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Abstract: 

In this work, Au NPs (gold nanoparticles)/IZO (indium-zinc-oxide) nanocomposite 

visible photodetector (PD) was directly prepared by near-infrared (NIR) laser-

annealing on a 3D-printed substrate to form an integrated colorimetric sensor. After a 

surface planarization process, using a low power laser treatment without damaging the 

substrate, Au NPs were formed from the Au thin layer (6 nm) on 3D-printed resin 



substrate by laser assisted dewetting process. Also, the UV-vis photoresponsivity was 

compared by tuning different NIR laser power intensity for sol-gel IZO curing. By 

investigating the temperature profile of each laser annealing process and the surface 

morphology of Au NPs/IZO nanocomposite film, the optimized PD was then 

integrated with a 3D-printed sensing chamber for successfully demonstrating urea 

detection varied from 1, 5, 10, 25, 50 mM, which refer to the salivary urea 

concentrations for healthy and chronic kidney disease groups. 

 

1. Introduction: 

 Recently, non-invasive, low cost, and compact sensing designs which are 

associated with Internet of Things (IoT) have attracted much attention in healthcare 

for human beings, including real-time detection of biosensors for personal health 

management, environmental quality monitoring, and also the chronic disease tracing 

[1-3]. Among the relative applications, such as heavy metal ions detection [4], toxic 

gas sensing [5,6], nucleic acid amplification [7] and chemical substance check [8,9] 

for human beings, etc, colorimetric sensing has been developed as one of the most 

useful techniques for demonstrating sensing designs with their convenience of quick 

detection time, good selectivity and sensitivity, especially for identifying colorimetric 

samples based on high naked-eye perceptibility [10,11]. Besides, UV-vis 

spectroscopy analysis offered from spectrometers also gives a representative method 

for quantifying precise colorimetric sensing signals based on Beer-Lambert Law [12]. 

Moreover, in order to promote the portability for extended applications, several works 

have been proposed for simplifying the designs by combining the specific optical 

designs with digital images captured by smart phones [13-18] for colorimetry analysis 

[19], or by using optical fibers coated with sensing probes for modulating light 



intensity for the photodetector (PD) [20,21]. These schemes mainly rely on a system 

with discrete components, a more integrated and intuitive system to combine the 

sensing-induced light intensity change and the electrical signal reading is still 

expected.  

Moreover, nowadays the polymer 3D printing technique gradually opens a new 

direction for fabricating functional and miniaturized bioreactors for colorimetric 

sensing [22]. The 3D-printed microfluidic arrays for nucleic acid amplification tests 

were developed by K. Kadimisetty et al. [23] and K. Yin et al. [24]. The mechanical 

microfluidic device with special torque-actuated pump and valves was designed by H. 

N. Chan [25], et al. for urine protein detection. The 3D-printed pads with micro 

channels for leading selective color reaction were presented by H. Baek et al. [26] and 

G. Wang et al. [27] for multiple chemical substances detection. Except for image 

processing-assisted analysis, a 3D-printed flow cell composed with a commercial 

light-to-voltage sensor and a light source for monitoring the transmission light 

variation through the flow channel was also demonstrated by Y. Liang et al. [28] for 

nitrite detection, the sensitivity was found to be improved by extending the channel 

length. Following above works, it is expected that directly fabricating visible-light 

PDs on the 3D-pinted sensing chamber may provide design flexibility and further 

facilitate the development of colorimetric sensing technics.  

To directly form visible light PDs on a 3D-printed reaction chamber, low 

temperature process is needed. Organic semiconductor PDs have the advantage of low 

processing temperature, but usually suffer from the poor lifetime in air. The 

commonly used glass encapsulation solves the lifetime issue but leads to poor 

compatibility with the arbitrarily-shaped 3D printed substrate. In order to develop PDs 

through low cost and low temperature fabrication processes with good operation 



stability in air, solution-processed metal oxide (M-O) based photoactive thin films 

synthesized from metal precursors by sol-gel chemistry are considered. 

Conventionally, high temperature thermal annealing processes are usually needed for 

promoting the condensation reaction for forming crosslinked M-O network [29], it is 

essential to develop technics to lower down the thermal budget [30] of functional sol-

gel M-O film on resin based substrates. So far, low temperature annealing processes 

including the adoption of deep-ultraviolet (DUV) light for activating photochemical 

reaction [31-35] or light absorber doping for efficiently extracting heat during NIR 

laser irradiation [36] has been proposed to realize low temperature sol-gel M-O film 

curing. Particularly, in our prior work, when metal nanoparticles (NPs) coupled with 

sol-gel M-O film for forming nanocomposite structure, they not only enhanced the 

photoresponse to visible light due to localized surface plasmon resonance (LSPR) 

absorption [37], but also worked sufficiently as nanoheaters based on 

thermoplasmonic effect during NIR laser annealing for sol-gel M-O film curing [38]. 

Thermoplasmonic effect is triggered by the plasmon excitation of the metal 

nanoparticles that provokes first the generation of hot carriers in the metal 

nanostructure at a very short time scale (1-100 fs). Then, thermalization of the NP 

occurs by electron-electron scattering and electron-phonon scattering and the 

produced heat can then dissipate to the surrounding medium by heat diffusion. 

Detailed description of this phenomenon can be found in [39]. However, when 

changing the substrate from glass to resin, we need to reduce the laser intensity or 

irradiation time to avoid burning the substrate. The well-dispersed Au NPs were not 

successfully formed.  

In this study, we successfully overcame the previous problem to propose a 

visible light PD on the 3D-printed resin. The integration with a biochemical reactor to 



detect urea concentration was also demonstrated. The key to realize the NIR laser-

annealed Au NPs/IZO PD on the 3D-printed substrate was the critical match of the Au 

film thickness and the laser power intensity. With the limited thermal endurance of 

the resin substrate, the initial Au thin film has to be thick enough to absorb NIR laser 

for forming the Au NPs by melting the Au film. At the same time, the heating has to 

be suppressed to avoid damaging the substrate. In this work, the Au film thickness is 

well adjusted as the first step. The thermal imager was also found to be an effective 

tool to reflect the real-time temperature profile during the NIR laser irradiation and 

hence to define the suitable laser irradiation conditions. With well-formed Au NPs to 

serve as the aforementioned nanoheaters, the following IZO layer can then be formed 

to exhibit good enough conductivity with only 3 min NIR laser annealing (16.4 W∙cm-

2). Finally, the optimized Au NPs/IZO PD was successfully integrated with a 3D-

printed sensing chamber as a miniaturized biosensor with a total thickness less than 5 

mm for demonstrating colorimetric urea sensing. Salivary urea has been indicated as 

one of the non-invasive biomarkers for chronic kidney disease (CKD) screening 

(normal group: 2~6 mM, CKD group: >10 mM) [40-42], our proposed biosensor was 

able to offer suitable sensitivity with equivalent urea concentration varied from 1, 5, 

10, 25, and 50 mM. 

 

2. Experimental Section: 

 

2.1 Resin substrates preparation: 

In this work, there are 3 kinds of resin substrates in total (Fig. 1(a)), including one 

molded (named as Substrate-I) and two 3D-printed substrates (named as Substrate-II, 

Substrate-III) prepared from a UV curable (385 nm or 405 nm) methacrylate-based 



resin (Ackuretta Curo Splint). Using the photopolymer bisphenol A-ethoxylate 

dimethacrylate (Bis-EMA) [43], substrates with relatively high glass transition 

temperature (Tg) and good transparency for reducing substrate damage during NIR 

laser annealing processes were expected. Besides, all the substrates were prepared 

with a thickness as 1 mm. 

Substrate-I was prepared by a molded process as shown in Flow-I in Fig. 1(a). 

After filling the resin in a glass-made mold with a cover glass, the mold was then put 

into a UV light box (designed from ORIENT SERVICE CORP.) with 10 min curing. 

Finally, molded resin substrates with smooth surfaces were obtained after demolding. 

To fabricate Substrate-II and Substrate-III, we used the printed-model from the 3D 

stereolithography printer (Sonic mini 4K (Phrozen TECH CO, LTD)). After the 

substrate was printed, Substrate-II was rinsed by ethanol before post-curing in a UV 

lamp chamber (Phrozen Cure (Phrozen TECH CO, LTD)) for 5 min as shown in 

Flow-II. Obvious wrinkles were observed on the surface, which aligned with the 

printing direction. In Flow-III, to planarize the surface, before entering the UV post 

curing box, the printed substrates were coated with Bis-EMA resin and were pressed 

by 2 glass sheets from the two sides. A smooth 3D-printed substrate was obtained, 

named as “Substrate-III”. 

. 

2.2 Materials for preparing sol-gel IZO precursor solution: 

Indium nitrate (indium(III) nitrate hydrate, 99.9%, Sigma-Aldrich), zinc nitrate 

(zinc nitrate hexahydrate, ≥99.0%, Sigma-Aldrich) were mixed with molar ratio as 

5:4. Then, the mixture was dissolved in 2-methoxyethanol (2-MOE, ≥99.9%, Sigma-

Aldrich) with total concentration as 0.25 M. After 24 h stirring at room temperature, 

the solution was further used for synthesizing the photoactive Au NPs/IZO thin film 



based on sol-gel method. 

 

2.3 The fabrication of full NIR laser-annealed Au NPs/IZO PD on resin substrates 

The Au NPs/IZO PDs were fabricated by a NIR continuous wave laser (808 nm, 

beam size: 5 mm × 5 mm, DS3-11312-xxx-LD No, BWT 135 Beijing) with 2 main 

NIR laser annealing stages (Fig. 1(b)). Noted that such 2 stage NIR laser annealing 

was also applied on our previous published PD on glass substrate. Here we need to 

adjust the condition to realize PD on resin substrates. Firstly, in Stage A, after a layer 

of Au thin film was deposited by thermal evaporation, the 1st NIR laser annealing 

process was adopted by locally melting Au thin film for forming Au NPs. Then, in 

Stage B, Au NPs were covered by sol-gel IZO precursor solution by spin-coating with 

a following low temperature heating process at 60 oC for 10 min. The 2nd NIR laser 

annealing process was applied on samples for sol-gel IZO thin film curing. Finally, 

Au electrodes (size: 1.2 mm × 1.2 mm, interval: 200 µm, and thickness: 20 nm) were 

deposited through a shadow mask by thermal evaporation to finish the PD. 

 During measurement, 4 LEDs (410 nm (26 mW∙cm-2), 465 nm (521 mW∙cm-

2), 515 nm (226 mW∙cm-2) and 630 nm (226 mW∙cm-2)) were adopted for evaluating 

the UV-vis photoresponsivities of all Au NPs/IZO PDs in this work. 

 

2.4 The 3D-printed sensing chamber for colorimetric sensing  

In order to develop a miniaturized biosensor composed by integrating the NIR 

laser-annealed Au NPs/IZO PD fabricated on 3D-printed resin substrate for 

demonstrating colorimetric sensing, a compact 3D-printed sensing chamber 

(diameter: 3.5 cm, thickness: 4 mm) with comparable size as a coin was then 

designed. From Fig. 1(c), the sensing chamber was printed with 4 solution tanks 



(diameter: 5 mm, depth: 3 mm for each), and a photo-detecting cover could be 

prepared by fabricating the PD on the printed Substrate-III with the area as 2.2 cm × 

2.2 cm. 

To demonstrate colorimetric urea detection, the colorimetric urea solution samples 

were prepared by mixing 3 kinds of solutions, including urea solution, urease 

(enzyme) solution, and phenol red (pH indicator) solution. The preparation of the 

three solutions were as follows. The urea solution was prepared by dissolving urea 

pellets (J.T.Baker) in deionized (DI) water. To reflect the dilution step in many real 

tests, the urea solution is 100 times diluted from the targeted sensing concentrations as 

0, 1, 5, 10, 25 and 50 mM, named as the equivalent concentration. The urease solution 

was prepared by dissolving urease (Type IX, powder, 50,000-100,000 units/g solid, 

Sigma-Aldrich) in DI water with concentration as 2.1 × 10-4 wt%. The phenol red 

solution was prepared by mixing 0.1 g phenol red (Alfa Aesar) and 5.7 ml sodium 

hydroxide (NaOH) solution (0.05 M) with DI water filled till 250 ml in total.  

After mixing all the 3 solutions with a fixed ratio (3 ml urea solution, 0.1 ml 

urease solution, and 0.2 ml phenol red solution), the saturated colorimetric samples 

could then be prepared by following the chemical reaction as (1) [44] due to the 

change in pH value. 

                             (1) 

The measurement was conducted by integrating the optimized NIR laser-annealed 

Au NPs/IZO PD, an LED, and the 3D-printed sensing chamber filled with 

colorimetric urea samples as Fig.1 (d), the results will be discussed in section 3.4. 



 

Fig. 1: The preparation methods of (a) 3 kinds of resin substrates; (b) the 2 main 

Stages of NIR laser annealing for forming Au NPs/IZO PD; (c) the 3D-printed 

biosensor composed by a cover and a sensing chamber; (d) the schematic image 

of vertically-integrated biosensor for colorimetric sensing 



 

3. Results and discussion: 

 

3.1 NIR laser-annealed Au NPs/IZO PD on Substrate-I (molded) 

 

Fig. 2: (a) The temperature profile (b) the corresponding absorption spectra of 

Au NPs with substrates (c) the surface morphology of Au NPs formed by Stage 

A: 12.4 W∙cm-2 with process time from 7 min to 17 min on Substrate-I (with 

treated parts marked) 

 

 In our previous work [38], the main problem to realize the visible light PD on 

the 3D-printed resin substrates was due to the substrate burning when forming the Au 

NPs. Here we modulate the initial thickness of Au thin layer since it dominates the 



NIR laser absorption for producing heat to melt the Au film for forming Au NPs. The 

absorption spectra corresponding to various Au film thickness (6 nm to 16 nm) are 

shown in Fig. S1. With an overview of each spectrum, the absorbance in NIR 

wavelength range gradually enhances when the wavelength increases. To properly 

control the heating effect of NIR laser annealing, the 808 nm laser was thus applied to 

conduct the Au NPs preparation. Indeed, after testing other wavelengths in the visible 

(532 and 633 nm) and infrared (1300 and 1550 nm) range, it appears that 808 nm is a 

good compromise to obtain sufficient power densities for an efficient curing during 

Stage A and B, but without generating damage to the polymer substrate. For the 6-

nm-thick Au film, the absorbance at the 808 nm (NIR laser wavelength) is much 

lower than the absorbance in other thicker samples. We hence introduce 6-nm-thick 

Au film in the following tests to check if the well dispersed Au NPs with the LSPR 

effect can still be obtained on the resin substrate. In this section, the molded 

Substrate-I was chosen to do the preliminary test. On such substrates, the feasibility 

on resin material can be demonstrated without considering the printing-induced 

texture effect. The molded Substrate I exhibits a smooth surface (Roughness < 1 nm) 

as shown in the AFM image (Genie AFM, Force) in Fig. S2(a).  

 First, appropriate NIR laser treatment conditions to form suitable Au NPs were 

defined. The well dispersed Au NPs need to be formed. Also, the substrate 

temperature cannot be too high to burn the substrate. After depositing Au thin layer 

on Substrate-I, Stage A with fixed power intensity as 12.4 W∙cm-2 was adopted. 

Besides, a thermal imager (Testo 875i - versatile) was used for investigating the 

thermal effect induced during NIR laser treatments. By focusing on the substrate, the 

real-time analysis of highest surface temperature variation could then be recorded by 

the thermal imager. Also, to obtain adequate time for image saving, a time period was 



kept as 30 sec in between of each image capture. In Fig. 2(a), the substrates with or 

without Au thin layer are compared. The surface temperature on blank substrate has 

almost no change during 17 min laser irradiation (black curve). The one with Au 

increases rapidly from room temperature to 200 oC in around 4 min, and it then keeps 

staying at the same temperature until 17 min (blue curve). The local heating 

phenomenon could also be found on the sample with the area as 5 mm × 5 mm 

corresponding to the size of laser beam, as shown in Fig. S2(b). With heat generated 

from NIR laser irradiation, Au NPs are formed from Au film based on the 

phenomenon of Rayleigh instability [45,46]. Thus, the analysis for investigating the 

formation of NIR laser annealed-Au NPs with processing time of 7 min, 12 min and 

17 min are then offered in Fig. 2(b) and Fig. 2(c) by separately using the UV-vis 

spectrometer (AvaSpec-ULS2048CL-EVO) and atomic force microscopy (AFM, 

Molecular Imaging PicoPlus (resonant mode)).  

In Fig. 2(b), the absorption spectra of NIR laser annealed-Au NPs on molded 

resin substrates with laser annealing time as 7 min, 12 min, and 17 min are shown. 

The three samples (7 min, 12 min, and 17 min laser treat) all exhibit LSPR absorption 

phenomenon and the corresponding absorption peaks at 550 nm (7 min), 560 nm (12 

min), and 540 nm (17 nm), respectively. The surface morphology for NIR laser 

annealed-Au NPs (AFM images) is shown in Fig. 2(c). With 7-min laser annealing 

(the left image in Fig. 2(c)), the sample color changes from olive to purple and nano-

islands with Au NPs are gradually generated by melting Au film. The resulting 

surface roughness is 11.5 nm and the average height is as high as 28.8 nm due to the 

capillary instability. As the laser processing time extends to 12 min (the center image 

in Fig. 2(c)), the higher density of Au NPs then contributes to the slightly increased 

surface roughness of 16.1 nm with an average height of 43.5 nm. A redshift of LSPR 



absorption peak is also obtained in Fig. 2(b). However, as the laser processing time 

extends to 17 min, the burnt parts with brown color on the substrate (marked by red 

arrows) start to be generated. Even though the formation of Au NPs can still be 

speculated by showing the LSPR absorption peak in Fig. 2(b), the burnt parts with 

melted and cracked surfaces finally lead to greatly increased surface roughness of 

23.5 nm with an average height of 87.1 nm. To further assist the morphological 

analysis of Au NPs, a scanning electron microscope (SEM) system of JSM-7900F 

from JEOL was applied. The SEM images corresponding to the three Stage A 

annealing conditions of Fig. 2(c) are respectively shown in Fig. S3(a) to Fig. S3(c) 

(×10000 magnification). Also, the images with higher magnification (×50000) of Fig. 

S3(a) and S3(b) are respectively shown in Fig. S3(d) and Fig. S3(e). The 

morphological analysis in SEM images agrees with the analysis results from the AFM 

images. Therefore, in order to reach a better surface condition for sol-gel IZO film 

coating, the NIR laser-annealed Au NPs with processing time of 7 min and 12 min 

were chosen for the following PD fabrication. 



 

Fig. 3: The comparison of NIR laser-annealed Au NPs/IZO nanocomposite film 

((Stage A: 12.4 W∙cm-2-7 or 12 min), (Stage B: 14.4 W∙cm-2-5 min)) on Substrate-

I, including (a) surface morphology (b) temperature profile of Stage B 

with/without Au NPs (no Au NPs (black), Stage A: 12.4 W∙cm-2-7 min (blue), 12 

min (red)) (c) UV-vis photoresponse of PD; The comparison of NIR laser-



annealed Au NPs/IZO nanocomposite film ((Stage A: 12.4 W∙cm-2-12 min), 

(Stage B: 12.4 W∙cm-2-10 min, 14.4 W∙cm-2-5 min, or 16.4 W∙cm-2-3 min)), 

including (d) temperature profile for Stage B (e) UV-vis photoresponse of PD 

(bias voltage: 15 V), all with IZO coating: 2000 rpm-50 sec 

 

In order to further synthesize the visible photoactive Au NPs/IZO nanocomposite 

thin film based on sol-gel process, it’s been indicated that appropriate thermal energy 

is required for leading the hydrolysis and condensation reaction based on 

thermogravimetric analysis (TGA) [47]. Then, M-O network can be transformed from 

metal alkoxides by removing those decomposed volatile residues, including water 

molecules and organic groups. In our work, when NIR laser annealed-Au NPs were 

formed on molded resin substrates by Stage A, Stage B was then adopted after coating 

sol-gel IZO precursor solution for forming the Au NPs/IZO nanocomposite thin film. 

Based on thermoplasmonic effect, heat is able to be induced by LSPR absorption on 

Au NPs, and the level tuned by laser irradiation conditions of Stage B was found to 

efficiently improve the photoresponsivities of Au NPs/IZO PD displayed in Fig.3. 

In Fig. 3(a), the AFM images of the IZO films on 2 molded resin substrates with 

different Au NP conditions (the 7 min and the 12 min treated Au NPs in Stage A) 

were firstly compared. The IZO film was formed by spin-coating sol-gel precursor 

solution with the following NIR laser annealing (Stage B, 14.4 W∙cm-2-5 min). We 

noticed that no obvious morphology difference can be found even when the 

underlying Au NPs exhibit different morphology as in Fig. 2(c) (left and center 

images). During the 5-min Stage B laser annealing, the surface temperature profile 

was traced as shown in Fig. 3(b). A control sample with IZO film but without the Au 

NPs layer was also fabricated and traced. Obviously, in the control sample (black 



color data), without the heat generated by thermoplasmonic effect from Au NPs for 

sol-gel IZO curing, the surface temperature can only reach a terminal temperature of 

82 oC which is much lower than the temperature needed to form the M-O network. As 

a result, almost no photoresponse could be found in the control sample (Fig. S4(a)). 

On the contrary, for the other 2 samples with Au NPs for sol-gel IZO curing, since the 

LSPR characteristics of Au NPs are similar, their surface temperatures increase much 

faster, and then achieve at around 230 oC. The UV-vis photoresponsivity values for 

these two PDs are also shown in Fig. 3(c). The photoresponsivity was calculated 

according to equation (2) [48] from the original current-voltage characteristics in dark 

and under light irradiation (in Fig. S4(b) and Fig. S4(c)). The Au NPs/IZO PD with 7-

min-treated Au NPs show a bit higher photoresponsivity than the Au NPs/IZO PD 

with 12-min-treated Au NPs. This agrees with the absorption spectrum shown in Fig. 

2(b) that the 7-min-treated Au NPs exhibit a higher absorption then the 12-min-

treated Au NPs.  

Photoresponsivity	=	
/012345/6789

:;<=	>?	@AB
@>C<;	>?	DEFGH	I>J;K<

:;<=	>?	DEFGH	I>J;K<L
 (2) 

Additionally, we’d like to discuss the influence of tuning sol-gel IZO curing 

conditions on the corresponding photoresponsivities. The samples have the same 

Stage A condition (12.4 W∙cm-2-12 min laser annealing), and 3 different Stage B 

conditions (12.4 W∙cm-2-10 min, 14.4 W∙cm-2-5 min, or 16.4 W∙cm-2-3 min). The 

surface temperature profile and the photoresponsivity of the 3 samples are shown in 

Fig. 3(d) and Fig. 3(e), respectively. The corresponding I-V curves are given in Fig. 

S4(c) to Fig. S4(e). As shown in Fig. 3(d), increasing laser intensity leads to a faster 

temperature rise and hence a shorter irradiation time without burning the resin 

substrate. Even with the reduced laser irradiation time, in the UV-vis 

photoresponsivity (Fig. 3(e)) of NIR laser-annealed Au NPs/IZO PD can still be 



improved by increasing the NIR laser annealing power intensity for leading higher 

surface temperature (Fig. 3(d)). Finally, the improved UV-vis photoresponsivity (410 

nm: 9.2 × 10-3 A/W, 465 nm: 1.4 × 10-5 A/W, 515 nm: 2.4 × 10-6 A/W and 630 nm: 

1.2 × 10-7 A/W) can be performed by adopting 16.4 W∙cm-2-3 min for Stage B with 

the maximum surface temperature as 250 oC. 

 

3.2 The comparison of NIR laser-annealed Au NPs/IZO PDs on Substrates-I, II 

and III 

 

Fig. 4: The comparison of (a) profile height variation and (b) UV-vis 

photoresponsivities (bias voltage: 15 V) of NIR laser annealed-Au NPs/IZO PDs 

((Stage A: 12.4 W∙cm-2-12 min), (Stage B: 14.4 W∙cm-2-5 min, or 16.4 W∙cm-2-3 

min)) fabricated on Substrate-I, II and III, all with IZO coating: 2000 rpm-50 sec 

 

After investigating the feasible conditions of fabricating NIR laser annealed-Au 

NPs/IZO PD on Substrate-I, in this section, the PD fabrication was then directly tested 

on 3D-printed substrates. Also, the impact of substrate morphology for PD 

performance will be discussed. From the different preparation flows in section 2.1, 

there are 2 kinds of 3D-printed substrates prepared in this work, one is the pristine 



printed substrate (Substrate-II) and the other has an additional planarization step 

(Substrate-III). The large-scale (1500-µm) surface profiles (profilometer: DektakXT, 

Bruker) for the two substrates were compared in Fig. 4(a). The rough surface with 

wrinkles can lead to height variation with tens of micrometers (Maximum: 89.18 µm) 

on the pristine printed Substrate-II. For Substrate-III, the surface roughness can 

successfully be reduced to the comparable level as Substrate-I. Apparently, the 

planarization process works effectively for obtaining a smooth surface.   

Then, the influence of substrate roughness on the performance of Au NPs/IZO 

PD was investigated. We fabricated PDs with Stage B laser treatment conditions as 

14.4 W∙cm-2-5 min on Substrate-I, III and II, named as samples (A), (B), and (C), 

respectively. Also, PDs with the other Stage B laser treatment condition (16.4 W∙cm-

2-3 min) on Substrate-I, III and II were fabricated and named as samples (D), (E), and 

(F), respectively. The corresponding photoresponsivities of the 6 PDs are compared in 

Fig. 4(b). On the rough Substrate II, samples (C) and (F) have much lower 

photoresponsivities. Improved photoresponsivities with almost the same values were 

found in samples (A) and (B), also in samples (D) and (E). This indicates that when 

the PDs fabricated on smoothened substrates with similar surface roughness 

(Maximum height difference in 1500-µm horizontal scanning: 5.63 𝜇m in Substrate-I 

and 2.84 𝜇m in Substrate-III), almost identical UV-vis photoresponsivity are obtained. 

This also verifies that the planarization process is critical when fabricating PDs on the 

printed substrates. Besides, the photoresponsivities in samples (D)(E) are higher than 

in samples (A)(B). This tells that increasing the Stage B NIR laser power density for 

sol-gel IZO curing, the UV-vis photoresponsivity can be further improved.  

For the PDs on the rough Substrate-II, it’s obvious to find the strong decrease of 

UV-vis photoresponsivity. Even increasing Stage B laser power density in sample (F) 



does not improve the photoresponsivity as compared with sample (C). Since the IZO 

film thickness analyzed by the ellipsometer (HORIBA UVISEL) is only 25 nm by 

adopting the same spin-coating condition as 2000 rpm-50 sec on glass, such thin film 

was not able to cover well on the rough Substrate-II surface, leading to the poor PD 

performance. Noted that when increasing the IZO film thickness to be 45 nm, the 

conduction current level on Substrate II remains low while that on Substrate III 

obviously increases. The thick Au NPs/IZO PDs will be discussed in the following 

section. 

 

3.3 The optimization of NIR laser-annealed Au NPs/IZO PDs on Substrate-III by 

tuning IZO film thickness 



 

Fig. 5: NIR laser-annealed Au NPs/IZO PDs ((Stage A: 12.4 W∙cm-2-7 min), 

(Stage B: 16.4 W∙cm-2-3 min)) fabricated on Substrate-III with thin (2000 rpm-50 

sec) or thick (700 rpm-60 sec) IZO coating, (a) the surface morphology of Au 

NPs/IZO nanocomposite film (b) the temperature profile for Stage B (c) the 

corresponding UV-vis photoreponse (bias voltage: 15 V); (d) the dynamic UV-vis 



photoresponse (1 cycle: 1 min light irradiation + 6 min light off) and (e) the 

lifetime performance (bias voltage: 15 V) of thick IZO PD  

 

From previous section, it’s noticed that IZO film quality may be an important 

factor relating to the photoresponsivity of NIR laser-annealed Au NPs/IZO PD. We 

here like to discuss the feasibility of further improving the PD performance by tuning 

IZO film thickness. In this section, Substrate-III is used based on its smooth surface 

with reduced printing-induced texture. 

To prepare the Au NPs/IZO PDs, two samples were fabricated by identical NIR 

laser annealing conditions (Stage A as 12.4 W∙cm-2-7 min, Stage B as 16.4 W∙cm-2-3 

min), but the spin-coating speed of IZO film was adjusted from 2000 rpm-50 sec 

(thin) to 700 rpm-60 sec (thick) for obtaining different IZO film thickness. As a 

reference, on glass substrate, the two spin-coated IZO films with 2000 rpm-50 sec and 

700 rpm-60 sec conditions exhibit the thickness as 25 nm and 45 nm, respectively. 

First, the AFM images of the two Au NPs/IZO nanocomposite films displayed in Fig. 

5(a) were checked. Although the surface roughness values are similar, the film 

continuity is obviously improved by increasing IZO film thickness with reduced 

cracks (the right image). The temperature profiles during Stage B laser treatment are 

shown in Fig. 5(b). With thick IZO film coating, temperature also increases faster, 

and the maximum reaches a higher temperature at 270 oC after 3-min laser irradiation. 

This suggests a stronger thermoplasmonic effect induced by higher light absorption 

from thicker Au NPs/IZO nanocomposite film. As a result, for the thick-film PDs, an 

improved IZO film quality [49] was obtained due to the increased thermal energy for 

sol-gel IZO curing. The comparison of the photoresponsivity of the thin and thick Au 

NPs/IZO PDs were shown in Fig. 5(c) and the I-V curves were provided in Fig. S5(a) 



and Fig. S5(b). The increase of IZO thickness may also improve the light absorption 

and reduce channel resistance. However, as shown in Fig. 5(c), the photoresponsivity 

in the thick IZO device was enlarged throughout the wavelength from 410 nm to 630 

nm. We know that IZO film mostly absorbs UV or blue light and does not absorb red 

light. Hence, we can rule out the effect of increased light absorption in thick IZO film.  

The thick film may also reduce the channel resistance and contribute to the current 

increase. However, in Fig. S5(b), the dark current in thick (45 nm) IZO device is 

about 4 orders larger than that in thin (25 nm) IZO device. Hence, we propose that the 

film quality improvement dominates the greatly enlarged conductivity and hence the 

increased photoresponsivity. Specifically speaking, the optimized UV-vis 

photoresponsivities are 5.9 × 10-1 A/W for 410 nm, 5.2 × 10-3 A/W for 465 nm, 1.4 × 

10-3 A/W for 515 nm, and 2.0 × 10-4 A/W for 630 nm.  

After characterizing the optimized Au NPs/IZO PD, we further investigated 

other important properties such as the dynamic light detection and the operation 

lifetime. In Fig. 5(d), we used 4 different LEDs (illumination peak wavelength: 410 

nm, 465 nm, 515 nm and 630 nm) with 3 repeating irradiation cycles (1 min 

irradiation and 6 min light off for each) for examining dynamic light detection 

properties. Apparently, almost consistent results can be respectively collected from 

the current variation (∆I) values presented for each LED. Subsequently, for evaluating 

the operation lifetime, the PD can even be stably operated for more than 1 month from 

the performance shown in Fig. 5(e). Based on the detailed investigation with good 

photo detecting properties, we confirm the suitability of integrating the PD for 

demonstrating colorimetric sensing. 

Moreover, the optimized photodetection properties of NIR laser-annealed Au 

NPs/IZO PD is compared with recent works of PDs fabricated on flexible or 3D-



printed substrates in Table 1. Obviously, by photo-induced thermoplasmonic effects, 

the NIR laser treatments can efficiently complete photoactive layer curing at low 

surface temperature in a much shorter treatment time. Especially, the Au NPs/IZO 

nanocomposite photoactive layer also benefits the wide UV-vis light detection range, 

good photoresponsivities, and long operation lifetime. Based on these excellent 

characteristics, except for spin coating, if the printing coating technics (e.g. ink-jet 

printing [50-54], extrusion-based printing [55], syringe printing [56,57] or solution 

dripping [58]) proposed from other works in Table 1 for depositing photoactive layer 

are assisted, our NIR laser-annealed Au NPs/IZO PD fabrication is also potential to be 

extended on various 3D printed designs with functional applications. 

 

Table. 1: The compilation of PDs fabricated on flexible or 3D-printed substrates 

by printing technics for photoactive layer coating 

 



3.4 The integrated 3D-printed sensing chamber for colorimetric urea detection  

 

 

Fig. 6: (a) Photographs of the urea solutions and 3D printed chamber with PD 

cover (b) the absorption spectra of colorimetric samples with equivalent urea 

concentration varied from 0, 1, 5, 10, 25, 50 mM; the calibration curves of the 

vertically-integrated biosensor demonstrated for colorimetric urea detection 

with corresponding wavelength at (c) 515 nm (d) 465 nm and (e) the evaluation 

for CKD of human beings 

 

 In the last section, the optimized NIR laser-annealed Au NPs/IZO PD 

fabricated on Substrate-III as the photo-detecting cover was finally integrated with the 



3D-printed sensing chamber (Fig. 6(a)). First, the colorimetric urea solution samples 

were prepared by following the ways introduced in section 2.4 with equivalent 

concentration varied from 0, 1, 5, 10, 25, 50 mM. Obviously, the color can be tuned 

from yellow to pink by increasing the urea concentration. To basically quantify these 

colorimetric samples, here the UV-vis spectrometer (VARIAN Cary 50 Scan UV/Vis 

Spectrophotometer) was also used to assist the analysis, and the corresponding UV-

vis spectra are displayed in Fig. 6(b). In the wavelength range of 480-620 nm, an 

absorbance peak is observed at 558 nm. The absorbance of this peak increases when 

increasing urea concentration. In the range of 400-480 nm, a peak at 430 nm is 

observed, with an absorbance decreasing with urea concentration. An isosbestic point 

is observed at 480 nm in agreement with the reaction between these two species. The 

urea concentration measurements can thus be carried out by following this two peaks, 

using different light sources. Therefore, to evaluate the sensitivity of our vertically-

integrated biosensor, 2 commercial LEDs that we previously used for evaluating the 

photoresponsivity of Au NPs/IZO PD were considered, one with illumination 

wavelength peak at 515 nm (325 mW∙cm-2), the other one with the illumination peak 

at 465 nm (750 mW∙cm-2). After filling 60 𝜇l colorimetric urea solution (equivalent 

concentration: 0, 1, 5, 10, 25, 50 mM) in the solution tank of sensing chamber, the 

photo-detecting cover and LED were placed by following the vertically-integrated 

sensing scheme as photo-detecting cover (top)/colorimetric sensing chamber 

(middle)/light source (bottom), as we displayed in Fig. 1(d). The photo-detecting 

cover was applied for detecting transmitted light intensity varied by the colorimetric 

urea solutions.  

The dynamic urea detection were demonstrated by using respectively the 2 

mentioned LEDs (515 nm, 465 nm). The results are shown in Fig. S6(a) and Fig. 



S6(b). Since each measurement can start to reach a saturated ∆I value in 2 min based 

on the light-detecting characteristic of Au NPs/IZO PD, we then picked all the ∆I 

values measured at 2 min for further discussing the calibration relation. Noted that the 

response current saturating in a few minutes is usually observed in metal oxide based 

photodetectors [59-63]. The response speed is not fast, but is sufficient in colorimetric 

biosensing. Then, In Fig. 6(c), we plotted the ∆I-equivalent urea concentration 

relation measured by 515 nm LED as the calibration curve (black curve). Besides, 

another curve plotted by absorbance-equivalent urea concentration relation (green 

curve) at 515 nm was also prepared for correlating with the calibration curve. From 

the green curve, when the equivalent urea concentration increases, the corresponding 

absorbance at 515 nm rises proportionally. This implies the transmitted light intensity 

coming from colorimetric sample gradually becomes weaker, and then reacts on the 

decreased ∆I values found from the black curve. By following the same principle, in 

Fig. 6(d), the ∆I-equivalent urea concentration relation 

measured by 465 nm LED as the calibration curve (black curve) 

was also prepared, and absorbance-equivalent urea 

concentration relation (blue curve) at 465 nm for making the 

correlation. On the contrary, from the blue curve, when the 

equivalent urea concentration increases, the corresponding 

absorbance at 465 nm gradually decreases. This then oppositely leads to the increased 

∆I values as the black curve shows. Based on the calibration curves with opposite 

variation tendencies respectively prepared by using 515 nm and 465 nm LED for 

colorimetric urea detection, we not only confirmed the sensing properties, but also 

verified the wavelength selectivity performed by our vertically-integrated biosensor.  



Finally, in order to evaluate the sensitivity for colorimetric urea detection, we 

further compared the calibration curves respectively measured by 515 nm (green 

curve) and 465 nm LED (blue curve) in Fig. 6(e). The equivalent urea concentration 

was presented in log scale for clearly targeting the variation region. Interestingly, 

from the green curve, it is shown that ∆I for 515 nm LED decreases with 

concentration increasing from 1-50 mM. The sensitivity reduces in the region of 25-

50 mM. In parallel, the blue curve (465 nm LED) shows a sharp increase of 

sensitivity in the range of 25-50 mM. By carefully combining the 2 calibration curves 

with their sensitive regions, it’s possible to achieve an extended sensing range of our 

vertically-integrated biosensor from 1 to 50 mM. Such performance is also applicable 

to screen the risk of CKD for human beings based on salivary urea detection (normal 

group: 2~6 mM; CKD group: ≥ 10 mM). 

 

4. Conclusion 

In this work, a compact biosensor for colorimetric sensing with total thickness less 

than 5 mm has been proposed by integrating a NIR laser-annealed Au NPs/IZO PD 

fabricated on resin cover with a 3D-printed sensing chamber. In order to obtain good 

photoresponsivity of PD without damaging the resin substrate, the NIR laser 

annealing process with 2 main Stages were carefully investigated for both the 

formation of disconnected Au NPs (Stage A) and the thermoplasmonic-enhanced 

curing of sol-gel IZO (Stage B). With the use of thermal imager for monitoring the 

temperature profile, the proper conditions for Au NPs synthesis on molded resin 

substrates (Substrate-I) were firstly characterized, the photo-induced thermoplasmonic 

effect was then confirmed for dominating sol-gel IZO curing. The UV-vis 

photoresponse was improved by increasing the Stage B laser power intensity (16.4 



W∙cm-2) with shorter irradiation time (3 min) in order to keep the maximum 

temperature at 250 oC.  

Then, the NIR laser annealing was applied for PD fabrication on two-kinds of 3D-

printed substrates, one with the pristine rough surface (Substrate-II) and the other one 

with a smoothened surface (Substrate-III). Since only the PDs fabricated on Substrate-

III could perform the good photoresponsivity as those on the molded Substrate-I, 

revealing that the surface planarization is critical. Moreover, increasing IZO thickness 

can further improve the photoresponsivity with improved homogeneity of Au 

NPs/IZO nanocomposite film. The optimized sample delivers good-enough UV-vis 

photoresponsivity (5.9 × 10-1 A/W for 410 nm, 5.2 × 10-3 A/W for 465 nm, 1.4 × 10-3 

A/W for 515 nm, and 2.0 × 10-4 A/W for 630 nm) with long operation lifetime (≥1 

month). Comparing to traditional thermal annealing process, NIR laser annealing can 

promote sol-gel IZO curing at low surface temperatures (200~270 oC) within shorter 

processing time (≤10 min).  

Finally, by embedding the optimized NIR laser-annealed Au NPs/IZO PD, the 

integrated-biosensor was able to demonstrate colorimetric urea sensing with 

equivalent concentration varied from 1, 5, 10, 25, 50 mM in only 2 min. Double 

wavelength calibration curves were also established to allow large sensing dynamic 

range. Such performance may be applicable for screening chronic kidney disease 

based on the salivary urea detection. We’re also expecting that by further applying 

printing coating technics for fabricating the NIR laser annealed-Au NPs/IZO PD, the 

photo-induced thermoplasmonic effects can still efficiently assist the PD fabrication 

on functional 3D-printed designs for extended colorimetric sensing applications. 
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Supporting information: 

 

Fig. S1: The absorption spectra of Au film thickness deposited on glass substrate 

with the variation from 6 nm to 16 nm 

 

 

Fig. S2: (a) The surface morphology of Substrate-I; (b) the surface temperature 

profile analyzed by the thermal imager for the Au NPs formed from 6-nm-thick 

Au film by Stage A annealing (12.4 W∙cm-2-7 min) on Substrate-I 

 



 

Fig. S3: The SEM analysis of NIR laser-annealed Au NPs formed 

by Stage A: 12.4 W∙cm-2 with processing time as (a) 7 min, (b) 12 min and (c) 

17 min on Substrate-I (×10000 magnification). Also, the images with higher 

magnification rate (×50000) of Fig. S3(a) and Fig. S3(b) are respectively shown 

in Fig. S3(d) and Fig. S3(e). 

 

 



 

Fig. S4: The UV-vis light/dark current performance of Au NPs/IZO PDs on 

Substrate-I with NIR laser annealing conditions as (a) No Au NPs/IZO (14.4 

W∙cm-2-5 min) (b) Au NPs (12.4 W∙cm-2-7 min)/IZO (14.4 W∙cm-2-5 min) (c) Au 

NPs (12.4 W∙cm-2-12 min)/IZO (14.4 W∙cm-2-5 min) (d) Au NPs (12.4 W∙cm-2-12 

min)/IZO (12.4 W∙cm-2-10 min) (e) Au NPs (12.4 W∙cm-2-12 min)/IZO (16.4 

W∙cm-2-3 min); all with IZO coating: 2000 rpm-50 sec 

 



 

Fig. S5: The UV-vis light/dark current performance of NIR laser annealed Au 

NPs/IZO PDs ((Stage A: 12.4 W∙cm-2-7 min), (Stage B: 16.4 W∙cm-2-3 min)) 

fabricated on Substrate-III with sol-gel IZO solution coating condition as (a) 

2000 rpm-50 sec (thin) (b) 700 rpm-60 sec (thick). 

 

 

Fig. S6: The dynamic detection of miniaturized biosensor for colorimetric urea 

detection measured with (a) 515 nm (b) 465 nm LED 


