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 ABSTRACT 

Self-powered ZnO/perovskite heterostructured ultraviolet (UV) photodetectors

(PDs) based on the pyro-phototronic effect have been recently reported as a 

promising solution for energy-efficient, ultrafast-response, and high-performance

UV PDs. In this study, the temperature dependence of the pyro-phototronic 

effect on the photo-sensing performance of self-powered ZnO/perovskite

heterostructured PDs was investigated. The current responses of these PDs 

to UV light were enhanced by 174.1% at 77 K and 28.7% at 300 K owing to the 

improved pyro-phototronic effect at low temperatures. The fundamentals of the

pyro-phototronic effect were thoroughly studied by analyzing the charge-

transfer process and the time constant of the current response of the PDs upon

UV illumination. This work presents in-depth understandings about the pyro-

phototronic effect on the ZnO/perovskite heterostructure and provides guidance

for the design and development of corresponding optoelectronics for ultrafast 

photo sensing, optothermal detection, and biocompatible optoelectronic probes.

 
 

1 Introduction 

Because of its non-central symmetric crystal structures 

and unique physical properties, wurtzite-ZnO is one 

of the most widely used piezoelectric semiconductor 

materials for various electronic/optoelectronic appli-

cations, including energy-harvesting devices [1, 2], 

field-effect transistors [3, 4], logic circuits [5, 6], 

ultraviolet (UV) lasers and light-emitting diodes [7, 8]. 

In particular, ZnO-based UV photodetectors (PDs) 

have attracted tremendous attention in the past decade 

owing to their wide direct bandgap (3.3 eV) and high 

exciton binding energy (60 meV) at room temperature 

[9–12]. With the use of ZnO nanostructures as building 
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blocks, numerous UV PDs have been demonstrated 

[13–17], exhibiting a high photoresponsivity, sensitivity, 

and/or specific detectivity. However, the relatively 

long response time ranging from a few to hundreds of 

seconds inevitably hinders their practical applications 

[18–22]. Therefore, it is highly important to develop 

ZnO-based PDs with an ultrafast response time and 

competitive sensing performance. 

A self-powered ZnO/perovskite heterostructured 

(ZPH) PD utilizing the UV light self-induced 

pyroelectric effect in ZnO to enhance the UV photo- 

sensing performance was previously demonstrated [23]. 

Upon UV illumination, transient temperature changes 

occur in ZnO and lead to the distribution of the 

pyroelectric polarization potential across the polar 

direction of the ZnO nanowire array because of the 

non-central symmetric crystal structure [24–26]. The 

charge-carrier transport processes and the photo- 

sensing performances of ZPH PDs are modified owing 

to these pyroelectric polarizations, which are known 

as the pyro-phototronic effect [23]. Moreover, the 

ZnO/perovskite heterostructure configuration enables 

unique self-powered UV sensing operations under 

zero bias based on the photovoltaic effect with a low 

dark current (<0.1 nA), a high responsivity, and ultrafast 

response times (tens of microseconds). Because the 

pyro-phototronic effect is fundamentally new in science 

and was not studied before ZPH PDs, it is essential  

to investigate its physical working mechanism syste-

matically and carefully, not only for understanding 

the fundamentals of the separation and migration of 

charge carriers but also for guidance in designing 

and developing high-performance pyro-phototronic 

devices for optoelectronic applications. 

In this work, the temperature dependence of the 

pyro-phototronic effect on ZPH PDs is systematically 

investigated by varying the temperature from 77 to 

300 K under a series of UV illuminations at each tem-

perature. The current-response improvement of the 

PDs due to the pyro-phototronic effect is significantly 

enhanced by over 500% as the system temperature 

decreases to 77 K, as the temperature change is relatively 

large compared with the initial temperature in ZnO 

upon UV illumination. By analyzing the photocurrent 

and calculating the effective charge transfer due to 

the pyroelectric polarizations at various temperatures, 

the fundamental working mechanism of the pyro- 

phototronic effect is carefully studied. In addition, 

the influences of bias voltages on the pyro-phototronic 

effect are investigated at 77 and 300 K. This work 

presents in-depth understandings about the tempera-

ture dependence and fundamental working mechanism 

of the pyro-phototronic effect on the ZnO/perovskite 

heterostructure and provides guidance for the design 

and development of corresponding optoelectronics for 

ultrafast photo sensing, optothermal detection, and 

biocompatible optoelectronic probes. 

2 Results and discussion 

The temperature dependence of the pyro-phototronic 

effect is measured in a micro-manipulation cryogenic 

probe system (Janis, model ST-500-2), as schematically 

shown in Fig. 1(a). By applying liquid nitrogen as the 

cryostat, the temperature of the whole system ranges 

from 77 to 300 K. The device structure of a self- 

powered ZPH PD is schematically illustrated in   

Fig. 1(b). The side-view scanning electron microscopy 

(SEM, Hitachi SU8010) image presented in Fig. 1(c1) 

shows that the fluorine-doped tin oxide (FTO) glass 

cathode is uniformly covered by the hydrothermally 

grown ZnO nanowire array with lengths of 500 nm 

and diameters of 50–70 nm (inset of Fig. 1(c2)), followed 

by a layer of CH3NH3PbI3 (MAPbI3) perovskite with 

an average thickness of 500 nm (Fig. 1(c2)) and a layer 

of the hole-transport material (HTM) spiro-OMeTAD 

with a thickness of 500–1,000 nm. Finally, a layer of 

Cu with a thickness of 250 nm is deposited on the top 

as an anode. During the measurements, ZPH PDs are 

attached to the surface of the cryostat with a layer of 

Kapton tape (30 μm thick) in between to provide 

stable thermal conduction and excellent electrical 

insulation. A 325-nm UV laser is utilized as an optical 

stimulus for studying the pyro-phototronic effect on 

the UV sensing performances of the ZPH PDs. The 

electric output signals are measured and collected  

by computer-controlled program through a general- 

purpose interface bus (GPIB) controller. The detailed 

fabrication processes of the ZPH PDs and the 

measurement setup are found in the Methods section. 

The energy-band alignment among different layers 

within the ZPH PDs is depicted in Fig. 1(d). Upon UV 
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illumination, electron–hole pairs are generated in the 

ZnO layer, with photogenerated electrons injected 

from the ZnO layer and collected by the FTO cathode, 

while the photogenerated holes in the valence band 

reach the Cu anode through the HTM layer. The 

fundamental operating mechanism of the self-powered 

ZPH PDs under UV illumination is illustrated in two 

processes: a photovoltaic process and a pyroelectric 

process. UV illumination-generated electrons and holes 

are separated at the interface, collected by electrodes, 

and finally recombined through the external circuit, 

producing the photovoltaic effect-induced current Iphoto 

(Fig. S1(a), left panel, in the Electronic Supplementary 

Material (ESM)). This is the photovoltaic process. UV 

illumination also generates a fast temperature increase 

inside the ZnO layer to induce pyroelectric polarization 

potentials that are distributed across the ZnO nano-

wires because of their non-central symmetric crystal 

structures. Determined by the c-axis direction of the 

ZnO nanowires, as shown in Fig. 1(b), the positive 

pyroelectric polarizations are located on the Cu anode 

side, whereas the negative pyroelectric polarizations 

are present at the FTO cathode side, forming a pyro- 

potential field that aligns the nanowire and thus 

enhances the transient current with a pyroelectric 

effect-induced current Ipyro (Fig. S1(a), middle panel, 

in the ESM). This is the pyroelectric process. The total 

photocurrent of a self-powered ZPH PD upon UV 

illumination is therefore the sum of Iphoto and Ipyro, 

which is the pyro-phototronic effect (Fig. S1(a), right 

panel, in the ESM). 

The I–V characteristics of a self-powered ZPH   

 

Figure 1 Structure, characterization, and operating mechanism of self-powered ZPH PDs. (a) Schematic of the experimental setup. 
(b) Schematic demonstration of the structure and operating mechanism of self-powered ZPH PDs. (c1) Cross-sectional SEM image of 
self-powered ZPH PDs, and (c2) top-view SEM image of ZnO covered by spin-coated perovskite. Inset of (c2) shows a top-view SEM 
image of the hydrothermally grown ZnO nanowire array. (d) Energy-band diagram of self-powered ZPH PDs. The energies are 
expressed in electron volts, using the electron energy in vacuum as the reference. (e) I–V characteristics of self-powered ZPH PDs in the 
dark and under 325-nm UV laser illumination with a light intensity of 5.10 mW·cm–2 at 77 and 300 K. The inset presents enlarged I–V
curves indicating self-powered operations at zero bias. 
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PD in the dark and under 325 nm UV illumination 

(5.10 mW·cm–2) at 77 K (black lines) and 300 K (red 

lines) are measured and plotted in Fig. 1(e), with the 

inset showing the measurable photocurrents under 

UV illumination at zero bias: ~0.2 μA at 77 K and  

~0.7 μA at 300 K. The I–V curves of PDs in the dark 

and under UV illumination at various temperatures 

ranging from 77 to 300 K are plotted in Figs. S1(b) and 

S1(c) (in the ESM), respectively, showing that the 

current decreases as the system temperature is reduced. 

The current responses of the self-powered ZPH  

PD to temperatures under different UV illuminations 

are systematically investigated and summarized in 

Fig. 2(a) and Fig. S2 (in the ESM), by varying the UV 

light intensities from 5.10 to 0.12 mW·cm–2 at each 

temperature. As shown in Fig. 2(a), two-stage photo-

currents are observed with a sharp current peak 

(Ipyro+photo) occurring at the initial stage owing to the 

light self-induced pyro-phototronic effect occurring 

upon UV illumination, followed by a steady plateau 

(Iphoto) as the temperature remains unchanged and the 

pyroelectric polarizations disappear. The corresponding 

Ipyro+photo and Iphoto of the self-powered ZPH PDs at 77 

and 300 K are extracted and plotted in Fig. 2(b) to 

demonstrate the enhancement of the output currents 

by the pyro-phototronic effect. It is straightforward 

that both Ipyro+photo and Iphoto increase monotonically 

with the light intensity at 77 and 300 K. Moreover, 

the average enhancement of the output current from 

Iphoto to Ipyro+photo at 77 K is ~155%, which is far higher 

than that of ~47% at 300 K. The ZnO nanowires are 

responsible for the pyroelectric polarizations and 

essential for the UV sensing performances of ZPH 

PDs. Control experiments are conducted under the 

same conditions (300 K, 5.10 mW·cm–2) to verify the 

significance of ZnO by fabricating devices without a 

ZnO layer. A comparison of the current responses  

to the UV illuminations between devices with and 

without a ZnO layer is shown in Fig. 2(c). Obviously, 

no initial peaks are observed for the devices without 

 

Figure 2 Current response of self-powered ZPH PDs under different temperatures and UV light intensities. (a) I–t characteristics of 
self-powered ZPH PDs at different temperatures ranging from 77 to 300 K under 325-nm UV laser illuminations with different light 
intensities from 5.10 to 0.66 mW·cm–2. (b) Photocurrent responses to the pyro-phototronic and photovoltaic effect at 77 and 300 K, with 
zero bias voltage. (c) I–t characteristics of self-powered ZPH PDs and a device without a ZnO layer under 325-nm UV laser illumination 
with a light intensity of 5.10 mW·cm–2 at 300 K. 
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a ZnO layer, owing to the absence of the pyro- 

phototronic effect, and the general UV responses are 

far weaker with the current increasing from ~15 nA 

(dark) to ~16.5 nA (5.10 mW·cm–2) compared with the 

case where the current of the ZPH PDs increases 

from ~1 nA (dark) to a few hundred nanoamperes at 

5.10 mW·cm–2. This large current on/off ratio could 

mainly be caused by the improved photovoltaic 

performance of the ZnO/perovskite heterostructure 

due to the elimination of a possible short circuit after 

the introduction of the ZnO layer. These results 

indicate that the ZnO layer plays a significant role in 

high-performance UV PDs. 

The influences of the temperatures and UV light 

intensities on the output-current enhancement caused 

by the pyro-phototronic effect are evaluated by 

defining and calculating the parameter R = (Ipyro+photo – 

Iphoto)/Iphoto, as plotted in Fig. 3. The three-dimensional 

(3D) plot in Fig. 3(a) shows that a larger value of R is 

obtained under a lower temperature and stronger UV 

illumination, indicating that the enhancements of the 

output currents due to the pyro-phototronic effect 

improve as the temperature decreases and the UV 

light intensity increases. Two two-dimensional plots 

obtained by extracting the projection of R versus the 

temperature under each UV light intensity and R 

versus the UV light intensity at each temperature 

from Fig. 3(a) are shown in Figs. 3(b) and 3(c), res-

pectively. As clearly illustrated in Fig. 3(b), R increases 

monotonically as the temperature decreases at almost 

all light intensities, indicating that further enhan-

cements of the output currents are caused by the 

pyro-phototronic effect at a lower system temperature. 

This is because more temperature changes are induced 

within the ZnO layer at a lower system temperature 

upon the same UV illuminations. Additionally, a lower 

system temperature leads to a smaller Iphoto, which 

contributes to the monotonic increase of R. According 

to Fig. 3(c), at most temperatures (77–260 K), as the 

UV light intensity increases, the light self-induced 

temperature changes within ZnO are enhanced, leading 

to increases in Ipyro and Ipyro+photo. Iphoto also increases 

with the light intensity. Thus, the parameter R initially 

increases, then stays steady, and finally decreases 

because of the increase of Ipyro and Iphoto with the light 

intensity. At room temperature (300 K), Iphoto increases 

more than Ipyro+photo under weak UV illumination, 

leading to the decrease of R with increasing UV light 

intensity. 

The temperature dependence of the output-current 

 

Figure 3 Temperature dependence of enhancements of output currents caused by the pyro-phototronic effect. (a) 3D surface plot 
depicting the output-signal enhancement caused by the pyro-phototronic effect under different temperatures and light intensities. 
(b) Output-signal enhancement caused by the pyro-phototronic effect under different temperatures, with the light intensity ranging from
5.10 to 0.12 mW·cm–2. (c) Output-signal enhancement caused by the pyro-phototronic effect under different UV light intensities, with 
the temperature ranging from 77 to 300 K. 
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enhancement caused by the pyro-phototronic effect  

is determined by calculating the relative changes of R 

with respect to the temperature, as follows: E = (RT – 

R300K)/R300K (Fig. S3 in the ESM). In most cases, the 

parameter E increases monotonically as the temperature 

decreases, with an average improvement of ~269% 

from 300 to 77 K for all the UV light intensities. In 

particular, under UV illumination of 5.10 mW·cm–2, 

the pyro-phototronic effect-induced output-current 

enhancements at 77 and 300 K are 174.1% and 28.7%, 

respectively, showing a significant improvement of 

the output-current enhancement over 500% due to the 

pyro-phototronic effect as the temperature decreases 

from 300 to 77 K. 

The current responses of the self-powered ZPH PDs 

to a typical on/off UV illumination cycle are presented 

in Fig. 4 to elucidate the charge-transfer processes.  

A general exponential function [27, 28] is applied   

to simulate the I–t curve, as presented in Fig. 4(a), 

showing a good match between the experimental and 

fitting results. The amount of transferred charges 

driven by the pyroelectric effect, Qpyro, is derived by 

integrating the I–t curve above the reference value 

Iphoto obtained from the exponential fitting. As plotted 

in Fig. S4 (in the ESM), Qpyro increases monotonically 

with the UV light intensity at each system temperature. 

The time constant  at the falling edge of the pyroelectric 

current Ipyro is also derived from the exponential fitting 

at each condition. The average value of the pyroelectric 

current Ipyro-ave = Qpyro/ is thus calculated as a parameter 

to quantitatively evaluate the enhancement of the  

UV sensing performances and to characterize the 

temperature dependence of the pyro-phototronic 

effect. 

The temperature dependence of the charges tran-

sferred because of the pyroelectric effect, Qpyro, is 

investigated under various light intensities with respect 

to Qpyro at 300 K, as shown in Fig. 4(b) and Fig. S5 (in 

 

Figure 4 Temperature dependence of effectively transferred charges and time constants. (a) Fitting functions for the pyro-phototronic 
current Ipyro+photo and the derivation of the transferred charges and time constants. Temperature dependence of (b) normalized transferred 
charge amounts, (c) time constants, and (d) averaged pyro-phototronic currents Ipyro-ave, under a UV light intensity ranging from 5.10 to 
1.83 mW·cm–2. 
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the ESM). A local minimum of the normalized Qpyro is 

observed as the system temperature decreases from 

300 to 77 K. Under a certain UV light intensity, as  

the system temperature decreases, the pyroelectric 

polarizations increase and drive the transfer of 

additional charges through the external circuit, as the 

temperature changes in ZnO are enhanced at lower 

background temperatures. On the other hand, the 

quantity and mobility of the charge carriers in a ZnO 

semiconductor generally decrease as the temperature 

decreases because more mobile charge carriers are 

trapped in the shallow impurity centers (i.e., the 

freeze-out effect) [27], which reduces the amount of 

transferred charges. A competition mechanism is 

formed between these two processes and leads to 

the local minimum. As shown in Fig. 4(b), as the tem-

perature decreases from 300 to 230 K, the freeze-out 

effect dominates the charge-transfer process over the 

pyroelectric effect, leading to the decrease of Qpyro. By 

further decreasing the temperature from 230 to 77 K, 

the freeze-out effect is gradually saturated, whereas 

the pyroelectric effect is significantly enhanced because 

of the low background temperature and starts to 

dominate, resulting in the increase of Qpyro. The tem-

perature T0 where the minimum Qpyro occurs increases 

with the UV light intensity because more photoexcited 

carriers are generated under the higher light intensity 

to partially screen the freeze-out effect. Consequently, 

with the increase of the UV light intensity, T0 increases, 

from 170 K (0.24–0.12 mW·cm–2) to 200 K (1.30–   

0.33 mW·cm–2) and then to 230 K (5.10–1.83 mW·cm–2). 

Similar results are observed for the temperature 

dependence of the time constant  at the falling edge 

of the pyroelectric current Ipyro under each UV light 

intensity, as shown in Fig. 4(c) and Fig. S5 (in the ESM). 

Overall, the time constant  decreases to a minimum 

and then remains almost unchanged as the temperature 

decreases from 300 to 77 K, with the same T0 that   

is observed for Qpyro under each UV light intensity 

condition. Generally, the pyroelectric current Ipyro is 

proportional to the temperature-variation rate dT/dt 

[28]. Hence, the time constant  corresponds to the 

period from the beginning to the point at which the 

temperature of ZnO reaches a steady state upon UV 

illumination. As the temperature decreases, the thermal 

conductivity and diffusivity of ZnO increase [29, 30], 

which enhances the thermal diffusion and reduces 

the time constant . The thermal dissipation of ZnO 

increases and prevents the temperature of ZnO from 

approaching the steady state. The combination of 

these two processes results in the observation of the 

minimum time constant , as shown in Fig. 4(c) and 

Figs. S5(b) and S5(d) (in the ESM). 

According to the results for Qpyro and  shown in 

Figs. 4(b) and 4(c), respectively, it is straightforward 

to derive the temperature dependence of the pyro- 

phototronic effect by plotting the average pyroelectric 

current Ipyro-ave with respect to the temperature, as 

shown in Fig. 4(d) and Fig. S6 (in the ESM). Ipyro-ave 

increases as the temperature decreases and the UV 

light intensity increases. Under 5.10-mW·cm–2 UV 

illuminations, the Ipyro-ave increases from ~0.14 μA at 

300 K to ~0.36 μA at 77 K, indicating an improvement 

of over 100%. For all the temperatures from 77 to  

300 K, Ipyro-ave is enhanced from a few to hundreds  

of nanoamperes, with improvements of two orders of 

magnitude, by increasing the UV light intensity from 

0.12 to 5.10 mW·cm–2. 

The bias voltage applied across the ZPH PDs also 

affects the enhancements of the output currents caused 

by the pyro-phototronic effect. The parameter R = 

(Ipyro+photo – Iphoto)/Iphoto is investigated under different 

bias voltages at 77 and 300 K, as shown in Fig. 5. The 

output-current enhancements caused by the pyro- 

phototronic effect are greatly reduced under high bias 

voltages (Fig. 5(a)) at both 77 and 300 K. Figures 5(b)– 

5(d) and Fig. S7 (in the ESM) show the transient 

current responses to UV illumination of 5.10 mW·cm–2 

under different bias voltages ranging from 0 to  

0.4 V at 77 and 300 K, clearly indicating the gradual 

disappearance of the pyro-phototronic effect-induced 

current peak Ipyro+photo with an increasing bias voltage. 

At a high bias voltage, a large dark current of a   

few microamperes is produced, which increases the 

background temperature of the device, depressing 

the pyroelectric polarization potentials in ZnO and 

hence reducing the pyro-phototronic effect-related 

enhancements of the output currents. The peak 

Ipyro+photo completely disappears as the bias voltage 

reaches 0.4 V at 300 K (Fig. 5(d)). At 77 K, this disap-

pearance is observed as the bias voltage reaches 0.6 V 

(Fig. S8 in the ESM). 



 

 | www.editorialmanager.com/nare/default.asp 

8 Nano Res.

3 Conclusions 

The temperature dependence of the pyro-phototronic 

effect-related enhancements of self-powered ZnO/ 

perovskite heterostructured PDs is systematically 

investigated under various UV light intensities with 

the system temperature ranging from 77 to 300 K. 

Upon UV illumination, more temperature changes 

are obtained in ZnO at a lower system temperature, 

leading to a significant improvement of over 500%  

in the output-current enhancement due to the pyro- 

phototronic effect as the temperature decreases from 

300 to 77 K. According to the exponential fittings of 

the current responses to UV illumination, the charges 

transferred through the external circuit driven by the 

pyroelectric polarizations are calculated and analyzed 

to provide insights about the working mechanism of 

the pyro-phototronic effect. In addition, increasing the 

bias voltage applied to the device effectively reduces 

the pyro-phototronic effect-related enhancements at  

both a low temperature (77 K) and room temperature 

(300 K). This work presents in-depth understandings 

about the temperature dependence and fundamental 

operating mechanism of the pyro-phototronic effect 

in ZnO/perovskite heterostructures and provides 

guidance for the design and development of corres-

ponding optoelectronics for ultrafast photo sensing, 

optothermal detection, and biocompatible optoelectronic 

probes. 

4 Methods 

4.1 Fabrication Process of ZPH PDs 

CH3NH3I was synthesized and purified according to 

a previously reported method [31]. The synthesized 

CH3NH3I powder was mixed with PbI2 (Aldrich) at a 

mole ratio of 1:1 in N,N-dimethylmethanamide (DMF) 

at 60 °C for 12 h, followed by filtering twice using a 

13-mm-diameter and 0.45-mm-pore polyvinylidene 

 

Figure 5 Effects of bias voltages on the pyro-phototronic effect in a ZnO/perovskite heterostructure. (a) Pyro-phototronic enhancement of 
output currents under different bias voltages at 77 and 300 K. The I–t characteristics of self-powered ZPH PDs under different bias 
voltages of (b) 0, (c) 0.2, and (d) 0.4 V at 77 and 300 K. 
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difluoride syringe filter (Whatman). The derived product 

was used as a coating solution for the formation of 

MAPbI3. Then, a MAPbI3 perovskite DMF solution 

with 40 wt.% was prepared for further use. FTO glasses 

(Sigma-Aldrich, 13 Ω–2) were ultrasonically cleaned 

for 5 min in acetone, distilled water, and ethanol, in 

sequence. Next, a 50-nm ZnO seed layer was deposited 

on the FTO glasses by radio-frequency magnetron 

sputtering at room temperature (PVD75 system, Kurt. 

J. Lesker Company). The coated FTO glasses were 

then placed into the mixed nutrient solutions (0.02 M 

Zn(NO3)2 and 0.02 M hexamethylenetetramine (HMTA)) 

for ZnO nanowire growth via a hydrothermal method 

in a mechanical convection oven (model Yamato 

DKN400, Santa Clara, CA, USA) at 85 °C for 30 min.  

To obtain separated ZnO nanowires, 0–5 mL of 

ammonium hydroxide (Sigma- Aldrich) was added 

per 100 mL of mixing solution. After the whole system 

was cooled, the product was washed with ethanol and 

distilled water, collected, and vacuum-dried at 100 °C 

for 1 h. A 40 wt.% perovskite DMF solution was 

spin-coated on the dried ZnO nanowire array at 4,000 

rpm, and then the spiro- OMeTAD was spin-coated 

as a thin hole-transport layer with a spin coater  

(SCS 6800). Another thin layer of Cu (250 nm) was 

subsequently deposited as the bottom electrode. Testing 

wires were connected to the top and bottom electrodes 

using a silver paste. Finally, a thin layer of Kapton tape 

was employed to fix the testing wires and improve 

its resistance to environmental contamination and 

corrosion. 

4.2 Optical and electrical measurements 

The electric signals of the device were measured  

and recorded by a customized computer-controlled 

measurement system with a function generator 

(Model No. DS345, Stanford Research Systems, Inc.) 

and low-noise current preamplifier (Model No. SR 

570, Stanford Research Systems, Inc.) in conjunction 

with a GPIB controller (GPIB-USB-US, NI 488.2). The 

optical input stimuli were provided by a He-Cd dual- 

color laser (wavelengths of 325 and 442 nm, Model 

No. KI5751I-G, Kimmon Koha Co, Ltd.). A continuously 

variable filter was used to control the light intensity, 

which was measured using a thermopile powermeter 

(Newport 818 P-001-12). 
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