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Abstract. Micro-chips based on organic-inorganic hybrid 

nanoparticles (NPs) composed of nanoalloys of gold (Au) and silver 

(Ag) embedded in an amorphous carbonaceous matrix (C-Au-Ag 

NPs), were prepared directly on a substrate by the laser-induced 

deposition (for short: LID) method. The C-Au-Ag NPs show a 

unique plasmon resonance which enhances Raman scattering of 

analytes, making the µ-chips suitable to detect ultra-low-volumes 

(10-12 liter) and concentrations (10-9 M) of bio-agents and hazardous 

compound. These micro-chips constitute a novel, flexible solid-state 

device that can be used for applications in point-of-care diagnostics, 

consumer electronics, homeland security and environmental 

monitoring. 

Detection and identification of low concentrations in small-volumes 

of hazardous and biological substances are currently being important 

to address challenges in environmental monitoring, homeland 

security and medicine. Recently, different groups have developed 

devices based on metal nanoparticles (NPs) with the capacity to 

detect low concentrations of substances.[1] However, devices 

associated with NPs require two stage development: (i) synthesis of 

NPs and (ii) integrating the NPs into devices. Even though the 

synthesis of NPs is well established (especially for Au and Ag); and 

different integrating approaches of NPs into devices have been 

demonstrated (such as Layer-by-Layer and drop casting; optical and 

nano lithography, direct laser writing of opto-fluidic and 

multifunctional microfluidic chips, laser ablation of Si wafer 

surfaces, followed by coating with metal thin films such as gold 

etc..),[2] the state-of-the art sensors/devices still suffer from a lack of 

control over parameters. Moreover, chemical functionalities on the 

NP surfaces are not stable over time and react with H2O/O2 in 

ambient conditions and impair the device performance.[1e]   

Here, we propose a new method for the fabrication of micro-chip 

devices (for short µ-devices) based on nanoalloys of Au-Ag NPs that 

are simultaneously synthesized by direct laser writing and embedded 

in a carbonaceous matrix (hereinafter, C-Au-Ag NPs). It should be 

noted that the suggested process is photoinduced that allows 

avoiding side effects of thermal phenomena (delocalization of the 

deposition process, thermal decomposition, etc.). The C-Au-Ag NPs 

provide for high stability and new functionally of combined 

properties of the metals and the carbon that opens the door for new 

applications.[3] For example, a core of gold-silver nanoalloys coated 

with a carbon shell demonstrates excellent efficiency as a Raman tag 

for quantitative immunoassays and high catalytic activity.[3] 

However, the preparation of metal NPs  or nanoalloys in a 

carbonaceous matrix is complicated, time consuming and requires 

the use of dangerous chemical compounds and chemical 

equipment.[4] In our case, we present a fast and coherent Laser-

Induced liquid phase Deposition (LID) method for direct writing of 

µ-chips based on NPs from solutions on any desired substrate with 

controlled assembly of elements i.e. of active areas with 

functionalized NPs. The laser beam is focused on a 

substrate/solution interface to decompose the precursor. In this 

paper, we use [{Au10Ag12(C2Ph)20}Au3(PPh2(C6H4)3PPh2)3][PF6], a 

supramolecular complex, (hereinafter termed SMC), which is 

dissolved in Acetophenone, Dichloroethane and Acetone to realize 

nanoalloys of Au-Ag embedded in a carbonaceous matrix.[5] The 

embedded nanoalloys show a narrow size distribution with unique 

properties. Among those properties we studied the localized surface 

plasmon resonance (LSPR) [6] that depends on analytes of interest 

that attach to the functionalized NP surfaces and surface enhanced 

Raman spectroscopy (SERS)[6] a method which detects the Raman 

signature of analytes for which a signal enhancement through NPs 

can occur on the µ-chips so that even extremely low analyte 

concentrations can be detected. Both spectroscopy techniques were 

exploited to detect bio-agents such as blood and a hazardous 

substance, anthracene. The LID method can be used not only to 

synthesize C-Au-Ag NPs, but other metal NP compounds as well 

such as Cu, Au and Ni or semiconductor quantum dots.[6]  

The Method and Device: Figure 1 shows the LID process:  the 

deposition of C-Au-Ag NPs on a transparent conductive oxide 
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(TCO) layer (here: indium tin oxide-ITO) was carried out by He-Cd 

laser (CW, λ = 325 nm, P = 1 mW/cm2) on a large (3mm) or a small 

areas (20 µm) using an unfocussed or a focused laser beam 

respectively (cf. Fig. 1A, B).  The focused laser beam was used to 

realize controlled elements of the µ-devices (Fig. 1C) while 

unfocussed laser can be used to realize m-layers. The choice of using 

HeCd UV laser was motivated by the strong absorption band of the 

SM complex at 328 nm (Fig. SI_1).[6] 

 

Fig. 1 The scheme of LID process: (A) deposition with unfocused laser 
beam, (B) deposition with focused laser beam; and (C) elements of the µ-

chip. 
 
Thus, an efficient light induced decomposition of the SM complex 

can be triggered, rather than uncontrolled thermal fragmentation.[6] 

C-Au-Ag NPs are formed as a result of transformation of 

supramolecular complex under laser irradiation and subsequent 

agglomeration. As the laser irradiates the surface of substrate, the C-

Au-Ag nanoparticles are formed onto the surface of substrate. Figure 

2A&B shows optical images layout of a µ-chip 10x10 elements each 

assuming a diameter of 20µm with spacings of 100µm (center to 

center of two adjacent elements). Fig. 2C illustrates colored SEM 

image of an individual element. The morphology for each element 

(i.e. density distribution of the C-Au-Ag NPs), can be controlled by 

the laser power profile along the laser radii.  

 

Fig. 2 Optical micrographs (A, B) of the µ-chip consisting of 10X10 
elements (~20µm in diameter) with  NP agglomerates of C-Au-Ag NPS as 
they turn out from our LID deposition technique. (C) is a colored SEM image 
of single element.  

Chemistry: Figure 3 shows scanning electron micrographs (SEM) 

images of the deposited C-Au-Ag NPs of a single element after 

using the focused laser on different ITO/solution interfaces i.e. 

different solvents at identical concentrations (5mg/ml): 

Acetophenone, Dichloroethane and Acetone (cf. Fig. 2A-C). As 

shown, the solvent can partially control the agglomeration size of the 

C-Au-Ag NP. Acetophenone, Dichloroethane and Acetone show an 

agglomerated average size of 13.6±5nm and 17.3±2nm and 19±5nm 

(Fig. 2D-F). The different sizes of the deposited C-Au-Ag NPs are 

explained in terms of viscosity and density of the solvent. For 

example, Acetone has the lowest viscosity (0.3075 cP) and density 

(0.7857 g/cm3); which implies high diffusion rates of components, 

thus large agglomeration size in Acetone is observed.[7] The Au-Ag 

combination provides large LSPR and controllable plasmon 

resonances, chemical stability and compatibility with various bio-

materials.  

  

Fig. 3 HRSEM images of C-Au-Ag NPs deposited on a ITO from different 
solutions: (A) acetophenone, (B) dichloroethane and (C) acetone. The 
corresponded average particle agglomerates are 13.6±5nm, 17.3±2nm and 
19±5nm, respectively, (D-F).  

The chemical composition of the agglomerated NPs was confirmed 

by energy dispersive x-ray spectra (EDX) as shown in Fig. SI_2. The 

obtained data revealed the composition ratio of the deposited C-Au-

Ag NPs to be 90:5:5 at%, respectively, regardless to the used 

solvent. It is noteworthy that the SM complex consists of 286 C-

atoms, 12 Au atoms and 12 Ag atoms, i.e. ratio of 92:4:4 at.% which 

is consistent with the obtained composition. Precise chemical 

composition and size of the C-Au-Ag NPs was determined by high 

resolution transmission electron microscopy (HRTEM) as shown in 

Fig. 4. 

 

Fig. 4 (A) Electron diffraction of the nano-crystalline Ag and Au. (A) shows 
an intensity profile of the electron diffraction pattern, obtained by radial 
averaging; (B, C) HRTEM images of defect-free NPs in amorphous carbon 
matrix. (D, E) HRTEM of NP with stacking faults or twin boundaries. (F) 
TEM of an agglomerated Au-Ag nanoalloys.     

The electron diffraction pattern in Fig. 4A confirms the presence of 

nanocrystalline Ag and Au NPs (the diffraction spacing is consistent 

with crystal data sets for Au and Ag as taken from the ICSD tables: 

ICSD 44837 for Ag and ICSD 44362 for Au). HRTEM images (cf. 

Fig. 4B–E) show crystalline NPs with 2-5nm in diameter with partly 

extended defects such as stacking faults or twins. It should be 

mentioned that due to the identical crystal structure (face-centered 

cubic) of Ag and Au and almost the same lattice constants (Ag: 4.09 

Å; Au: 4.08 Å), it is difficult to say whether these NPs are an alloy 

or mixture of the two metals. The image of large NP agglomerates is 

shown in Fig. 3F. To get deeper insight into the local distribution of 

Ag and Au in the C-Au-Ag NPs, EDX mappings were performed 
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(using a super-X EDS system of Bruker Instruments) and illustrated 

in Fig. SI_3. The results suggest a homogeneous Au-Ag nanoalloy 

composition and were further supported by the absorption spectra 

(cf. Fig. SI_4). The spectra show a single absorption peak between 

400-500 nm which is which can be attributed to the plasmon 

resonance of a Au-Ag nanoalloy. In case Au and Ag NPs would 

form separately, two separate plasmon peaks of Au and Ag would 

have been expected, which are however not observed 

experimentally.[7] The nature of the carbon matrix was resolved by 

µ-Raman spectroscopy (cf SI_4B) and shows D and G bands, typical 

for carbonaceous materials, centered at 1350 cm−1 and 1587 cm−1, 

respectively, which are typical for amorphous and hydrogenated 

carbon (a-C:H).[8,9] All SEM, TEM, absorption and Raman data are 

indicative of Au-Ag nanoalloys with 2-5nm diameter embedded in a 

carbonaceous matrix of sp2 hybridized carbon. There was no 

indication that the nanoalloy particle size can be controlled by 

solvents, solution concentrations or exposure time to the laser beam 

which is a clear signal for the NPs to form directly in the initial 

moments of exposure to laser light. The deposited C-Au-Ag NPs 

show an interesting Localized Surface Plasmon Resonances (LSPR) 

in the visible range that can be detected spectroscopically and can be 

exploited to excite vibrational modes in analytes of choice. We 

utilized the LSPR to enhance the Raman signal of bio-agents for a 

fast analysis of anthracene and human blood. 

Fast Analysis of Hazardous and Biological Substances: 

Anthracene is a polycyclic aromatic hydrocarbon which is toxic with 

long-term negative effects on living creatures even at low 

concentrations (cf. International Programme on Chemical Safety 

(IPCS)). To utilize the advantage of our µ-chip elements to enhance 

LSPR to be exploited in a SERS experiment, we compare SERS 

signals of anthracene on the µ-chip (red line) with SERS on a bare 

TCO layer without any NPs (blue line) and SERS on bulk crystals of 

anthracene (black line). Here we used two wavelengths for the SERS 

studies, namely 532nm and 785 nm).[10,11] As illustrated in Fig. 5, 

our µ-chip elements enhanced the Raman signals even though highly 

dilute anthracene was used (10-6 М). Even more, the µ-chip 

enhanced SERS signals of dilute anthracene were stronger than the 

signal of bulk crystals of anthracene with a high concentration (10-2 

M). For highly dilute antracene on bare TCO with no signal 

enhancing NPs, no SERS signal could be determined. To explore the 

detection limit of the µ-chip elements, we determined the SERS of a 

series of dilute anthracene concentrations ranging from 10-4 M to 10-

7 M dissolved in Intralipid solution (which is the widest used bio-

organic medium - Fresenius Kabi Austria GmbH). Fig. 5B show 

enhanced Raman signals as the antracene concentrations increased. 

In Fig. 5B the analyte concentration is shown as a function of the 

intensity of the pronounced Raman peak at 1400cm-1. This curve 

shows a linear correlation between the SERS signal intensity on the 

µ-chip elements and the analyte concentration with an extrapolated 

detection limit in the range of 10-8-10-9 M. This implies that our 

elements (especially the Au-Ag functionality) support the detection 

of analytes by enhancing LSPs and may be by encouraging the 

attachment of analytes on the C-Au-Ag NP surfaces, a speculation 

which will be further substantiated later in this paper. The µ-chip 

elements support a highly sensitive analysis of analytes and can thus 

be used in sensors for bio-agents. Changing the µ-chip's elements' 

properties such as e.g. the agglomeration size of the C-Au-Ag 

nanoalloys, the Raman signal enhancement can be further controlled 

as shown in Fig. SI_5. The role of the carbonaceous shell of the C-

Au-Ag NPs was also examined. 

 

Fig. 5 (A) Raman spectrum of Anthracene; (red-line): low concentration    
(10-6M) of Anthracene on an element, (black-line): bulk crystals of 
Anthracene (x10-2) on an element, (blue-line) reference sample of Anthracene 
on black ITO i.e. no elements used. (B) Raman intensity of highly dilute 
solutions of Anthracene in acetone deposited on element; (excited with 532 
nm laser light). Inset: concentration dependence (molarity M) of the Raman 
intensity of the 1400cm-1 peak of Anthracene (note: logarithmic scale).  

While the Au-Ag NPs of the µ-chip elements are responsible to the 

LSPR excitation and thus for the signal enhancement in SERS, the 

carbonaceous shell can be used to enhance the adsorption of the 

analyte on the surface in an efficient way.[12] To study the adsorption 

property of the carbonaceous shell, we immersed the µ-chip 

elements in a dilute analyte solution (2gr of human blood in a liter of 

deionized water) for different time frames from 0 to 20 min (cf. Fig. 

6). The increasing of the Raman intensity with longer immersion 

times indicates of an effective adsorption of blood on the carbon 

shell. The efficient adsorption makes the µ-chip an ideal device for 

SERS detection since the elements do not only support the Raman 

signal enhancement through the Ag-Au nanoalloys but also support 

the analyte adsorption at the carbonaceous shell and makes the 

devices useful to detect ultra-small fractions on the analyte and low 

concentrations. 
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Fig. 6 Raman spectra of dilute human blood (contains blood plasma as well 
as red blood cells) in deionized water (2 g/lit blood, 10-7 M) measured at 
various immersion times (0 to 20 min) on the same element.  

Multiplex detection capacity: For demonstration of multiplex 

detection capacity of our µ-chip, we measured the analytes 

separately and all together. Human blood solution (20 g/l) and 

anthracene solutions (1,78*10-3 g/l) were used as analytes and were 

deposited separately onto two different µ-chip elements, while a 

mixture of both solutions was prepared and analyzed as well. Fig. 7 

shows Raman signals with 1 µl drops of analytes to be dispensed 

using a micropipette (Lenpipet Black 1-10 µl - Thermo Scientific) 

while controlling spotting with a microscope. The first two elements 

(green and red), show typical Raman signals while the third element 

shows a superposition of the two individual Raman signatures (cf. 

Fig. 7). This illustrates the capacity of the µ-chip to detect various 

analytes at low concentrations and volumes. Moreover, the 

reproducibility of the µ-chip was confirmed by measuring Raman 

signatures of the same analyte on different LID deposited elements 

(which are supposed to be identical in terms of LID procedures) by 

showing identical Raman spectra. Identical Raman spectra measured 

at different LID elements on the µ-chip using identical analytes 

confirm the large reproducibility of the LID method and the 

robustness of the µ-chip signals. (cf. Fig. SI_7). 

 

Fig. 7 Raman spectrum of a human blood in deionized water, 10-6 M, (red-

line), Raman spectrum of Anthracene in water (10-6 M), (green-line); and 

human blood/Anthracene solution mixture (1:1 vol%), (blue-line). 

Summary: In summary our results demonstrate a direct writing 

method (termed LID) using focused laser beams to deposit C-Au-Ag 

NPs from liquid precursors (a Au and Ag containing supra molecular 

complex, termed SMC) to fabricate fast and reliably µ-chips with 

various elements, each of which having a diameter of several µm (20 

µm) and containing C-Au-Ag NPs to enhance analyte fingerprints in 

optical detection methods such as e.g. SERS. The role of the carbon 

in the C-Au-Ag NPs was determined and enhanced adsorption 

capacity of analytes could be detected. The µ-chip with C-Au-Ag 

NPs as active elements permits the detection of highly dilute 

analytes 10-8-10-9 M and remains stable throughout the analysis i.e. 

does not decompose or dissolve in organic analyte solutions. The 

simplicity of the LID method for the fast and controlled composite 

NP deposition is remarkable to realize highly sensitive µ-chips for 

e.g. SERS which have the potential to be used even in commercial 

setups with technological relevance. Our µ-chips may be adopted for 

sensitive analyte detection in areas of bio-medical screening, 

detection of hazardeous materials in homeland security and 

environmental monitoring missions.  

Experimental Section 

Materials. NPs were deposited onto the surface of a TCO from 

solutions of a supra-molecular complex termed SMC, 

[{Au10Ag12(C2Ph)20}Au3(PPh2(C6H4)3PPh2)3] [PF6], throughout the 

text by a one-step laser-induced chemical liquid phase deposition 

(LID) method.[6] This SMC was synthesized according to a published 

procedure.[5] The solutions for LID based NP deposition were 

prepared by dissolving 5 mg of SMC in 1 ml of solvent (acetone, 

dichloroethane and acetophenone of analytical grade purity). To 

remove the undissolved components, the solution was centrifuged at 

10000 rpm for 5 min. Then the aliquot of solution was placed into a 

cuvette, covered by a substrate of choice. The solution covered 

substrate is subsequently illuminated by a focused or defocussed 

laser beam for laser induced deposition (LID).   

Characterization                          

LID method: The preparation of µ-chips that can serve as SERS 

substrates was carried out as follows: The transparent TCO/glass 

substrate was fixed on a cuvette containing the solution with the 

SMC complex. The UV laser beam was focused (20 µm in diameter 

at 1/e2 intensity with 10 sec exposure time) through the substrate at 

the substrate–solution interface (cf. Fig. 1b). As a result of laser 

irradiation, spots or elements with ~20µm sized deposits composed 

of C-Au-Ag NP composites were realized (cf. Fig. 1c). For the direct 

writing of C-Au-Ag (90:5:5) we used the aforementioned SMC 

complex and dissolved it in various solvents and deposited on a 

transparent conductive oxide (TCO) layer (here: Al-doped ZnO and 

indium-tin-oxide were used) on glass substrates. The µ-chip contains 

an array of 10 x 10 elements that show a pitch of ~100µm 

(measuring between the centers of two adjacent spots). One of those 

µ-chips could be prepared within 20 min. Finally, even these µ-chips 

were washed in acetone and dried at 40 0C for 50 min.            

Analyte delivery: PLI-10 Pico-Injector reliably delivers ejections 

from femtoliters to nanoliters through nano-pipettes by applying a 
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regulated pressure for a digitally set period of time and micro-

positioner system. This can be used in Labs for express analysis of 

ultra-low-volumes. The minimal possible volume of the analyte 

solution for analysis with C-Au-Ag m-chip is determined by the 

volume required for total spot coating and can be as small as 40 pl 

for 20 mm spot. The pl volume was estimated from test experiments 

with 1µL drops for estimation of liquid spreading on the NPs 

surface.  40 pl drop of analyte allows total coating of spot with NPs 

with diameter ~ 20 mm. The elements were not wash after SERS 

measurements to eliminate the impact of the phys-adsorbed 

molecules of the solvent. 1 µL drop covers several elements, we 

used it for demonstration of the reproducibility of the LID method 

and the robustness of the µ-chip signals (fig SI_7b). For single 

element we used Pico-Injector.                       

µ-chip: The design demonstrates possibility of deposition of 

elements with precise control of the position and creation of µ-chip 

with high density of elements. That allows investigation of big 

number of analytes. The design of µ-chip can be optimized for exact 

task. The laser spot for the Raman and SERS measurements was 

about 2.5 µm (x50 objective) and was focused to single element 

(which is about 20 µm).  We used focusing system of Senterra 

Raman spectrometer.                               

SEM: The images of the deposited particles were obtained with a 

field emission scanning electron microscope FE-SEM (Carl Zeiss 

AG, Merlin). Images were obtained at 8 kV acceleration voltage in a 

secondary electron detection mode with a standard Everhart-

Thornley detector. Helium ion microscopy images were obtained in 

a helium ion microscope (Carl Zeiss AG, Orion) at 35 kV 

acceleration voltage in secondary electron detection mode with a 

standard Everhart-Thornley detector.                                         

TEM: Conventional transmission electron microscopy (CTEM) and 

high-resolution TEM (HRTEM) were performed using a Titan3 80-

300 (FEI Company) equipped with a Schottky emitter, an image-side 

Cs-corrector (CEOS) and an energy dispersive X-ray spectroscopy 

(EDXS) detector. The microscope was operated at 300 kV 

acceleration voltage. EDX spectroscopy was used in the STEM 

mode to obtain local chemical information at the nanoscale. Electron 

diffraction was performed in a Philips CM30 TWIN/STEM, 

equipped with a LaB6 filament and operated at 300 kV acceleration 

voltage. Electron diffraction patterns were studied by using the 

software JEMS (version 3.6608U2011), incorporating the crystal 

data from the inorganic crystal structure data base (ICSD). TEM 

images and diffraction pattern were acquired with a slow scan charge 

coupled device (CCD) cameras from TVIPS (Munich, Germany) and 

Gatan (USA), having image sizes of 1024 x 1024 and 2048 x 2048 

pixels, respectively. The analysis of TEM images was carried out by 

using the commercial software DigitalMicrographTM (Gatan, USA) 

and a free available software ImageJ (version 1.45S). A further 

detailed analysis was carried using a Cs-probe-corrected FEI Titan 

80-300. Moreover, Z-contrast high angle annular dark field 

(HAADF) STEM imaging was used. This FEI Titan microscope is 

equipped with a Super-X EDS (ChemiSTEM Technology) system 

for ultimate EDX resolution. These measurements could provide for 

high resolution elemental distribution maps.                             

UV/VIS/NIR: The absorption spectra of the deposited NPs were 

measured with a Precision Spectrophotometer Lambda 1050 

UV/VIS/NIR (Varian). Measurements of the deposited NPs 

absorption spectra were carried out with an integrating sphere in a 

spectral range from 350 nm to 600 nm.                          

Micro-RAMAN spectroscopy: The SERS measurements were 

performed using a Raman spectrometer (Senterra) equipped with a 

confocal microscope. The SERS spectra were recorded at room 

temperature using lasers with the following parameters: λex = 532 

nm at a power 0.2 mW and  λex = 785 nm at a power of 1 mW. The 

lasers were focused with a spot size of 10-6 cm2. The spectra were 

collected over ten seconds in back reflection geometry through a 

50Х0.7NA objective. The reflected signal was focused onto a 

thermo-electrically cooled CCD array. The experimental parameters 

were kept the same for all SERS experiments.  
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