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A B S T R A C T   

ZnO, as a potential candidate, has attracted extensive attention in optoelectronics, energy systems and other 
fields. However, the wide bandgap of ZnO severely limits its application in a wide range of photoresponse, and 
preparing p-type ZnO is another stumbling block that hinders the development of ZnO-based devices. Here, a 
high-performance photodetector with a wider spectral detection range from UV–vis to NIR builds on the 
structure of p-ZnO/Al2O3/n-Si is fabricated. The PD exhibits a marked sensitivity (75,000%), excellent respon-
sivity (13.80 A W− 1, 365 nm), high specific detectivity (> 1012 Jones), fast response (< 100 μs), which indicates 
that inserting an insulated Al2O3 layer between an n-type semiconductor and a p-type semiconductor is a fruitful 
method to enhance carriers separation and collection efficiency. The carrier transport mechanism at the interface 
of PDs with different Al2O3 thickness is based on the quantum mechanical of Fowler-Nordheim tunneling or 
direct tunneling. Additionally, the overall signal levels of the photodetector could be further optimized using the 
piezo-phototronic effect. This study demonstrates an alternative route to implement high-efficiency photode-
tectors with a broader response range and provides an in-depth understanding of regulating carrier tunneling of 
the p-ZnO/Al2O3/n-Si heterojunction using the piezo-phototronic effect.   

1. Introduction 

Photodetectors (PDs) with a broad range of sensing capabilities from 
ultraviolet (UV) to near-infrared (NIR) are extremely critical in various 
industrial and scientific applications, including visual imaging, envi-
ronmental monitoring, optical communication, and military tracking 
[1–5]. Commercial photodetectors currently used to detect sub-bands 
regions in the UV to the NIR range rely mainly on single photosensi-
tive semiconductor material, for example, GaN (< 400 nm), Si 
(400–1100 nm) and InGaAs (800–1600 nm) [6–8]. Considerable efforts 
have been implemented to extend the operating wavelength range and 
optimize the capability of PDs. Several novels and high-profile materials 
such as perovskite [9–11], pyroelectric material [12], organic materials 
[13,14], and 2D materials [15,16] demonstrate a certain potential in 

broad spectral detection, however, they struggle to achieve outstanding 
overall performance for their respective defects, ambient instability, or 
complex preparation processes. 

ZnO with wurtzite structure has been widely studied in optoelec-
tronic devices [17–19], energy devices [20–23], transistor [24,25] and 
sensors [26–30], especially in room-temperature UV detection due to 
the wide bandgap (3.37 eV) and the high exciton-binding energy (60 
meV) [31–33]. Some excellent studies have shown that a structure in-
tegrated with ZnO compensates for the limited light absorption prop-
erties of a single material, which provides a novel platform/method to 
achieve a wider detection range [4,34,35]. However, the reliable 
manufacture of p-type ZnO is still an enormous challenge for ZnO-based 
optoelectronic devices in practical applications [36,37]. Recently, our 
group indicated that the antimony (Sb) is a highly promising candidate 
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for producing reliable p-ZnO nanowires (NWs), and Sb-ZnO NWs have 
outstanding piezoelectric properties for non-central symmetric structure 
[38]. This adds a significant and trustworthy scientific basis for studying 
the piezo-phototronic effect of p-ZnO NWs [39–42]. Meanwhile, silicon 
(Si) as a primary material in the electronic industry for sensing the 
visible (vis) light is breaking through the constraints of indirect ab-
sorption mechanism, lack of tunability and highly reflective surface, 
seeking a place in broadband detection [35,43,44]. 

In this work, we demonstrate an ultrahigh-sensitivity PD with 
extraordinary optoelectronic performances for UV–vis–NIR light on ac-
count of the p-ZnO/Al2O3/n-Si heterostructure. The intervention of the 
insulating Al2O3 layer makes the separation and collection of photoex-
cited carriers more efficient at reverse bias [45]. Experimental results 
indicate that the PD with 8 nm Al2O3 has a fast response time, high 
responsivity, excellent detectivity over the broad spectral range from the 
UV to the NIR. And the maximum sensitivity reached 75,000% under 
365 nm light with a power density of 26.52 mW cm− 2. To our knowl-
edge, this is currently the highest value among PDs about ZnO NW ar-
rays. The carrier tunneling mechanisms of devices with different 
thicknesses of the Al2O3 layer are investigated to better interpret the 
extraordinary optoelectric performance. Moreover, the 
piezo-phototronic effect of coupling semiconductor properties, photon 
excitation and piezoelectric polarization was further utilized to tune the 
carriers transport and tunneling barrier distance at the inter-
face/junction [39,46]. 

2. Experimental section 

2.1. Construction process of the device 

First, the n-type double-side polished single-crystalline silicon wafer 
(orientation (100), 1–20 Ω cm, 300 µm thickness) was etched for 30 min 
with 5 vol% isopropanol and 3 wt% KOH. These substrates were then 
ultrasonically cleaned in acetone, isopropanol, and distilled water for 5 
min. Subsequently, the substrates were coated with Al2O3 by atomic 
layer deposition (SUNALETMR-200). Then, a ZnO seed layer was sput-
tered on the sample by radio frequency (RF) magnetron sputtering 
(PVD75 Kurt J. Lesker). Next, putting the coated n-Si wafer into the 
mixed doping solution composed of 25 mM Zn(NO3)2, 25 mM hexa-
methylenetetramine, and Sb-dopant solution in a mechanical convection 
oven at 95 ◦C for 24 h. The Sb-dopant solution contains sodium glycolate 
and antimony acetate in a ratio of 12:1, and sodium glycolate is syn-
thesized from equimolar sodium hydroxide and glycolic acid. An AZO 
thin layer as top electrodes was deposited on p-ZnO and a layer of Al on 
the n-Si wafer as bottom electrodes. Finally, a thin layer of poly-
dimethylsiloxane (PDMS) is spin-coated to encapsulate the device. 

2.2. Characterization and measurements of materials 

X-ray Diffraction (X′Pert 3 Powder) θ-2θ scanning with Cu-Kα radi-
ation source was used to characterize the crystallization of the film. 
Detailed microstructures were characterized by Field-Emission Scanning 
Electron Microscopy (FESEM) (Hitachi SU8020), HRTEM (FEI F30) with 
energy-dispersive X-ray spectroscopy (EDX), and transmission electron 
microscopy (TEM) (Tecnai G2). External strain is applied to the device 
through a 3D mechanical stage (movement resolution close to 10 µm). 
The electric characteristics of the PD were measured via a Keithley 4200 
parameter analyzer, a synthesized function generator (Model No. 
DS345, Stanford Research Systems, Inc.), and a low-noise current pre-
amplifier (Model No. SR570, Stanford Research Systems, Inc.). The ab-
sorption and transmission spectra of the devices were obtained by a 
UV–vis–NIR spectrophotometer (Shimadzu UV 3600). An MLL-III- 
633–300 mW 633 nm and MLL-III-1064–300 mW 1064 nm light 
(Changchun New Industries Optoelectronics Technology Co., Ltd.) 
served as the irradiation source. Also, the periodic switching charac-
teristics of the PDs at different operating frequencies were measured 

with an optical chopper (SR540, Stanford Research Systems, Inc.). 

3. Results and discussion 

The structure and manufacturing process of the typical p-ZnO/ 
Al2O3/n-Si UV–vis–NIR photodetector are shown in Fig. 1a. A polished 
n-Si wafer was first cleaned ultrasonically by acetone, isopropyl alcohol 
and deionized water. Secondly, the surface of the wafer was etched into 
many small tetrahedrons by wet chemical etching to obtain the effective 
surface area for improving the light absorption efficiency (Fig. 1b). 
Thirdly, an alumina (Al2O3) layer was deposited on the wafer via the 
atomic layer deposition technique. Fourthly, an ultrathin ZnO seed layer 
was sputtered for low-temperature hydrothermal synthesis of Sb-doped 
p-ZnO NW arrays. Fifthly, the top electrode (AZO) on the p-ZnO NW 
arrays and Al electrode on the n-Si substrate was deposited separately by 
RF magnetron sputtering (Fig. S1, Supporting Information). A thin 
polydimethylsiloxane (PDMS) layer was finally rotated to encapsulate 
the PD. The experimental section provides a more detailed discussion. 
Fig. 1c shows the scanning electron microscopy (SEM) images of Sb- 
doped p-ZnO NWs, indicating highly clustered ZnO NWs grown along 
the c-axis and perpendicular to the n-Si surface with a micro-pyramid, 
with a length of 3 µm and a diameter of about 150 nm. Fig. 1d illus-
trates the SEM diagram after the deposition of AZO on the top of ZnO. 
The uneven surface of the device greatly increases light absorption. 
Fig. 1e shows the X-ray diffraction (XRD) pattern of the p-ZnO NWs 
array. Obviously, the sample has a strong peak at 34.5◦, which corre-
sponds to the piezoelectric property of the ZnO (0002) plane. To clarify 
the composition uniformity of the heterojunction, the energy dispersive 
X-ray spectrum (EDX) of p-ZnO NWs is obtained, as demonstrated in 
Fig. 1f. It exhibits that the Sb content in ZnO was identified to be about 
1.25% despite the concentration of doping solution was only 1% 
(Table S1). Fig. 1g illustrates a cross-sectional transmission electron 
microscopy (TEM) image of the interface between the heterojunction, 
where the thin Al2O3 layer has a thickness of approximately 8 nm. Be-
sides, an EDX line scan profile across the heterojunction along the red 
line demonstrates elementary distribution and the thickness of the Al2O3 
layer could also obtain from the scan data (Fig. 1h). 

A photodetector with ultrahigh sensitivity and fast response of 
sensing wide spectrum response from UV–vis to NIR was constructed. As 
shown in Fig. 2a, the absorption of devices with Si micro-pyramids in 
longer wavelength regions significantly increases, and further increase 
present in the p-ZnO/Al2O3/n-Si junction. Besides, the p-ZnO NWs array 
absorbs most of 365 nm wavelength light, has 39% transmittance for 
633 nm wavelength light and is the transparent wavelength and little 
absorption in the 1064 nm, as depicted in Fig. S2. (365 nm light as UV 
source, 633 nm light as vis source, and 1064 nm light as NIR source). 
This indicates that photo-generated carriers mainly come from the p- 
ZnO side under UV irradiation, come from the n-Si side under NIR 
irradiation, and come from both sides under vis irradiation. Fig. 2b il-
lustrates the I-V characteristic of the heterojunction at dark and the 
irradiation of UV–vis–NIR with 2 mW cm− 2. We can observe that the 
device presents a typical rectifying characteristic and has more intensely 
photosensitive properties at reverse bias. Also, a series of I-V charac-
teristics under the UV–vis to NIR irradiation with different power den-
sity is plotted in Fig. S3. The photocurrent (I = Ilight - Idark [35], Ilight and 
Idark are output currents with and without light irradiation, respectively) 
increases with the optical power density under irradiation of UV–vis or 
NIR range. Significantly, the absolute current increases from 1.42 μA 
(dark current) to 1.06 mA under 26.52 mW cm− 2 of 365 nm light, to 
0.32 mA under 8.79 mW cm− 2 of 633 nm light, and to 0.44 mA under 
14.5 mW cm− 2 of 1064 nm light. The sensitivity defined as (Ilight - Idar-

k)/Idark of devices under the irradiation of various power densities of 
UV–vis–NIR at − 2 V bias is integrated and plotted in Fig. 2c. Under the 
irradiation of each light, the sensitivity of devices increases as the 
increasing incident optical power density. And the sensitivity of the PD 
with 8 nm Al2O3 reached 50,000% under UV irradiation with 
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12.53 mW cm− 2 and further to 75,000% at 26.52 mW cm− 2 (Fig. S4), 
which is the highest compared to other nanostructure PDs [47–50]. 
Besides, the sensitivity of the device is 22,000% under 633 nm irradia-
tion and 31,000% under 1064 nm irradiation. These parameters are 
34.5, 5.4, and 47.5 times larger than the PD without Al2O3 under the 
corresponding light excitation (Fig. 2c). The photoresponse of the device 
at a frequency range of 5–800 Hz under the irradiation with 2 mW cm− 2 

of wide range light is measured and manifested in Fig. 2d. The response 
time significantly decreases as the on-off frequency increases regardless 
of the illumination wavelength in the UV–vis to the NIR range. The rise 
time refers to the time for the response to rise from 10% to 90% of the 
peak, and the fall time refers to the time for the response to fall from 90% 
to 10% of the peak [31]. Remarkably, the output of the PD realizes the 
switch of steady-state photocurrent and dark current even if the 
switching frequency of the optical signal is at 800 Hz (Fig. S5). Fig. 2e 
shows the current output curves of the PD under different light. The rise 
time respectively is 180 μs for UV light, 130 μs for vis light and 140 μs 

for NIR light, and the fall time is 230 μs, 70 μs and 180 μs for UV light, 
vis light and NIR light, respectively. In a word, the p-ZnO/Al2O3/n-Si PD 
exhibits a dramatically rapid response behavior under the irradiation of 
UV–vis to the NIR lights. 

To thoroughly understand the carrier transport mechanisms and 
optoelectronic performances of the PD, we systematically investigate the 
p-ZnO/Al2O3/n-Si with various insulating barrier thicknesses from 0 nm 
to 10 nm. As we all know, the quantum tunneling effect refers to the 
behavior of particles penetrating or crossing potential barriers to exceed 
their kinetic energy. Fig. 3a illustrates three typical transport mecha-
nisms, direct tunneling (DT) under low voltage, Fowler-Nordheim 
tunneling (FNT) under a high bias voltage regime and temperature- 
dependent thermionic emission [51,52]. To explain the transport 
mechanism more intuitively, it is necessary to understand the energy 
levels of each material (Fig. 3b). The conduction band and valence band 
of the ZnO, Al2O3 and Si are − 4.35 eV and − 7.72 eV, − 1.35 eV and 
− 8.15 eV, − 5.17 eV and − 4.05 eV, versus vacuum, respectively [53]. 

Fig. 1. Device structure and characterizations. (a) Schematic illustration and fabrication process of the p-ZnO/Al2O3/n-Si heterojunction. (b) SEM images of n-Si 
micropyramid. (c) Top view SEM images of p-ZnO NWs array. Inset: Side view SEM image of p-ZnO NWs. (d) AZO coating as the top electrode. (e) XRD pattern of the 
p-ZnO NWs and n-Si. (f) Energy-dispersive X-ray spectroscopy of the PD. (g) TEM images of the cross-section of a heterojunction with 8 nm Al2O3 thickness. (h) The 
spectral profile of the cross-section of the heterojunction. The red line in the figure is the path of data acquisition. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 
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Under thermal equilibrium, the Si and ZnO sides will form a depletion 
zone due to the diffusion of carriers, which makes the Fermi energy level 
in the whole heterojunction region stabilized. Fig. 3c demonstrates the 
energy band of the heterojunction under forward bias. Electrons in Si 
and holes in ZnO will be collected through DT or FNT events under the 
dominance of the external electric field. Specifically, when the applied 
voltage is less than the barrier height ϕ1, the electric field-induced 
barrier will not be severely deformed and direct tunneling dominates 
the transport of carriers. The DT current (IDT) linearly depends on the 
bias, given by [51,54]. 

IDT ∝ Vexp
[
− 4πd

̅̅̅̅̅̅̅̅̅̅̅
m0ϕB

√

h

]

(1)  

where m0, ϕB, h, d are the effective electron mass, tunneling barrier, the 
Plank constant and the tunneling thickness, respectively. When the 
external voltage exceeds ϕ1, which is enough to modify the barrier bend 
into a triangle, and FNT becomes the dominant mechanism. The 
tunneling current (IFNT) and applied bias (V) comply with the following 
principles [51,54]. 

IFNT ∝ V2exp

[

−
8πd

̅̅̅̅̅̅̅̅̅̅̅̅̅

2m0ϕ3
B

√

3heV

]

(2) 

According to the above formula (2) and the I-V characteristics of 
devices (Fig. S6), the plot of ln(I/V2) versus V− 1 for alumina of different 
thickness is calculated and integrated, as demonstrated in Fig. 3d. In 

comparison, the device with 2 nm thick alumina behaved like a con-
ventional semiconductor diode with rectifying characteristics but other 
devices did not. Also, we notice that the plot of ln(I/V2) versus V− 1 is a 
strong linear relationship with a negative slope for FNT at a high voltage 
and the slope of DT increases exponentially at a low bias for devices with 
4 nm, 6 nm, or 8 nm thick alumina. Besides, the qualification of the FNT 
mechanism is lost for the device with 10 nm Al2O3 (Fig. S7). More 
specifically, FNT is particularly effective for 4 nm and 6 nm devices, but 
its activation is weak for an 8 nm device and completely ineffective for 
devices with thicker films. Fig. 3e shows the transition voltage (Vtrans) of 
several devices from DT to FNT, defined as Vtrans = ϕB/e [52]. The Vtrans 
increases from 0.29 V to 0.88 V as the thickness of alumina increases, 
which indicates that the triggering FNT requires greater bias as the 
thickness increases. Actually, thermionic emission strongly dependent 
on temperature is another important mechanism for carriers to pass 
through the potential barrier. The relatively weak 
temperature-dependence electrical properties further prove that the 
device with 8 nm Al2O3 is governed by FNT in a strong electric field and 
DT at a lower voltage (Fig. S8). Then, the photoresponse of devices with 
various thickness under UV fixed irradiation of 2 mW cm− 2 was studied 
and contrasted (Fig. S6). The samples using the Al2O3 layer as the cur-
rent blocking layer reveals more excellent photoelectric behavior, 
especially under the reverse bias. After the introduction of Al2O3, the 
accumulation of space charges is inhibited and the trap state on the 
surface is reduced. On the other hand, Al2O3 may reduce 
interface-related defects and optimize the p-ZnO/n-Si interface, which 

Fig. 2. Optical properties and response speed of PDs. (a) Absorption spectra of p-ZnO, n-Si, p-ZnO/n-Si and the p-ZnO/Al2O3/n-Si devices. (b) I-V characteristics of 
the p-ZnO/Al2O3/n-Si PD under dark and the illumination of UV–vis–NIR with the power densities of 2 mW cm− 2, respectively. (c) The sensitivity of PDs with various 
structures under the excitation of 365 nm light. (d) Plot of the response time as a function of on/off frequency under the three given wavelengths. (e) Response time 
of the PD under UV light, Vis light and NIR light with 2 mW cm− 2 at − 2 V (97.5% confidence interval). 
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may also be the reason for the sensitivity to vis light. When the Al2O3 
thickness is small, photocarriers and dark-state carriers could tunnel 
through the Al2O3 layer through FNT or DT. If the Al2O3 layer is too 
thick, dark-state carriers could tunnel through the Al2O3 layer via DT, 
and the tunneling probability of photo-excited and the dark-state car-
riers is reduced. Therefore, a suitable thickness is essential for achieving 
a remarkable optoelectronic property of devices. Fig. 3f illustrates the 
photocurrent and on/off current ratio of these devices as a function of 
the thickness of the insulating layer, both first increase and then 
decrease with the thickness increase. The optoelectronic property of the 
device is the best when the thickness of alumina is 8 nm, with a switch 
ratio of 256, a photocurrent of 0.36 mA, and a dark current of only 
1.42 μA. 

Piezo-phototronic effect, a coupling effect of piezoelectricity, semi-
conductor, and photoexcitation, was further utilized to modulate the 
transport of electron-hole pairs to enhance/optimize the PD perfor-
mance [39]. We define the compressive strain as negative [38]. Fig. S9 
illustrates the application details of the compression strains [46].  
Fig. 4a–c presents the strain-dependent carrier transport properties 
under the irradiation with 2 mW cm− 2. As strains go higher from 0‰ to 
− 0.79‰, the output current gradually increases regardless of UV–vis or 
NIR light. Fig. 4d–f shows the photocurrent under various compressive 
strains as a function of the incident optical power density. Obviously, the 
photocurrent rises as the power density increases and presents a trend of 

slow growth at higher power density when the samples are illuminated 
at UV light. When the sample is illuminated at vis light, the photocurrent 
reaches a saturation limit at low power (2 mW cm− 2) and there is no 
further increase as the power density increases (Fig. 4d). And unlike 
that, the current suddenly increases under NIR light with high power 
levels (Fig. 4f). Under − 2 V bias and the irradiation wavelength in the 
UV–vis to the NIR range, the photocurrent under different compressed 
strains from 0‰ to − 0.79‰ is plotted in Fig. 4g–i. The photocurrent is 
gradually improved as compressive strains increases, and it exhibits a 
better linear relationship evenly for the UV–vis to NIR range. At the 
same time, the overall signal level is significantly increased because 
more photocarriers are generated under the light with a higher power 
density. In other words, the photoresponse of the PD is enhanced uti-
lizing the piezo-phototronic effect. 

As the critical figure-of-merits to evaluate the capability of PDs, the 
responsivity (R) and specific detectivity (D*) are analyzed, they can be 
expressed as follows [32]. 

R =
Ilight,s − Idark,s

Pill
=

ηextq
hv

ΓG (3)  

D∗ =
R

(
2qIdark,s

/
S
)1/2 (4)  

Fig. 3. Thickness-dependent charge transport mechanisms of the junction. (a) Schematic diagram of three tunneling mechanisms. (b) Energy band diagram of the PD 
with 8 nm Al2O3 under thermal equilibrium. (c) Schematic diagram of carrier transport of device under forward bias. (d) ln(I/V2) vs. 1/V plots, reconfigured from I-V 
characteristics of different Al2O3 thicknesses at room temperature. The distinct linear response indicates that FNT is the leading quantum transport mechanism 
through the junctions. The linear fitting curves with FNT current (red line). (e) The transition voltage from DT to FNT as a function of the thickness of Al2O3. (f) The 
photocurrent and on/off current ratio of different devices varies with the thickness of Al2O3 (97.5% confidence interval). (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article.) 
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where Рill = Iill × S is the incident power on the PD, q, ηext, h, ν, ΓG, Iill 
and S are the electronic charge (1.6 × 10− 19 Coulombs), the external 
quantum efficiency (EQE), Planck’s constant, the frequency of the light, 
the internal gain, the illumination power density and the effective area 
of the photodetector in cm2, respectively. The R and D* under the 
UV–vis to NIR range with various optical power density and compressive 
strains at − 2 V are plotted in Fig. 5a–c, respectively. The R increases 
with compressive strains increase from 0‰ to − 0.79‰ or the incident 
optical power density decreases, and no saturation occurs whether 
under the illumination in UV–vis or NIR light. Besides, the device has a 
responsivity of 9.90 A W− 1 and EQE of 3360% at high UV irradiation 
power (12.53 mW cm− 2) without strain (Fig. 5a), which is much better 
than other or commercial UV PDs [16,32]. And maximum responsivity is 
13.80 A W− 1 under the 0.69 mW cm− 2 and a − 0.79‰ compressive 
strain. In the same case, the extreme value of D* is as high as 3.12 × 1012 

Jones. Besides, similar variation trends of R as various strains and power 
density could be observed under the irradiation of vis and NIR light. 
Under vis irradiation, the R and D* reach the extreme values of 
10.60 A W− 1 and 3.55 × 1012 Jones under − 0.79‰ strain with 
0.08 mW cm− 2, respectively (Fig. 5b). The extreme value of R and D* 
are above 16.30 A W− 1 and 2.70 × 1012 Jones under NIR irradiation, 
respectively (Fig. 5c). Noticeably, these excellent parameters are much 
larger than the p-ZnO/n-Si PD (Fig. S10), and even higher than most 
reported ZnO-based PDs or other types of PDs (Table 1), which 

demonstrates that our PD has a significant and remarkable detection 
capability spanning the full range from UV–vis to NIR. To specifically 
interpret the piezo-phototronic effect on the responsivity, the relative 
change is defined as ΔR/R0 × 100% (ΔR = RS - R0, R0 is the respon-
sivity without strain and RS is the responsivity at a compressive strain) 
under compressive strain are shown in Fig. S11. The maximum 
enhancement of R by UV–vis and NIR irradiation under relatively small 
strain reached 39.7%, 21.8% and 41.0%, respectively. Similarly, the 
relative change of specific detectivity as compressive strain at various 
optical power density is also shown in Fig. S11, which demonstrates the 
regulation of the piezoelectric potential on specific detectivity under 
external strains. In addition, in order to further understand the effect of 
strains on devices, we have summarized some key parameters of devices, 
as shown in Table S2. 

To further elucidate the underlying physical processes of the carrier 
transport in detail, the energy band diagram of the PD under various 
strains and light excitation is plotted in Fig. 6. When the energy of the 
incident photon is greater than the forbidden bandwidth of the material, 
the electrons in the active region such as the p-side/n-side are excited to 
produce a mass of photo-excited electron-hole pairs. As mentioned 
earlier, a mass of photo-excited carriers generated at the p-ZnO side 
during UV light (Fig. 6a). The holes in ZnO are directly collected but 
electrons will pass through the interface through FNT under high reverse 
bias. The active zone under vis light is composed of the ZnO and Si side, 

Fig. 4. The modulation of photoresponse by the piezo-phototronic effect. Typical I-V characteristics of the PD under different compressive strains, excited by (a) 
365 nm light, (b) 633 nm light and (c) 1064 nm light with 2 mW cm− 2, respectively. Inset shows the current change with strain under corresponding conditions. The 
plot of photocurrent under different strain as a function of illumination conditions at (d) 365 nm light, (e) 633 nm light and (f) 1064 nm light. Photocurrent under 
illumination conditions as a function of strains at (g) 365 nm light, (h) 633 nm light and (i) 1064 nm light. 
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in which case the photo-excited electrons and holes are rapidly sepa-
rated and collected (Fig. 6b). For NIR light, the active area is dominated 
by the Si side where electrons are directly collected (Fig. 6c). In general, 
the photo-excited holes will be confined in the Al2O3/Si side due to the 
large valence band offset, which in turn promotes the recombination of 
photo-excited holes and electronics. Thanks to the enormous surface 
area of the ZnO NW array and Si with micro-nano pyramid structure, the 
incident light can be absorbed effectively so that the number of photo- 
excited carriers is extremely large. On the other hand, the electrons 
tunnel through the Al2O3 layer will gain greater kinetic energy and 
collide with the Al2O3 lattice under a high electric field, which excites 
some electrons in the valence band of Al2O3, and additional carriers are 
generated. Even if the Al2O3 layer has a large band shift, a high 
tunneling current could be produced under large reverse bias and 
certain light intensity. Under compressive strain, positive piezoelectric 
charge would be induced in ZnO/Al2O3 interface due to the non- 
centrosymmetric structure of ZnO. Most of these piezoelectric charges 
would be retained without being shielded by local residual free carriers, 

thus increasing the electric field density and forming a stronger internal 
electric field, which leads to more efficient separation and collection of 
photocarriers. As the strain increases further, the piezoelectric potential 
bends the depletion layer downward and regulates the effective thick-
ness of the tunneling, thus reducing the accumulated charge density at 
the ZnO/Al2O3 side and leading to an enhance in the photocurrent. 

4. Conclusion 

In conclusion, we fabricated a high-performance broadband photo-
detector with extraordinary sensitivity, a remarkable response time, 
high responsivity and specific detectivity in the UV to NIR range based 
on the p-ZnO/Al2O3/n-Si heterojunction. It is noteworthy that intro-
ducing an Al2O3 insulation layer at the p-n junction significantly im-
proves the efficiency of carrier separation and collection, which 
improves the optoelectronic capability of the device. Besides, the carrier 
transport properties of devices with different thicknesses of Al2O3 are 
governed by quantum tunneling events (FNT or DT). Specifically, the 

Fig. 5. Piezo-phototronic effect on responsivity and specific detectivity. (a) Responsivity and specific detectivity under 365 nm light excitation and different strains. 
(b) Responsivity and specific detectivity under 633 nm light excitation and different strains. (c) Responsivity and specific detectivity under 1064 nm light excitation 
and different strains. 

Table 1 
Key parameters of photodetectors reported recently.  

Material and structure Responsivity (A W− 1) Detectivity (Jones) Response (rise/fall) time (ms) Ref. 

UV Vis NIR  

p-ZnO/Al2O3/n-Si 9.90 (365 nm) 2.60 × 1012 (365 nm) < 0.18/< 0.23 < 0.13/< 0.07 < 0.14/< 0.18 This work 
8.68 (633 nm) 3.40 × 1012 (633 nm) 
12.75 (1064 nm) 2.50 × 1012 (1064 nm) 

n-ZnO/Al2O3/p-Si ~1 (442 nm) – – 0.26/0.22 – [50] 
0.65 (1060 nm) 

n-ZnO/PbS QD 0.051 (350 nm) 3.4 × 108 (350 nm) < 9000/< 2000 < 500/< 500 < 500/< 500 [4] 
0.0072 (500 nm) 4.9 × 107 (500 nm) 
0.011 (900 nm) 4.2 × 107 (900 nm) 

PbS QD-P3HT ~100 < 1012 < 160/< 110 < 160/< 120 ca. 580/ca. 480 [3] 
In2Te3 NW 0.3 – < 10,000/< 10,000 < 100/< 100 < 100/< 100 [2] 
Perovskite 0.2–7 – < 200/< 200 < 100/< 100 – [9] 
ZnO nanorods 0.050 – < 200 – – [33] 
2D GaS film 4.7 1.6 × 1012 < 66/< 66 – – [16] 
PdSe2 TMD 3.35 (532 nm) 1.31 × 109 – < 250 – [8] 

708 (1064 nm) 
Perovskite/CdS 0.48 2.1 × 1013 – 0.54/2.2 – [10] 
p-Si/n-ZnO 7.1 7.1 × 109 – > 100/57 – [35] 
Graphene/Ge 0.75 2.53 × 109 – – < 0.06 [15]  
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piezoelectric potential generated in the ZnO side under applied strain 
regulates the band structure and tunneling barrier distance which affects 
the transport characteristics of photo-excited carriers under different 
wavelengths of light excitation. Our experiment conclusions provide a 
more specific and effective method for realizing an optoelectronic de-
vice with wide-spectrum sensing capability without losing excellent 
photoelectric conversion capability. 
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