant, v is the frequency of
the light; I is the excitation power density, and S is the effec-
tive area of the photodiode. The photoresponsivity R is calcu-
lated as shown in Figure 4a,b for all the power density under
various external strain conditions at the reverse bias of -2 V.
When compressive strain increases at the 442 nm light, the
responsivities of device increase. However, under the 1060 nm
light, the responsivity decreases first and then increases with
the turning point at about 6-8 mW c¢m™. The relative change
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Figure 3. Piezo-phototronic effect on photoresponse. |-V characteristics of the device under illumination of a) 442 nm and d) 1060 nm wavelength
with the power densities of 26.5, 18.9 mW cm™2, respectively. The insets are the output current under different strains at —2 V bias voltage at the above
illumination condition. Photocurrent of the device under b) 442 nm, e) 1060 nm under different strains and illumination conditions, biased at —2 V.
c) The enlarged figure of photocurrent under different compressive strains at 442 nm light with relative high power densities of 26.45 mW cm™2 (red
dots and dashed line) and 0.62 mW cm™2 (blue dots and dashed line). f) The enlarged figures of photocurrent under different compressive strains at
1060 nm light with a relatively high power density of 18.9 mW cm™2 (red dots and dashed line) and a low power density of 1.32 mW cm~2 (blue dots

and dashed line).
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Figure 4. Piezo-phototronic effect on responsivity. a,b) Photoresponsivity and c,d) relative changes of photoresponsivity of the device under different
strains and illumination conditions, biased at =2 V. (a, c) are under the illumination of 442 nm wavelength, and (b, d) are under the illumination of

1060 nm wavelength.

of responsivity is shown in the Figure 4c,d, which is defined as
(R — Rg)/Ry x 100%, where R is the responsivity under certain
strain, and R, is the responsivity without strain. The enhance-
ment can reach maximum 77.5% for 442 nm illumination, and
17.6% for 1060 nm illumination.

For a semiconductor p-n junction photodiode, the
photogenerated charge carriers are normally generated in two
active regions: the depletion layer and the diffusion regions.l'!
When the devices were illuminated at 442 nm at low power
levels of illumination, the charge carriers were generated in
the diffusion region near the surface (e.g., ZnO); while at high
power levels, it would penetrate through the surface to a deep
depth near or in the depletion layer. The 1060 nm wavelength
light penetrates through the ZnO layer, and directly reaches
the depletion layer on the p-Si side at the interface/junction.
When the intensity of 1060 nm light increases, the active
regions would also include the diffusion region. The electrons
in the p-side diffusion region or the holes in the n-side diffu-
sion region can reach the depletion by diffusion and then are
swept to the other side by the internal field. The same is true
for the minority carriers generated in the depletion region, as
illustrated in Figure 5a.

The band diagrams of the p-Si/n-ZnO heterojunction broad-
band photodiode are shown with reversed biased voltage under
the illumination of 442 nm (Figure 5b) and 1060 nm (Figure 5c)
with external compressive strain based on Anderson’s model.??!
The band gap and electron affinity values for Si and electron
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affinity values for Si and ZnO are Eyg; = 1.12 €V, x5 = 4.05 eVF!
and Eg 7,0 = 3.37 €V, and yz,0 = 4.35,*% respectively. There is
a conduction band edge offset AE, = 0.3 eV and a valence band
edge offset AE, = 2.55 eV.

As discussed above, the =2 um ZnO nanowire arrays have
almost a full absorption of 442 nm light and is completely
transparent to 1060 nm light. Upon visible 442 nm wavelength
light, electron-hole pairs are generated only in the n-ZnO
region and the transport of free electrons and holes upon the
electric field results in an increase of output current. Under
such conditions, due to the electric field effect, only holes
pass through the depletion regions, and electrons are directly
migrated to the electrode side (Figure 5b, the red arrowhead is
marked with a black cross, which means that few electrons flow
across the interface in this case). Similarly, upon the illumina-
tion of 1060 nm light, electrons and holes are only generated
on the p-Si side. No photoexcited holes transport through the
depletion region to the p-Si side, instead they are directly col-
lected at the electrode side under the applied bias (Figure 5c,
the purple arrow is marked with a black cross, which means
that no hole flows across the interface).

We now consider the case of strong illumination intensity
of 442 or 1060 nm lights above =9 mW cm™2, with the corre-
sponding band structure shown as stage (i) in Figure 5b,c (dark
dashed lines). When a compressive strain is applied along the
c-axis of ZnO, positive polarization charges are induced within

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

(a) p-Si | n-ZnO Hale:
—_— . lefu5|on
- *) 1 region
hv : r Ly
© hy 2 ! 9 —
; ; [ )
[ O : \ ;
i ' hv
Electron ' pepletion .
Diffusion ! layer .
region : \/
Le- ' wW .

(b) p-Si N-ZnO 442 pmight

Strain

Lo '3
200,0 wNQ-T ,I ¥
® @ o i~ii
— 32 : -
o‘] P

- L
AE~03¢V | & & plsa7ev

AEV=2.55eV| P
Eio4o
e, 4ol
@ \ il

TGy (i (i) @

(c) 1060 nm IigZ p'Si n_zno

ar < Strain
o [bC b
; . i
Gl
AE=0.3ev | 1 § i |
ae=2s5ev | 41 EEETY
N : [
4 g--l v
LI DY 1 A
'X“"'.'“'"—_
(i) (i) (i)

Figure 5. Working mechanism. a) Photoexcitation and energy-band diagram of the broadband photodiode. Schematic band diagrams of a p-Si/n-ZnO
heterojunction under compressive strains applied to illustrate the working mechanism of piezo-phototronic effect under the illumination of b) 442 nm
and c) 1060 nm wavelength. For the color gradient, pink represents positive potential and blue represents negative potential. The black, blue, and
pink dashed lines show the energy band at different stages: (i) under high illumination without strains, (ii) high illumination with strains, and (iii) low

illumination with strains.

the depletion region, the band structure is shown as stage (i) in
Figure 5b,c (light blue lines). The piezocharges will be mostly
preserved without being screened by local residual free car-
riers, because the presence of depletion region can significantly
enhance the piezoelectric effect. The conduction and valence
bands in the junction region are lowered locally, the depletion
layer will shrink on the n-type side and expand on the p-type
side.?>*1l Note, a dip is not created at the interface due to the
screening effect of the light-induced electrons to the piezo-
electric charges. As shown in Figure 5b,c, the edge of deple-
tion shifts from the position of the black short dashed lines
(stage (i)) to the position of blue dashed lines (stage (ii)), thus
increasing the barrier height. It will strengthen the built-in field

Adv. Mater. 2017, 29, 1701412 1701412

and reduce the recombination that leads to having a higher col-
lection probability for the carriers,'”?% leading to the increase
of photocurrent; simultaneously, the responsivity is increased
under compressive strain. Therefore, when strain is introduced
under the high illumination intensity, the piezoelectric polari-
zation on the n-ZnO side can effectively modulate the redistri-
bution of charge carriers that leads to the increase of the photo-
current under the illumination of both 442 and 1060 nm lights.

In the case of weak illumination intensity of 442 or 1060 nm
lights and under compressive strains (stage (iii)), less free
electrons and holes are generated and accumulated, reducing
the screening effect on the piezoelectrical potential, so that
the strain induced polarization charges at the interface have a

(7 of 10) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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stronger effect. This results in further downward bending in
the local conductive valence band®” and shrink of the deple-
tion region on the n-ZnO side. The positive piezopolariza-
tion charges will attract and trap some of the photogenerated
electrons, which is equivalent to forming a dip at the inter-
face.[13941] Consequently, it hinders the separation and reduces
the photocurrent generated by the 1060 nm light (stage (iii),
see the pink dashed curve in Figure 5c). The more strain applied,
the larger positive piezopolarization charges displayed, and then
more free electrons could be trapped. But for the carriers gener-
ated by the 442 nm light, the holes will not be trapped by the
presence of the piezoelectric charges (stage (iii), see the pink
dashed curve in Figure 5b), because they are both positively
charged, and there is no attraction force between them.

Response time is mainly determined by the processes of the
generation, separation, recombination, and transport of the
charge carriers. Therefore, it is very critical to study the piezo-
phototronic effect on the response time since it intimately
correlates with these processes. For a given photodiode, the
response time is most determined by t4,5, the charge collection
time of the carriers in the depleted region of the photodiode
and tgigused, the charge collection time of the carriers in the dif-
fusion region of the photodiode.?!?l The carriers have small
mobility in n-ZnO, so when we consider the rise time and
fall time, we would mostly focus on the n-ZnO side. The rise
time is mostly dominated by the carriers’ transport in the diffu-
sion region (Notes S4 and S5, Supporting Information),'? the
fall time here possibly depends on the minority carrier transit
time in the depletion region (Notes S4 and S6, Supporting
Information).[1229:42]

(@) 4

www.advmat.de

We measured the photoresponse under 442 and 1060 nm
wavelength light illumination for about 50 cycles at the on—
off frequency of 20 Hz under different light intensities. We
calculate all cycles’ response time and deviation, which is
shown in Figure 6. From Figure 6a, under the illumination
of 442 nm light from 0.62 to 3.42 mW cm™, the rise time
rises from 1.2233 to 1.3493 ms when the compressive strain
increases to 1.42%. Since it is under the relative low illumina-
tion power, the free charge carriers are mostly generated at the
surface of ZnO (Note S2, Supporting Information). Electrons
are directly collected at the surface, and the diffusion length
of electron does not change, but the diffusion length of hole
L, increases because of the shrink of depletion layer on the
n-ZnO side (see Figure 5b), which leads to the increase of fall
time. From Figure 6D, the fall time drop by =5%-6% off as the
strain increases to 1.42%. The physical model of Figure 5 indi-
cates that when light is off, the holes remained in the depletion
layer has less drift length on the n-ZnO side due to the deple-
tion shift. Also, the strain induced positive polarization charges
in the n-type region would repel the holes remaining on the
p-Si side, which would provide an additional driving force to
accelerate the hole migration to recombine and return to equi-
librium state.

Figure 6¢,d shows the rise time and fall time with various
power densities under different strains, when the devices were
under the illumination of 1060 nm. The rise time increases
slightly when applied compressive strain increases. The
induced positive polarization charges would cause trapping
of electrons, and decelerate electrons moving from depletion
to electrode. Also, the depletion width of the n-side shrink,
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Figure 6. Response time under different compressive strains. The corresponding a) rise and b) fall time of the device under different compressive
strains, under different power densities of 442 nm (unit: mW cm™2). The corresponding c) rise and d) fall time under different compressive strains
under different power densities of 1060 nm light. The error bars indicate the range within a standard deviation.
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resulting in the increase of the electron diffusion length. Both
of these contribute to the increase of rise time. There are
relatively small changes of fall time caused by strains when it
was illuminated by 1060 nm light (Figure 6d). The electron drift
length decreases because of the shift of the depletion region,
which should reduce the response time. But on the other hand,
the strain induced polarization positive charges attract the
electrons from diffusing away from the depletion region (see
Figure 5c). The two processes counteract against the other, so
that the fall time has no significant change under various com-
pressive strains.

In summary, we have developed high-performance broad-
band photodiodes based on p-Si/n-ZnO vertical nanowire arrays
with high sensitivity, fast response time, and excellent stability
in the wavelengths ranged from 442 to 1060 nm. The absorp-
tion in the near-infrared region is greatly enhanced due to the
nanostructured/textured top surface, which breaks the material
limit for Si photodiodes. Our broadband photodiodes are easy
to be integrated into many existing schemes for light detection
in many applications, such as imaging, environment monitor,
light tractor, human-machine interfacing, defense tech-
nology, etc. The performances of the broadband photodiodes
including the sensitivity, responsivity, linearity, saturation limit
are enhanced significantly by the piezo-phototronic effect. The
enhancement of responsivity can reach a maximum of 78%
for 442 nm illumination, and 18% for 1060 nm illumination.
The linearity and saturation limit of 1060 nm light detection
are significantly increased by applying external strains. More-
over, we use different wavelength lights to selectively choose
the excited charge carriers (either electrons or holes) that pass
through the interface in depletion region, to investigate the
effects of strain induced polarization charges on electrons or
holes separately. We found that if the dip is created at the p-n
heterojunction interface on the n-ZnO side due to the compres-
sive strain induced positive piezopolarization charges, it would
attract and trap some of the photogenerated electrons, but not
holes. The influence of compressive strains on response time
in different manners is also studied. These are critical for devel-
oping a more sophisticated piezotronic theory and broaden the
scope of piezotronics and extend the framework for its potential
applications.

Experimental Section

Fabrication Process of the p-Si/n-ZnO Photodiode: p-type Si wafer
(100 mm B-doped (100) wafer, 1-10 Q@ cm, 500 um SSP prime,
UniversityWafer Inc.) was washed by ultrasonication with acetone,
isopropyl alcohol, and distilled water, respectively, for 20 min. ZnO seed
layer was deposited by Radio Frequency (RF) magnetron sputtering
(PVD75 RF, Kurt J. Lesker Company) with a thickness of about 100 nm.
The coated p-Si was then placed into mixed growth solution (25 x 1073 m
Zn(NOs),, 12.5 x 1073 M hexamethylenetetramine, and 0.8 M ammonium
hydroxide) in a mechanical convection oven (Yamato DKN400, Santa
Clara, CA, USA) at 95 °C for 90 min. The products were washed by
isopropyl alcohol and distilled water, and dried in the oven at 60 °C
for several hours. The samples were then annealed at 350 °C for 2 h.
PMMA (MicroChem 495PMMA A8) was spin coated onto the samples,
and then the samples were treated with oxygen plasma by Reactive lon
Etcher plasma system (Vision 320 RIE) for 4 min to expose the tips
of ZnO nanowires. A thin layer of ITO was deposited on ZnO as the
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top electrode and Al was deposited on p-Si as the bottom electrode.
Samples were cleaned by acetone to remove the PMMA layer, and fired
at 350 °C for 2 h in a compact rapid thermal processing tube furnace
(RTP-1000D4, MTI Corporation). Testing wires were connected to the
electrodes by silver paste.

Material Characterizations: Detailed microscopic structures of ZnO
NWs were characterized by scanning electron microscope (Hitachi
SU 8010).

Measurements: External strains were applied onto the sample by
pressing the surface of the device on sapphire 2 fixed by layers of double-
adhesive Kapton through a piece of sapphire 1 (Figure S3, Supporting
Information) with a 3D mechanical stage (movement resolution
=10 um). The device was fixed onto the sample holder through double-
sided Kapton polyimide tape. Transmission and absorption spectra
of materials were measured by a UV-vis spectrophotometer (JASCO
V-630). I-V characteristics of the devices were 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 General-Purpose Interface Bus (GPIB)
controller (GPIB-USB-HS, NI 488.2). The 442 nm wavelength optical
input stimuli were provided by a He—Cd laser (model no. KI57511-G,
Kimmon Koha Co., Ltd.). The multichannel fiber coupled laser source
was used for 1060 nm excitation. A continuously variable filter was used
to control the light power density, which was measured by a thermopile
power meter (Newport 818P-001-12). Chopper on-off frequency was
about 20 Hz. The power density of light was measured by a power meter
(Newport 1919-R).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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