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Abstract: The printed electronics enables the fabrication of a 

variety of devices and is becoming important as critical 

techniques for some applications in diverse areas.  Fine line 

fabrication, variation of materials, and improvement of processes 

have been demonstrated, however the junctions formed at the 

contact between printed electrodes and semiconductors remain a 

crucial challenge.  In this paper, we performed the first 

demonstration of the silicon-based Schottky barrier diode (SBD) 

by printing method, where the silver (Ag) electrode was   

fabricated through the printing of the Ag nanoink on p-type silicon (p-Si) and sintering at 300 °C.  Measurement of I-V 

characteristics, scanning electron microscopy (SEM) and atomic force microscopy (AFM) together with Kelvin probe force 

microscopy (KPFM) were performed for understanding the interface between Ag and p-Si (Ag/p-Si interface).  The analyses of I-

V data showed the fabricated SBDs by printing method have typical Schottky contact behavior with relatively high rectification ratio, 

where Schottky parameters were successfully estimated and showed sintering time dependent behavior.  Of some Schottky 

parameters, ideal factors and parallel series resistances increased with sintering time and these increments are found to be responsible 

for the vacancy in the Ag electrodes at the Ag/p-Si interface from SEM observations.  From AFM/KPFM measurements, we 

discussed the possible mechanism of the increment of Schottky barrier height in the SBDs, in which the depth of the depletion layer 

can be modulated by the existence of Ag nanoparticles at the Ag/p-Si interface.  In conclusion, the performance of the SBDs is 

found to be responsible for the unexpected morphological effect at the Ag/p-Si interface exceeds theoretical barrier height.   

 

Introduction 

Understanding and engineering of the junctions formed at the 

contact interface between metallic electrodes and 

semiconductor materials are key elements in modern electronic 

devices.  With much research effort and development of 

technologies, various methods have been established to make 

the ideal interface between metal (M) and semiconductor (S) 

(M/S interface) achieve theoretically predicted performances.1,2  

One of the most important parameters for M/S interface is the 

Schottky barrier height (SBH) because the SBH fundamentally 

determine the current conduction across the M/S interface and 

then impact of the device performances.  In the ideal M/S 

interface, the SBH value can be theoretically predicted based on 

the Schottky-Mott rule, where the value can be expressed by the 

work function of metal and the Fermi level of semiconductor.3  

Because of the simplicity of designing M/S interface, some 

attempts at the M/S interface leads to some interesting results in 

the tunability of SBH, achieving desirable electrical properties 

in the devices.4  Especially for Schottky barrier diode (SBD), 

the SBH value has a direct effect on characteristic parameters of 

the SBD, for example, working voltage, rectification ratio and 

switching rate, respectively.  However, the high-energy 

methods such as sputtering, vacuum deposition, plating, and 

photolithography is mainly used for creating the ideal M/S 

interface, in which multi-staged masking and etching under 

highly vacuumed environment and use of harmful and 

environmentally undesirable chemical are required.  On the 

other hand, as one of the low-energy methods, noble approach 

of van der Waals junctions are developed very recently, in which 

metal electrodes with atomically flat surfaces are fabricated and 

laminated onto semiconductors.5,6  In the approach, however, 

the applicable metals and semiconductors are currently limited 

to some candidates.  Moreover, the performances of the 

devices are also limited, because I-V relationship is to be  
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determined by work function of metal and Fermi level of 

semiconductor according with the Schottky-Mott rule.  

During the course of securing alternatives for ecofriendly and 

widely applicable methods, the printed electronics (PE) has 

been emerged as one of alternative methods for making the 

practical devices using conductive inks.7–11  Though PE is one 

of the printing technologies specified into electronic 

manufacturing with the usage of the traditional printing methods, 

PE is an advantageous and promising method as not only 

ecofriendly but also cost-effective process compared with 

traditional processes.  In addition, PE is a promising 

technology for enabling flexible and wearable smart devices to 

be compatible with various plastic materials and papers, 

achieving the fabrication of electronic devices with some 

advantages of slight-weight, flexible, and foldable which are 

highly demanded in the next-generation smart electronics.12–14  

Since, to date, fine-line fabrication,15,16 variation of materials, 

10,17,18 and improvement of processes19–21 have been 

demonstrated in the development of PE, PE enables the 

fabrication of a variety of devices and is becoming important as 

critical techniques for some applications in diverse areas.   

However, despite much effort over the decades in 

the PE field, the junctions formed at the contact between a 

printed electrode and a semiconductor remains a crucial 

challenge.  Moon et al. provided the careful description of the 

silver (Ag)/organic semiconductor interface created by ink-jet 

method with Ag nanoparticle ink.22  They observed that ligand 

molecules capped on Ag nanoparticles induce an interface 

dipole, which causes an increase in the work function of the 

resulting printed electrodes.  This work showed the work 

function of the metal electrodes made from metal nanoparticle 

ink could be modulated by the electronic disturbance induced 

when metal nanoparticle transformed into Ag electrode.  

Though the understanding and engineering of junctions formed 

at the M/S interface with the printing method open new way to 

modulate the SBH and then device performances, 

methodologies using the printing method have not been 

sufficiently explored.  In addition, there are few researches on 

silicon (Si) substrates with metal electrode made by the printing 

method even though Si is one of the widely used 

semiconductors in practical.  Because of deviation between 

theory and experiments in Si-based electrical devices which is 

mainly originated from surface oxidization, systematic 

investigations have not conducted for the electrical properties 

and morphological observations in the interface between metal 

electrode and Si substrate.  Fine tuning of SBH between metal 

electrode and Si can provide benefits of achieving high-speed 

operations and low-voltage drives of thin field transistors, and/or 

high efficient energy conversions of solar cells.   

In this study, for the first time, fabrication of the 

SBD on p-type Si (p-Si) by printing method was achieved using 

Ag nanoink (AgInk) as shown in Figure 1.  Firstly, the 

synthesis of Ag nanoparticles (AgNPs) were successfully 

demonstrated, in which AgNPs were designed in order to be 

dispersed in organic solvents, and transformed into metallic film 

when sintering.  Next, AgInk was made from the lab-made 

AgNPs, solvents and a resin, in which the composition of AgInk 

was adjusted for patterning by squeegee method.  After 

sintering at 300 °C, the obtained metallic Ag film showed low 

sheet resistance enough to work as electrode.   

When the Ag electrode was patterned onto p-Si using AgInk, the 

obtained device was found to show typical SBD characteristics 

from I-V measurements.  When analyzing I-V characteristics 

of the SBDs using Schottky diode model, the unprecedented 

high SBH values were found compared with a reference of a 

vacuum-deposited Ag electrode.  To elucidate the mechanism 

of high SBH, scanning electron microscopy and scanning probe 

microscopy were employed to investigate the morphological 

structures and surface potential at the interface between printed 

Ag and p-Si (Ag/p-Si interface). 

 

Results and Discussion 

Preparation of AgNPs and AgInk 

AgNPs were synthesized based on a previously reported 

method23,24 with slight modification, in which Ag precursor 

complex reacted with reducing reagents and capping molecules  

 

Figure 1. Representative illustration of the fabrication of SBD by printing method.  Patterning of AgInk was conducted on p-Si, in 

which the AgInk was composed of the AgNPs, solvents and a resin.  After sintering, together with transformation of patterned AgInk 

to metallic Ag electrode, Ag/p-Si interface was formed.   
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at the temperature of which the complex decomposes.  In this 

study, as a precursor complex, Ag(I) octanoate was used for 

synthesizing AgNPs with a uniform diameter, resulting the 

transformation of AgNPs to metallic Ag can occur at the narrow 

range of sintering temperature.  As shown in Figure 2A, Ag(I) 

octanoate was mixed with octadecylamine as reducing reagent 

and tetradecanoic acid as capping molecules in 1-octadecene 

and reacted at 180 °C for 2h.  After purification by decantation 

with isopropanol followed by dry at ambient temperature, 

AgNPs were obtained with a multi-gram scale as shown in 

Figure 2A.  The AgNPs were could be dispersed in various 

non-polar organic solvents such as hexane and toluene.  Figure 

2B shows a transmission electron microscopy (TEM) image of 

AgNPs.  From TEM observations, the diameter of the AgNPs 

were found to be almost uniform (average diameter is 8.7 nm, 

size deviation is 8.6 % as counts of 100 NPs). 

Next, AgNPs were mixed with a solution composed 

of p-tert butyltoluene, 2-phenylethan-1-ol and ETHOCEL® 

using with a planetary mixing apparatus.  After mixing, the 

AgNPs were dispersed uniformly and then AgInk was 

obtained as a slightly viscous solution (Figure 2A).  Figure 

2C shows a thermogravimetric (TG) profile of AgInk, in 

which a heating rate set at 20 °C·min–1 under an air flow of 

300 mL·min–1.  In the TG profile, weight decreases in two 

steps.  The first decrease in weight around 86 °C (–47.8 

wt%) corresponds to vaporization of solvents, and the 

second decrease around 247 °C (–17.9 wt%) to the thermal 

decomposition of the ETHOCEL® and capping molecules.  

From TG analysis, Ag content of AgInk was determined to 

be 34.3 wt%.  Moreover, differential thermal analysis 

(DTA) measured along with TG showed exothermic peaks 

in DTA spectra in the temperature range of around 262-

276 °C, indicating the coalescence of AgNPs, which means 

transformation of AgNPs into metallic Ag occurs in this 

temperature range.   

 

Formation of Ag electrode on p-Si and electrical 

characteristics 

From TG analysis of AgInk, the sintering temperature of 300 °C 

is selected since it is enough to make Ag electrode work while 

thermal damage to Ag/p-Si interface should be minimized 

during the sintering procedure.  To investigate the electrical 

characteristics by sintering, AgInk was patterned onto glass and 

sintered at 300 °C for 5–30 min.  As shown in Figure 3A, 

patterned AgInk transformed into metallic-colored Ag thin films 

in each sintering times.  The results of sheet resistance of the 

films as a function of the sintering time are shown in Figure 3B.   

As increasing sintering time, sheet resistance decreases from 

 

Figure 2. Preparation of AgNPs and Agink.  (A) 

Representative process for preparing AgNPs followed by 

AgInk.  (B) TEM image of AgNPs.  (C) TG profile of 

AgInk.   

 

 

Figure 3. Formation of Ag electrode and electrical characteristics on p-Si (sintering temperature is 300 °C).  (A) Photo images of Ag 

thin films on glass with sintering time of 5–30 min.  (B) Sheet resistance of the Ag thin films as a function of sintering time.  (C) An 

experimental set-up for I-V measurement of the printed SBD.  (D) An equivalent circuit of the SBD: n is ideal factor, B is SBH, and 

rs is series resistance.  (E) I-V characteristics of the SBDs with the sintering time of 5 min, 7.5min, 10 min, 15 min, and 30 min.  In 

insets, microscopic photographs of Ag electrodes are shown (all scale bars in the insets are 1 mm).   
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0.114 Ω/□ at 5 min to 0.046 Ω/□ at 10 min and becomes 

constant to be c.a. 0.04 Ω/□ from 10 min to 30 min.  These 

results mean sintering process of AgInk ends up to 15 min 

completely, where the solvent and the resin in the AgInk are 

evaporated and decomposed, followed by adhering AgNPs 

through decomposition of capping molecules on surfaces and 

grain boundary diffusion.  Using the value of film thickness 

measured from scanning electron microscopic (SEM) 

observations (vide infra), the electrical resistivity of Ag film is 

estimated to be 2×10–5Ω·cm at 15 min which is only an order 

of magnitude higher than the resistivity of metal Ag (1.6×10–6

Ω·cm).  Generally, the electrical resistivity of the electrodes 

made from conductive inks tends to be larger, where the 

increment can be resulted from some reasons such as organic 

residuals and boundary defects, so on.25   

Since a low resistivity was achieved using with AgInk, 

Ag electrode was also formed on p-Si by squeegee method as 

one of printing methods.  The resulting SBD showed typical 

diode characteristics, which is the first demonstration of the 

silicon-based SBD fabricated by printing method (printed SBD).  

Figure 3C and D show an experimental set-up for I-V 

measurement of the printed SBD and the equivalent circuit of 

the printed SBD, respectively.  As the SBD structure, square 

shaped Ag electrodes (designed size is 0.15×0.15 cm2) were 

formed on a side of the p-Si.  On the other side of the p-Si, an 

aluminium (Al) ohmic contact was provided by vapor 

deposition (Figure 3C).  In the structure, Ag/p-Si interface 

should show the electrical behavior of the SBD, which are 

predicted from the work function of Ag26 and the Fermi-level of 

Si.  And the SBH for the ideal diode of evaporated Ag 

electrode formed on p-Si have been reported to be 0.55–0.54 

eV.27,28  Such a SBD can be represented by the equivalent 

circuit of Figure 3D, consisting of ideal factor (n), SBH (B), and 

series resistance (rs).  Figure 3E shows a set of I-V 

measurements and microscopic photographs for the printed 

SBDs with different sintering time (5, 7.5, 10, 15, 30 min).   

From microscopic photographs in the inset of Figure 3E, 

Ag electrodes were successfully formed onto the p-Si and their 

effective areas are listed in Table 1.  In the I-V measurements, 

forward and reverse I-V characteristics showed a behavior of 

typical diode and the device performance of the printed SBDs 

depends on the sintering time.  The on/off current ratios 

(rectification ratios) in the printed SBDs were higher than that 

of the vacuum-deposited SBD and these ratios increased with 

sintering time, indicating an improvement of on/off 

performance of the SBD.  These rectification ratios are 

summarized in Table 1.  Furthermore, the shoulder appeared 

around the voltage of 1 V in the printed SBD of 5min and then 

it gradually decreased with the sintering time.  The shoulder 

represents an excess current component which can be induced 

by inhomogeneous contact at the Ag/p-Si interface.  On the 

other hand, the Ag electrode prepared by vacuum deposition 

showed a relatively low electrical resistivity (2.1×10–6Ω·cm) 

which is an almost equivalent to that of metal Ag (1.6×10–6Ω

·cm).  The vacuum-deposited SBD, however, exhibits low 

rectification ratio (2.04×102) in spite of its highest conductivity 

of the electrode.  This implies that the conductivity of the 

electrode itself is irrelevant to the device performance.  Thus, 

the high rectification ratio of the printed SBD and their I-V 

characteristics depended on the sintering time cannot be 

explained in terms of the physical properties of the electrode, 

such as the conductivity.   

 

I-V analysis of the printed SBD as a function of the 

sintering time 

Forward I-V characteristics of a series of printed SBDs 

represented in Figure 3E were used to extract Schottky 

parameters in order to investigate the effect of the sintering time.  

Among some methods proposed to deduce the Schottky 

parameters from forward I-V characteristics,29–33 we used the 

method by Cheung et al.34 because of high applicable for our 

results.  The forward I-V characteristics of the diode obeying 

the thermionic emission model are given by equation (1), 

 

 

 

(1) 

 

where Aeff, A*, T, qB, n, and rs are effective area of the diode, 

Richardson constant, absolute temperature, Schottky barrier 

height, ideality factor, and series resistance, respectively.  The 

constant value of  is 38.9 C·J–1 at the room temperature (T = 

298 K) where q and k are electronic charge and Boltzmann 

constant, respectively.  The Richardson constant, A* is 32 A·

cm–2·K–2 for p-Si.35  The ideality factor, n is included to take 

into account non ideal diode behaviors, where n is equal to 1 for 

the ideal diode.  Generally, n becomes more than 1 for the real 

device because n varies mainly depending on physical 

processes for carrier transport across the M/S interface of the 

diode.  The equation (1) is derived to equation (2) in the case 

of V–I·rs > 3kT/q (∼0.08 V at 298 K).   

 

 
(2) 

 

Equation (2) can be rewritten in terms of current density, J 

(=I/Aeff).   

 



5 

 

 

 
(3) 

 

Differentiating equation (3) with respect to ln J, equation (4) is 

obtained.  Moreover, a function H (J) can be defined as 

equation (5).   

 

 
(4) 

 

 
(5) 

 

Using equation (4), a plot of dV/d(ln J) vs. J will give a straight 

line with the slope of Aeff · rs and the intercept of n/ , 

determining the n value.  On the other hand, using equation (5), 

a plot of H(J) vs. J will give a straight line with the intercept of 

n·B, and then B is determined from the n value.  Equation 

(4) and (5) were applied to extract the Schottky parameters of a 

series of printed SBDs and a vacuum-deposited SBD, 

respectively.  For the I-V data in the range of 0.2–0.5 V, plots 

of dV/d(ln J) and H (J) are shown in Figure 4 B, E, H, K, N and 

C, F, I, L, O, respectively.  Each experimental plots are on a 

straight line, indicating the good agreement with the diode 

equation.  Thus, these results confirm the validity of equation 

(4) and (5) in the selected voltage range.  By fitting the plots by 

the least square method, the Schottky parameters of a series of 

printed SBDs and a vacuum-deposited SBD were determined 

and summarized in Table 1.   

From Table 1, Schottky parameters (n, rs, and qB) 

increased with the sintering time.  For the printed SBDs, n is 

larger than 2.5, which is much larger than the value for the 

vacuum-deposited SBD (n = 1.16).  In general, the relatively 

high n implies the formation of an oxide layer at the M/S 

interface.  The relatively high value of rs also implies the 

existence of an oxide layer at the interface.  However, cross-

sectional SEM observations with elemental analysis of the 

Ag/p-Si interface indicate no evidence of the existence of an 

oxide layer in the experimental resolution (Figure 5, vide infra).  

Non-existence of an oxide layer strongly suggests that the 

removal of the native oxide layer and the joining Ag and p-Si 

took place in order at the first stage of the sintering process.  In 

the sintering process, removing of capping reagents covering 

AgNPs occurred around 247 °C (vide supra) followed by the 

decomposition of the reagents through an oxidation reaction at 

the same temperature.  Thus, this oxidation reaction can  

 

Figure 4. I-V analysis of the printed SBDs for the sintering time of (A–C) 5 min, (D–F) 7.5 min, (G–I) 10 min, (J–L) 15 min, and 

(M–O) 30 min.  (A, D, G, J, M) Logarithmic form of I-V.  (B, E, H, K, N) Plots of dV/d(lnJ) as a function of J as open circles.  

(C, F, I, L, O) Plots of H as a function of J as open circles.  Lines from the least square method and the corresponding formula are 

shown in each Figures.   
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 involve the removal of the oxide layer on the p-Si surface, and 

then the bared AgNPs can be attached and joined to the p-Si 

surface, creating an interface that is free from the oxide layer.36,37  

Also, in particular, the surface energy effect of the AgNPs 

should facilitate this joining process.  Consequently, joining 

between Ag and p-Si achieved in sintering process causes the 

high interfacial strength.  Therefore, the increment of n and rs 

with the sintering time cannot be attributed to the oxide layer.  

Moreover, the possible explanation should interpret the 

relatively high qB with the increase of sintering time.  From 

the work function of Ag and the Fermi-level of lightly-doped p-

Si, theoretical SBH is predicted to be 0.52 eV for Ag/p-Si, and 

good agreement with experimental data have been reported.27,28   

However, in our results, though qB of a vacuum-deposited 

SBD (0.500 eV) shows good agreement with reported data, a 

series of qB of printed SBDs are high of 0.069–0.141 eV 

compared with a vacuum-deposited SBD and showed tendency 

to increase with sintering time.   

 

Morphological observation of the printed Ag electrode 

and Ag/p-Si interface 

To investigate the effect of the roughness at the Ag/p-Si interface 

to increment of n, rs and qB, surface and cross-sectional SEM 

observations were performed for the printed SBDs of sintering  

time of 5, 7.5, 10, 15, 30 min.  It is reported that the local work  

function of vacuum-deposited Au layers on Cu are lower of c.a. 

0.8 eV at the step edges,38 which strongly indicates the qB can 

be modified by the roughness at the Ag/p-Si interface.  Figure 

5A, D, G, J, M represent surface observations of the printed Ag 

electrodes.  At the sintering time of 5 min (Figure 5A), AgNPs 

Table 1. Effective area and extracted diode parameters for the printed and vacuum-deposited SBDs in the I-V analysis.   

SBD 
Sintering time 

(min) 
Aeff (cm2)a 

Rectification 

ratiob 
nc rs (Ω)c qB (eV)c 

Printed 

5 0.0183 5.83×102 2.54 20.4 0.569 

7.5 0.0275 4.16×102 2.61 33.0 0.584 

10 0.0206 8.49×102 2.69 73.8 0.601 

15 0.0153 1.03×103 2.84 265 0.625 

30 0.0156 1.60×103 2.80 827 0.641 

Vacuum-

deposited 
– 0.0100 2.04×102 1.16 13.6 0.500 

 

a Measured from microscopic photographs shown in Figure 3E.  b Recorded at ± 3.0 V.  c Estimated from the I-V data in the 

range of 0.2–0.5 V.   

 

 

Figure 5. SEM observations of a series of printed SBDs for the sintering time of (A–C) 5 min, (D–F) 7.5 min, (G–I) 10 min, (J–L) 15 

min, and (M–O) 30 min.  (A, D, G, J, M) Surface observations of the printed Ag electrodes.  (B, E, H, K, N) Cross-sectional 

observations at the Ag/p-Si interface.  (C, F, I, L, O) EDX elemental mappings (Ag, Si and O) at the Ag/p-Si interface.  All scale 

bars are 2 m.   
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started to melt and coalesce, forming continuously 

interconnected networks.  Over the surface, 2–5 m size of 

pores were observed, which can be formed by removal of the 

solvents and the resin during drying and/or the first stage of the 

sintering.  At the sintering time of 10 min (Figure 5D), AgNPs 

merged further, appearing 100–200 nm size of pores, which can  

be attributed to combustion of capping reagents on AgNPs.  

Subsequently there is no significant change in the morphology 

of the surface (Figure 5G, J, M).   

Similar morphological results were obtained in the cross-

sectional observations as shown in Figure 5B, E, H, K, N.  

These morphological results are qualitatively agreement with 

the increment of n and rs because, due to the formation of pores 

near the Ag/p-Si interface, the contact at the interface deviates 

from the ideal contact and also the fluency of electrons and holes 

is hindered.  On the other hand, from the cross-sectional 

observations, Ag electrodes connected to p-Si and form smooth 

Ag/p-Si interface.  There is no evidence indicating the 

existence of the step edges which can induce the increment of 

the local work function.  Moreover, from the EDX elemental 

mapping of the cross-sections as shown in Figure 5C, F, I, L, O, 

there is no evidence of an oxide layer and/or an alloyed layer at 

the Ag/p-Si interface.  Thus, the increment of qB of the 

printed SBDs and their dependence on the sintering time cannot 

be explained in terms of the morphological effects of the 

electrode at the Ag/p-Si interface.   

 

AFM and KPFM mapping by scanning probe 

microscopy (AFM/KPFM) 

For investigation of the increment of qB in a series of printed 

SBDs, in this section, we have quantified the magnitude of the 

surface topography and the surface potential at the Ag/p-Si 

interface by performing atomic force microscopy (AFM) 

measurements together with Kelvin probe force microscopy 

(KPFM).39–42  The experimental setup is shown in Figure 6A, 

where a sample is placed on the piezo-stage and scanned by a 

conductive AFM probe (PtSi) attached on the tip of the 

cantilever.  The probe approaches to a sample and then scans 

along the sample surface while keeping the oscillating force on 

the probe constant, resulting in a topographic image of the 

surface.  Additionally, using KPFM, the surface potential  

image and the topographic data can be obtained simultaneously 

at every measuring point.  When the probe is held close to the 

sample surface, the force acting on the probe consists of the 

electrostatic force caused by the contact potential difference 

(CPD) between the probe and the sample as shown in Figure 

6A.  To observe the topographic and potential images at the 

Ag/p-Si interface, the preparation of experimental samples is 

well designed as shown in Figure 6B.  All experiments were 

conducted under ambient condition.   

Figure 6C–G shows the topographical images of the 

printed Ag electrodes at the Ag/p-Si interface.  At the sintering 

time of 5 min (Figure 6C), the surface was observed to be wavy, 

this indicates that the removal of solvents and organics in AgInk 

followed by the aggregation of AgNPs formed 1–2 m size of 

aggregates.  At the sintering time of 10 min (Figure 6D), 100–

200 nm size of pores were observed, which can be attributed to 

heat shrinkage of the aggregated AgNPs.  Subsequently, as the 

melting and aggregating of AgNPs proceed throughout the 

overall sample, the surface becomes to be smooth.  The 

morphological change of the surface is observed to be 

diminished in the sintering time of 15 min (Figure 6E–G).  The 

surface averaged roughness of each images is calculated and 

summarized in Table 2.  The numerical aspect also indicates 

that the surface of the Ag electrodes at the Ag/p-Si interface 

becomes smooth with the sintering time.  These 

morphological change with the sintering time are good 

accordance with the results of SEM observations (vide supra).  

Though the surface were observed to be almost flat from the 

topographic image in the sintering time of 30 min, the surface 

roughness value (3.8 nm) did not decrease to the value of the 

vacuum-deposited electrode (2.8 nm), which implies that some 

AgNPs exist in the surface and are involved in electrical contact 

at the interface.   

Figure 6H–L shows CPD images of the Ag electrodes at 

the Ag/p-Si interface.  In the sintering time of 5min (Figure 

6H) and 10 min (Figure 6I), the distribution of CPD in the 

images was observed to be inhomogeneous.  And then, the 

distribution of CPD gradually became homogeneous with the 

sintering time.  At the sintering time of 30min, the CPD is the 

almost same at every measured points.  Furthermore, there is 

no correlation between the CPD value and the surface 

roughness as shown from height and CPD profiles along the 

same line in each images.  The surface-averaged CPD of each 

image is calculated and summarized in Table 2, where the 

surface-averaged CPD is found to decrease with sintering time.  

The decrease of CPD strongly implies that the electrical 

potential of the Ag electrodes at the interface intrinsically 

decreases.   

For comparison of the qB estimated from the I-V data of 

the printed SBDs, the work function of the printed Ag electrodes 

are estimated from the surface-averaged CPD by referring to the 

work function of Au (5.10 eV)26 and listed in Table 2.  The 

estimated work function of vacuum-deposited Ag electrode is 

4.68 eV which is very close to the value of Ag (100) (4.64 

eV),26,42 indicating that our estimation is reasonable for the 

printed Ag electrodes.  In the sintering time of 5min, the work 

function is 4.49 eV which is lower than the value of vacuum-

deposited Ag electrode (4.68 eV), indicating the residual of 

organics from ligand molecule capping on AgNPs and/or the 
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resin as an additive in AgInk.  In further sintering, the work 

functions of the printed Ag electrodes increased and they all 

were high compared with that of vacuum-deposited Ag 

electrode (4.68 eV).  However, these results are not 

accordance with the increment of qB in the printed SBDs, 

because the qB is theoretically inverse proportional to the work 

function of the Ag electrode.  As previous reports, it is 

exemplified that the work function of AgNP is higher than that 

of bulk Ag metal from both theoretical and experimental 

results.43,44  Therefore, the increment of work function strongly 

indicates that AgNPs exist on the Ag electrode surface 

contacting to the p-Si, in which the existence of AgNPs is also 

implied from surface roughness.  Furthermore, free electrons 

possessed by a metal nanoparticle should be depleted easier than 

bulk metal.  The supply of electron to the outer AgNPs on the 

Ag electrode surface cannot keep up with the demand for 

conduction if electron mobility is limited in the sub-nanometer 

to micrometer scale in the printed Ag electrodes.  Thus, the 

increment of barrier height can be expressed qualitatively by the 

depletion of the electrons at the Ag/p-Si interface due to the 

existence of AgNPs on the Ag electrode surface.   

Considering Schottky barrier diode, the charge transfer occurs 

between metal and semiconductor, and then a depletion contact 

is formed at the interface of metal/semiconductor contact.  For 

contacts on semiconductors, the depletion-layer width, W is 

given by   

 

W = √
2𝜀𝜙𝑏𝑖
𝑞𝑁𝑑

 (6) 

 

Figure 6. AFM/KPFM of the printed Ag electrodes.  (A) A schematic illustration of AFM-based KPFM for measuring surface 

potential.  Electronic energy levels of the probe and the sample for KPFM: (a) probe approaches to the sample surface, (b) probe 

and sample are in electrical contact and the electrostatic force caused by the CPD (qΔV), and then (c) external bias (ΔV) is applied 

to nullify the CPD, and thus the electrostatic force.  (B) Schematic illustration of sample preparation for AFM/KPFM 

measurements.  A dotted line is the guideline indicating the Ag electrode transferred on the carbon tape.  A scale bar in the inset 

picture is 1 mm.  (C–G) AFM and (H–L) KPFM images of the printed Ag electrodes for the sintering time of (C, H) 5 min., (D, I) 

7.5 min., (E, J) 10 min., (F, K) 15 min., and (G, L) 30 min.  All scale bars are 1 m.  Height and CPD line profiles are indicated 

by lines in each images.   
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where , bi, q, and Nd are permittivity of semiconductor, built-

in potential, electronic charge and doping density of 

semiconductor, respectively.1,2  Using built-in potential , 

Schottky barrier height, B is given by 

 

𝜙𝐵 = 𝑉0 + 𝜙𝑏𝑖  (7) 

 

where V0 is too low (< 0.05 eV) enough to be ignored when the 

doping density of the semiconductor is low (Nd < 1016 cm–3).  

Thus, in our case (Nd ≈ 1015 cm–3), Schottky barrier height, B 

can be approximated to be B≈bi from equation (7).  From 

equation (6) and (7), the depletion-layer width, W can be 

obtained as 

 

𝑊2 ≈
2𝜀𝜙𝐵
𝑞𝑁𝑑

 (8) 

 

Consequently, the B is approximately proportional to the 

square of W as shown in the following equation.   

 

𝜙𝐵 ∝ 𝑊2 (9) 

 

This relationship can explain the increment of barrier height in 

the printed SBDs.  In the Ag/p-Si interface, the charge transfer 

occurs from the AgNPs attached on the Ag electrode surface to 

p-Si developing partial positive charges at the Ag electrode 

surface.  The formed depletion layer spreads and becomes 

thicker in the depth, because electron mobility is limited in the 

printed Ag electrodes due to cracks and boundary defects in the 

electrodes.  Increased thickness of depletion layer (W) can then 

increase the apparent barrier height (B) as predicted based on 

the equation (9), though the existence of AgNPs at the interface 

leads to the increase in the work function (up to 0.25 eV as 

compared to that of an vacuum-deposited Ag electrode).   

 

Conclusions 

In conclusion, we provided a first demonstration of the Si-based 

printed SBDs, where the Ag electrodes were formed by the 

printing of AgInk on the p-Si and sintering, and in-depth 

description of the electronic-energy state at the Ag/p-Si interface 

in the printed SBDs.  For fabrication of the printed SBDs, 

monodispersed AgNPs stabilized with tetradecanoic acid were 

synthesized and used as the precursor for preparation of AgInk.  

Using the AgInk, the Ag electrodes were successfully fabricated 

by printing and sintering on the p-Si.  The resulting SBDs 

showed typical I-V characteristics and relatively high 

rectification ratio compared with vacuum-deposited Ag 

electrode.  From the numerical analyses of I-V data, the 

Schottky parameters were successfully estimated, in which the 

parameters showed sintering time dependent behavior.  

Especially, the Schottky barrier height is 0.14 eV higher in the 

sintering time of 30min compared with a vacuum-deposited 

SBD.  To clarify the unprecedented electrical characteristics of 

the printed SBDs, observations of SEM and AFM/KPFM were 

conducted.  From cross-sectional SEM observations, it was 

found that micrometer size of pores emerge at the Ag/p-Si 

interface due to the removal of the solvent and other organics in 

the AgInk.  These morphological results strongly suggest that 

the increment of n and rs of the Schottky parameters are 

responsible for the interface deviates from the ideal contact by 

the emergence of pores, in which the fluency of electrons and 

holes should be hindered.  On the other hand, from the EDX 

elemental mapping of the cross-section, there was no evidence 

of an oxide layer and/or an alloyed layer in the Ag/p-Si interface.  

Further investigations by AFM/KPFM observations in the 

Table 2. Surface-averaged roughness, CPD and estimated work function of the printed and vacuum-deposited Ag electrodes in 

AFM/KPFM. 

Ag electrode 
Sintering time 

(min) 

Surface roughness 

(nm)a 
CPD (V) Work function (eV)b 

Printed 

5 29.2 0.61 4.49 

7.5 26.8 0.31 4.79 

10 14.1 0.39 4.71 

15 5.8 0.23 4.87 

30 3.8 0.17 4.93 

Vacuum-deposited – 2.8 0.42 4.68 
 

a Surface roughness is defined as the equation of 
1

𝑛
∑|ℎ𝑎𝑣𝑒 − ℎ𝑘|.  Here, n is the number of data points, have is the averaged-height 

value, and hk is the height value of at every data point, respectively.  b Work function of the electrodes were estimated by referring 

of the typical work function value of Au (5.10 eV).   
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Ag/p-Si interface indicated that the surface potential of the 

printed Ag electrodes decreases with increasing sintering time.  

Interestingly, the estimated work function of the printed Ag 

electrode were higher than the theoretical work function of 

metal Ag, indicating that AgNPs exist on the electrode surface 

because the work function of AgNP is higher than the work 

function of metal Ag.  Thus, in the Ag/p-Si interface, the 

charge transfer occurs from the AgNPs to p-Si, resulting in the 

formation and development of the depletion layer.  

Development of depletion layer in the depth increases the 

apparent barrier height because the barrier height is 

approximately proportional to the square of thickness of the 

depletion layer.  This is an expected step in the increment of 

the barrier height, and thus the origin of the unprecedented high 

rectification ratio in the printed SBDs.  These results imply that 

engineering of barrier height can be possible by the control of 

nanoparticle size and the number of nanoparticles emerged on 

the surface contacted to the semiconductor, which is not only 

beneficial way for the engineering of metal/semiconductor, but 

also for the printed electronics to achieve next-generation 

devices.   

 

Methods 

Materials 

Sodium hydroxide (99%, Wako Pure Chemical Industries Ltd.), 

n-octanoic acid (99%, Tokyo Chemical Industry Co., Ltd.), 

silver nitride (> 99%, Tokyo Chemical Industry Co., Ltd.), 

tetradecanoic acid (> 99%, Wako Pure Chemical Industries 

Ltd.), octadecylamine (99%, Wako Pure Chemical Industries 

Ltd.) , 1-octadecene (> 99%, Tokyo Chemical Industry Co. Ltd.), 

p-tert butyltoluene (> 99.8%, Wako Pure Chemical Industries 

Ltd.), and 2-phenylethan-1-ol (> 99.8%, Wako Pure Chemical 

Industries Ltd.), ETHOCEL® (STD100, Nisshin Kasei Co., 

Ltd.) were purchased and employed in the preparation without 

further purification.  Silicon wafers (p-Si, B-doped, 3–7 Ω·

cm) were purchased from ELECTRONICS AND 

MATERIALS CORPORATION Ltd.  Prior to experiments, 

p-Si wafers were cut and washed with the mixed solvent 

composed of ethanol and acetone (1:1) three times.  Next, 

placed 6 mL of NH4OH (30 wt%) and 30 mL of deionized water 

in a glass beaker and then heated to 80 °C.  To this solution, 6 

mL of H2O2 (30 wt%) was added.  Then, the p-Si was 

immersed in the solution and kept for 30 min at 80 °C.  Finally, 

the p-Si was rinsed with deionized water and then dried using 

an air blower.   

 

Synthesis of silver(I)–octanoate complex 

Silver(I)–octanoate complex was prepared by the similar 

synthetic procedure of silver(I)–alkanoates complex.  In a 

typical synthesis of silver(I)–octanoate complex, 2.00 g of 

sodium hydroxide (50.0 mmol) in 50 mL of ethanol was added 

to 7.21 g of n-octanoic acid (50.0 mmol) in 50 mL of ethanol.  

The resulting solution was stirred at 80 °C.  After stirring for 

one hour, 8.58 g of silver nitride (50.0 mmol) in 25 mL of 

deionized water was added to the solution, resulting in 

immediate precipitation of a white solid.  Stirring overnight at 

ambient temperature, the precipitate was collected by vacuum 

filtration, washed several times with hot deionized water in a 

Buchner funnel and dried in vacuo for overnight, resulting in 

silver(I)–octanoate complex in an off–white solid form, 11.50 g 

(yield: 91.7 %).   

 

Synthesis of silver nanoparticles (AgNPs) 

In the typical synthetic procedure for AgNPS with an average 

diameter of 8 nm, 9.14 g of tetradecanoic acid (40.0 mmol), 

10.78 g of octadecylamine (40.0 mmol), and 10.20 g of 1-

octadecene were placed in a flask and heated to 120 °C with 

vigorous stirring.  In the resulting homogeneous solution, 

10.04 g of the silver(I)–octanoate complex (40.0 mmol) was 

added and raised the temperature to 180 °C.  The reaction was 

proceeded with vigorous stirring at 180 °C for 2 h.  After 

reaction, the solution was cooled to ambient temperature, and 

washed three times with 2-propanol.  After drying under 

ambient atmosphere for overnight, AgNPs as dark blue solid 

were obtained (5.12 g).  

 

Preparation of silver nanoink (AgInk) 

For preparing AgInk, 0.556 g of the AgNPs were added in 1.497 

g of the solution composed of p-tert butyltoluene (1.422 g), 2-

phenylethan-1-ol (0.075 g), and ETHOCEL® (0.150 g).  To 

homogenize carefully, mixing operation was performed with a 

planetary mixing apparatus (Kurabo, Mazerustar, KK-250S).  

The mixing was performed for three times with revolution of 

1600 rpm and rotation of 1600 rpm for 10 min.  After mixing 

procedure, the AgNPs were dispersed uniformly, achieving 

AgInk with the desired silver content.   

 

Fabrication of Schottky barrier diode by squeegee 

method 

Fabrication of Scottky barrier diode was performed in two steps.  

Before all steps, for removing SiO2 layer, the p-Si was immersed 

in aqueous hydrogen fluoride solution (2 wt%) for 1 min, rinsed 

with deionized water, and then dried with an air blower.  First, 

on a side of the p-Si, deposition of aluminum (Al) as an ohmic 

electrode was performed using an evaporation system (ULVAC, 

VPC-260F, pressure 2×10–3 Pa, current 28 A, evaporation time 

3 min).  After deposition of Al, for making ohmic contacts 

possible in the Al/p-Si interface, the p-Si after deposition was 

placed in an oven and annealed at 500 °C for 7 min.  Next, on 
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the other side, AgInk was patterned by squeegee method which 

is one of printing methods.  In this method, on the p-Si, a pit 

(size: 0.15×0.15 cm2) was constructed from 0.100 mm thick 

masking tape (Nitto Denko Corporation, N-300).  A small 

amount of AgInk was placed onto the pit and then excess 

amount of AgInk was removed with a metal blade.  After 

drying on a hot plate at 60 °C for 5 min, the masking tape was 

peeled away, achieving a smooth thin layer was formed.  The 

patterned p-Si was then placed in an oven at 300 °C and sintered 

for the desired time (5, 7.5, 10, 15, and 30 min).   

 

Measurements 

The prepared AgNPs were characterized by TEM (JEOL, JEM-

2010, accelerating voltage 100 kV).  The metal content of 

AgNPs and AgInk were estimated by thermogravimetric 

analysis using a thermal analysis system (Rigaku, Thermo plus 

Evo) from room temperature to 500 °C with a heating rate of 

20 °C·min–1 under an air flow of 300 mL·min–1.  Sheet 

resistance of the sintered silver films were measured using a 

resistivity meter (Mitsubishi analytech, Loresta-GP).  

Measurements of I-V characteristics of the Schottky barrier 

diodes were performed using a Current/Voltage monitor 

(ADCMT, 6241A) and a manual prober (ESS Tech, SP-0-3Ls).  

Morphological observations and EDX analyses of the silver 

electrodes were performed by FE-SEM with an energy 

dispersive X-ray spectrometer (JEOL, JSM-7800F, voltage 5 

kV, WD 10 mm).  Images of atomic force microscopy (AFM) 

and Kelvin probe force microscopy (KPFM) were taken by 

scanning probe microscopy (Shimadzu, SPM-9700HT).  

AFM and KPFM measurements were performed in the force 

modulation mode using a platinum silicide coated cantilever 

(NanoWorld AG, PtSi-FM, tip curvature <25 nm, spring 

constant 2.8 N·m–1, resonant frequency 75 kHz) under ambient 

atmosphere.   
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