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Abstract 

The photoelectrochemical response of a photocathode made from a colloidal solution of 

boron (B) and phosphorus (P) codoped silicon (Si) quantum dots (QDs) 2 to 11 nm in 

diameters is studied. Since codoped Si QDs are dispersible in alcohol and water due to the 

hydrophilic surface, a photoelectrode with smooth surface is produced by drop-coating the 

QD solution on an indium tin oxide (ITO) substrate. The codoping provides high oxidation 

resistance to Si QDs and makes the electrode operate as a photocathode. The 

photoelectrochemical response of a Si QD photoelectrode depends strongly on the size of 

QDs; there is a transition from anodic to cathodic photocurrent around 4 nm in diameter. 

Below the size, anodic photocurrent due to self-oxidation of Si QDs is observed, while above 

the size, cathodic photocurrent due to electron transfer across the interface is observed. The 

cathodic photocurrent increases with increasing the size, and in some samples, it is observed 

for more than 3000 sec under intermittent light irradiation.  

Keywords: photocathode, quantum dot, silicon, hydrogen evolution  

 

1. Introduction 

A colloidal solution of quantum dots (QDs) can be a 

precursor to produce QD solids or films by a vacuum-free 

printing process for flexible light emitting diodes (LEDs) [1], 

solar cells [2] and thin film transistors [3,4]. It is also a 

material for the production of QDs photoelectrodes for 

hydrogen evolution [5–8] and carbon dioxide reduction 

[9,10]. A QD-based photoelectrode has several superior 

properties such as the large freedom to control the band gap 

energy, the large surface-to-volume ratio, and the very small 

migration distance for photogenerated carriers to reach the 

surface [11–13]. Zhao et al. demonstrated that quantum size 

effects play an important role to determine the photocatalytic 

hydrogen generation rate in cadmium selenide (CdSe) QDs 

[5]. Shi et al. showed that tuning of the energy level structure 

of cadmium sulfide (CdS) QDs by selenium (Se) doping 

enhances the hydrogen evolution performance [8]. These 

cadmium (Cd)-chalcogenide QDs are also used as a 

sensitizer to enhance the effective absorption cross-section of 

a photoelectrode made from wide band gap semiconductor 

[14]. For example, Hongjin et al. achieved a Faradaic 

efficiency of 99.5 % for photoelectrochemical hydrogen 

production in nickel oxide (NiO) photoelectrodes with 

different-size CdSe QDs on the surface [15]. So far, almost 
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all researches on QDs-based photoelectrodes are utilizing 

Cd-chalcogenide QDs due mainly to the availability of the 

high-quality colloidal solution. However, the toxicity of Cd 

is always concern for the further development. 

In contrast to Cd-chalcogenides, silicon (Si) is an 

environmentally friendly semiconductor material. The band 

gap is in the near infrared range (1.12 eV) and the conduction 

band edge is much higher than the proton reduction potential 

[16–18]. Therefore, it is a potentially suitable material for a 

photocathode for hydrogen evolution. Several types of 

nanoscale Si crystals, such as porous Si [19–21] and Si 

nanowires [12,22–24], have been developed as a material for 

a photocathode. These Si nanostructures are produced by 

electrochemical etching, metal-assisted etching, chemical 

vapor deposition, etc. On the other hand, production of a 

photoelectrode from a colloidal solution of Si QDs by a 

solution-based process is very rare. Although a solution of 

porous Si nanoparticles, which are agglomerates of Si 

nanocrystals, was used to produce a photocathode by a drop-

casting process [21], the complicated structure hinders 

detailed analyses of the size dependence of the 

photoelectrochemical property. 

In applications of Si QDs for a photocathode, the largest 

concern is the surface oxidation; formation of a kinetic 

barrier degrades the performance of the photoelectrode. 

Recently, we have developed Si QDs having much higher 

oxidation resistance than conventional Si QDs. The Si QDs 

have a heavily boron (B) and phosphorous (P) codoped 

amorphous shell [25,26] as confirmed by atom probe 

tomography and transmission electron microscopy (TEM) 

[27–29]. The shell induces characteristic surface properties to 

Si QDs such as the negative surface potential (ζ potential: ~-

30 meV) [30], the high dispersibility in water without 

organic ligands [31], and the high oxidation resistance [32]. 

B atoms accumulated on the surface are considered to be 

responsible for these properties [33]. To the ligand-free bare 

surface of a B and P codoped Si QD, molecules in a solution 

can easily access, and thus efficient charge transfer reaction 

is expected. In fact, chemical doping [34] and various 

photocatalytic reactions [36], including photocatalytic 

hydrogen evolution [32], have been observed.  

This work is an extension of the previous work on 

photocatalytic hydrogen evolution by B and P codoped Si 

QDs [32]. In this work, we fabricate a photoelectrode from 

colloidal solutions of codoped Si QDs with the diameters in 

the range 2 to 11 nm, and study the photoelectrochemical 

properties. We show that B and P codoping modifies the 

photoelectrochemical response of Si QDs significantly.  In a 

photoelectrode produced from undoped Si QDs, the 

photoresponse is often not observed or sometimes anodic 

photocurrent is observed. The anodic photocurrent indicates 

that photoexcited holes are consumed by self-oxidation, and 

photoexcited electrons are transferred to the back-contact. On 

the other hand, in codoped Si QDs, cathodic photocurrent is 

observed when the size is relatively large. Therefore, in 

codoped Si QDs, photoexcited holes are transferred to the 

back-contact before self-oxidation of Si QDs proceeds, and 

photoexcited electrons reduce protons. We also show that the 

cathodic photocurrent increases with increasing the size of 

codoped Si QDs. The present results indicate that high 

oxidation resistance achieved by B and P codoping largely 

improves photoelectrochemical responses of Si QD 

photocathodes. 

 

2. Experimental section 

Colloidal solutions of B and P codoped Si QDs were 

fabricated by a cosputtering method. Details of the 

preparation procedure are shown in our previous papers 

[25,26]. Si, silicon dioxide (SiO2), boron trioxide (B2O3), and 

phosphorus pentoxide (P2O5) were simultaneously sputtered, 

and a Si-rich borophosphosilicate glass (BPSG) film was 

deposited on a stainless-steel plate. The film was peeled off 

from the plate and annealed in a N2 gas atmosphere at 1000-

1250 °C for 30 min to grow codoped Si QDs in a BPSG 

matrix. The size of the Si QDs depends on the annealing 

temperature. Our previous TEM studies revealed that in this 

temperature range, the average diameter of Si QDs changes 

from 2-11 nm [30,32]. Si QDs were extracted from a BPSG 

matrix by hydrofluoric acid (HF) etching and dispersed in 

methanol. As references, undoped Si QDs were also 

produced by a similar method, i.e., Si and SiO2 were sputter-

deposited simultaneously and annealed at 1000-1200 °C. 

Since undoped Si QDs form agglomerates after HF etching, 

the size cannot be determined precisely. Before HF etching, 

i.e., in a silica matrix, the average diameter of undoped Si 

QDs changes from 4.2 nm to 5.4 nm in the annealing 

temperature range of 1150-1200 °C [36].  

 Figure 1a shows a photograph of a water solution of 

codoped Si QDs (5.9 nm in average diameter). The solution 

is clear and light scattering by agglomerates is not observed. 

The high dispersibility of codoped Si QDs in water is due to 

the negative surface potential induced by doping [31]. Note 

that in the case of undoped Si QDs prepared by a similar 

process, large agglomerates precipitate immediately. Figure 

1b and c shows TEM (JEM-2010, JEOL) images of codoped 

Si QDs grown at 1150 and 1200 °C. The high resolution 

images are shown in the insets. For the TEM observations, a 

methanol solution of Si QDs was dropped on a carbon-coated 

copper mesh. Lattice fringes corresponding to {111} planes 

of Si crystal can be seen. The average diameters (dave) and 

the standard deviations (σ) obtained from TEM observations 

are dave = 5.9 nm (σ = 1.2 nm) and dave = 8.6 nm (σ = 2.0 nm) 

for codoped Si QDs grown at 1150 and 1200 °C, respectively.  

Figure 1d shows PL spectra of Si QDs in water excited at 

405 nm. The average diameter is changed from 2.0 to 8.6 nm. 
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A high-energy shift of the PL peak with decreasing the size 

is clearly observed [30]. We have studied the size 

dependence of the PL energy in detail in previous work and 

found that the PL peak energy of codoped Si QDs is several 

hundred meV lower in energy than that of undoped Si QDs 

with comparable sizes [37]. The low-energy shift by B and P 

codoping indicates that the PL arises from donor-to-acceptor 

states transitions. The formation of donor and acceptor states 

was proved by scanning tunneling spectroscopy (STS) [38]. 

The PL bands in Figure 1d are very broad. This is partly due 

to the size distribution [39]. However, even without size 

distribution, i.e., in single dot spectroscopy, the PL bands of 

B and P codoped Si QDs are very broad, i.e., ~250 mV or 

even more at room temperature [39]. Codoped Si QDs are 

slightly p-type [40]; p-type operation is reported in MOS 

FETs produced from codoped Si QDs 6.9 nm in average 

diameter [41]. 

Figure 1e shows the process to produce a Si QD 

photoelectrode. A methanol solution (~6 µL) of Si QDs (10 

µg) was dropped onto an indium tin oxide (ITO) film (150 

nm in thickness) on a glass plate (15 mm×5 mm) after the 

UV-ozone cleaning. The electrode was then annealed in 

vacuum (5×10-5 Torr) at 250 °C for 30 min to remove 

solvents. Finally, the area to have contact with a solvent (7.5 

mm× 5 mm) was defined by covering the peripheral region 

by epoxy resin. 

  Photoelectrochemical measurements were carried out 

using a conventional three-electrode setup (SP-300, 

BioLogic) shown in Figure 1e by using a Pt coil as a counter 

electrode and an Ag/AgCl electrode as a reference electrode. 

A 0.5 M Na2SO4 solution was used as the electrolyte. Prior to 

measurements, a solution was purged by Ar gas to remove 

dissolved oxygen. A diode laser (405 nm, 100 mW) was used 

as a light source. Linear sweep voltammetry (LSV) was 

performed in a 0.15 to -0.45 V vs RHE range. The scan rate 

was 20 mV s-1. In the Supporting Information (Figure S1), 

the relation between the electrode potential and the highest 

occupied molecular orbital (HOMO) and (lowest unoccupied 

molecular orbital (LUMO) levels of Si QDs are shown [40]. 

The photocurrent response under the intermittent light 

irradiation was measured at constant applied potential of -

0.25 V vs RHE. We confirmed that no photoresponse is 

observed without Si QDs, i.e., in a bare ITO electrode 

(Figure S2 in the Supporting Information). 

 
 

Figure 1. (a) Photograph of a water solution of codoped Si 

QDs. (b,c) TEM images of Si QDs grown at (b) 1150, and (c) 

1200 °C. The average diameters estimated from TEM images 

are 5.9 and 8.6 nm, respectively. (d) PL spectra of water 

solutions of Si QDs with different diameters. The average 

diameters and growth temperatures are shown in the figure. 

(e) Fabrication of Si QDs photoelectrode and schematic of 

three electrodes setup. A Pt coil counter electrode and an 

Ag/AgCl reference electrode were immersed in water 

containing 0.5 M Na2SO4 as a supporting electrolyte. 

 

3. Results and discussion 

Figure 2a shows a photo of a photoelectrode produced 

from a water solution of B and P codoped Si QDs 8.6 nm in 

diameter. Since Si QDs are well-dispersed in a solution, a 

flat film is formed by drop-coating. In the Supporting 

Information (Figure S4), photos of Si QDs photoelectrodes 

produced from other size codoped Si QDs are shown. The 

films are very stable and the morphology does not change by 

photoelectrochemical experiments described below (Figure 

S3 in the Supporting Information). Figure 2b shows a cross-

sectional scanning electron microscope (SEM) (JSM-7100F, 

JEOL) image of a Si QDs photoelectrode. The image was 

taken after modulated light irradiation for 3000 sec under 

constant bias (-0.25 V vs RHE). The average diameter of Si 

QDs is 5.9 nm. A dense film of Si QDs is formed. The 

thickness of the Si QD layer is ~340 nm. This indicates that 

about 60 layers of Si QDs are formed. Figure 2c shows an 

atomic force microscope (AFM) (TT-2 AFM, AFM 

workshop) image. The root mean square roughness is 5.0 nm, 
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which is comparable to the QD size. It should be stressed 

here that a uniform film like Figure 2a cannot be produced 

from undoped Si QDs because of the agglomeration in water 

(see photos of electrodes produced from undoped Si QDs in 

the Supporting Information (Figure S5)). 

Figure 2d shows a Raman spectrum of a Si QDs 

photoelectrode produced from Si QDs 5.9 nm in diameter 

(excitation: 488.0 nm, 1 mW) (solid line). A TO phonon 

mode of Si crystal at 520 cm-1 is clearly seen, indicating the 

high crystallinity of the Si QDs. A broad background below 

500 cm-1 comes from an ITO/glass substrate (dotted line) and 

a heavily B and P doped amorphous shell of a Si QD [42]. 

The broad band around 650 cm-1 also arises from a heavily B 

and P codoped amorphous shell [42].  

Figure 2e shows the light transmittance spectra of 

electrodes produced from Si QDs 2.0, 5.9, and 8.6 nm in 

average diameters. The transmission loss at the long 

wavelength side is mainly due to scattering and reflection, 

while that at the short wavelength side is due to absorption 

by Si QDs. With decreasing the size of Si QDs, the 

absorption becomes small even though the amount (weight) 

of Si QDs are fixed. This is due to the high-energy shift of 

the band gap by the quantum size effect. The decrease of the 

absorption with decreasing the size can also be seen in the 

color of the electrodes (Figure S4 in the Supporting 

Information). 

 
Figure 2. (a) Photograph of a photoelectrode of Si QDs 8.6 

nm in diameter. (b) Cross-sectional SEM image (10° tilted), 

(c) AFM image, and (d) Raman scattering spectrum of a 

photoelectrode of Si QDs 5.9 nm in diameter. In (d), a 

spectrum of an ITO substrate is also shown (dot line). (e) 

Light transmittance spectra of Si QDs photoelectrodes with 

different particle diameters. 

 

First, we study photoelectrochemical properties of a 

photoelectrode produced from undoped Si QDs. Since 

undoped Si QDs are not dispersible in water and form 

agglomerates, the electrode is not uniform (Figure S5 in the 

Supporting Information). Although the morphology is not 

nice, we can still measure the LSV. Figure 3a shows one of 

the results. The sweep range is 0.15 to -0.45 V vs RHE. The 

shaded and unshaded regions correspond to dark and light 

irradiation, respectively. Under light irradiation, anodic 

current is observed. A possible mechanism of the anodic 

photocurrent is that a photoexcited electron is transferred to 

the back-contact and a hole is consumed by self-oxidation of 

a Si QD by the following reaction [43], 

 Si + 4h+ + 2H2O → SiO2 + 4H+  , (1) 

where h+ is a photoexcited hole in a Si QD. Therefore, 

photoexcited electrons do not reduce protons in undoped Si 

QDs. It should be noted here that the anodic photocurrent 

similar to Figure 3a was observed for a few undoped Si QDs 

samples, but in some samples, photoresponses were not 

observed (Figure S6 in the Supporting Information). 

Furthermore, no clear size dependence was observed in the 

photoresponse of undoped Si QDs. This result suggests that 

previously observed H2 generation by undoped Si QDs under 

light irradiation [32] is at least partly due to the self-

oxidation.  

Figure 3b-d shows the linear sweep voltammograms of 

photoelectrodes produced from codoped Si QDs 2.0, 5.9 and 

8.6 nm in average diameters, respectively. Different 

photoresponses are observed for different size Si QDs. 

Furthermore, the level of the background current is different. 

However, since no systematic trends were observed for the 

background current, in the following, we focus on the 

photocurrent, i.e., difference of the current between under 

light irradiation and in dark.  In codoped Si QDs 2.0 nm in 

diameter (Figure 3b), anodic photocurrent similar to that of 

undoped Si QDs in Figure 3a is observed. On the other hand, 

in Si QDs 5.9 and 8.6 nm in diameters (Figure 3c and d, 

respectively), cathodic current is observed under light 

irradiation. This suggests that photoexcited electrons reduce 

proton at the surface, and holes are transferred to the back-

electrode and oxidize water at the counter electrode.  

In Figure 3e, photocurrent under constant bias (-0.10 and -

0.20 V vs RHE) is shown as a function of the diameter of 

codoped Si QDs. We can see clear size dependence; the 

cathodic photocurrent increases with increasing the size. We 

can also see a transition from anodic to cathodic photocurrent 

around 4 nm in diameter. One of the reasons for the 

photocurrent increase with increasing the size is due to the 

increase of the light absorption (Figure 2e). However, it 

cannot explain the transition from anodic to cathodic 

photocurrent. The observed size dependence suggests that 

there is competition between anodic photocurrent due to self-
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oxidation of Si QDs and cathodic current due to proton 

reduction. The former is dominant in small codoped Si QDs 

and undoped Si QDs, while the latter is dominant in large 

codoped Si QDs. The observation of the cathodic current 

suggests that self-oxidation in eq. (1) is largely suppressed in 

relatively large codoped Si QDs.  

It is noted that both the photocatalytic proton reduction 

and the photooxidation of Si QDs results in H2 generation. In 

our previous work on H2 evolution by codoped Si QDs, we 

studied the amount of H2 molecules generated in Si QDs-

dispersed water under light irradiation [32]. However, in the 

experiments, the two mechanisms were not clearly 

distinguished. Combination of the previous results and the 

present result, i.e., dominance of cathodic photocurrent and 

suppression of self-oxidation in relatively large codoped Si 

QDs, suggests that H2 generation in large codoped Si QDs 

observed in the previous work is mainly due to 

photocatalytic proton reduction.  

Figure 3f shows the current response under intermittent 

light irradiation (5 sec on and 5 sec off) under constant bias 

(-0.25 V vs RHE) for 3000 sec. The average diameter of Si 

QDs is 5.9 nm. Stable cathodic photocurrent is observed for 

3000 sec. However, this is the data of the best sample 

produced. At the present stage of research, the stability of the 

cathodic photocurrent depends on samples. Even in 

electrodes produced from same QD solutions, the stability is 

different. For example, in the Supporting Information (Figure 

S7 and S8), the data obtained for different electrodes 

produced from codoped Si QDs 5.9 and 8.6 nm in diameters, 

respectively, are shown. In both cases, the stability is 

different from sample to sample. 

 
 

Figure 3. Current response of Si QD photoelectrodes under 

chopped 405 nm illumination. (a-d) LSVs of (a) undoped and 

(b-d) codoped Si QDs on ITO substrate. The size of codoped 

Si QDs is (b) 2.0 nm, (c) 5.9 nm, and (d) 8.6 nm. The scan 

range is 0.15 to -0.45 V vs RHE, and the scan speed is 20 

mV s-1. The shaded and unshaded regions correspond to dark 

and light irradiation, respectively. (e) Photocurrent of Si QDs 

photoelectrodes produced from different diameter codoped Si 

QDs under constant bias (-0.10 and -0.20 V vs RHE). (f) 

Photocurrent under intermittent light irradiation (5 sec on 

and 5 sec off) under constant bias (-0.25 V vs RHE) for 3000 

sec. 

 

In Figure S9 in the Supporting Information, 

photoresponses of electrodes produced from codoped Si QDs 

5.9 nm in diameter at different pH (3-7) are shown. pH is 

controlled by adding sulfuric acid. Photocurrent does not 

strongly depend on pH. Similarly, in Figure S10 in the 

Supporting Information, photoresponses when different 

kinds of reducing (sacrificial) agents, i.e., methanol, 

formaldehyde, ethylenediaminetetraacetic acid (EDTA), 

sodium sulfite and ascorbic acid, are added are shown. In 

almost all cases except for the addition of ascorbic acid, the 

cathodic photocurrent does not change or decreases. The 

decrease is due to extraction of photoexcited holes by 

sacrificial agents, and resultant decrease of hole transfer to a 

back contact. At present, the mechanism of the cathodic 

photocurrent increase by ascorbic acid is not clear. A 

possible explanation is that it prevents self-oxidation of Si 

QDs and keeps them fresh.  

Finally, in order to study the composition of the surface 

and the oxidation resistance of different size codoped Si QDs, 

we perform the X-ray photoelectron spectroscopy (XPS) 

(PHI X-tool, ULVAC-PHI) before and after the intermittent 

(5 sec on and 5 sec off) light irradiation for 3000 sec under a 

constant bias (-0.25 V vs RHE) in water. Figure 4a-c shows 

XPS spectra of Si 2p, P 2p and B 1s core electrons, 

respectively. The black and red curves are the data obtained 

before and after light irradiation, respectively. Before 

irradiation, in Si QDs 2.0 nm in diameter, the signals from 

oxidation states of Si (Si2+ or Si3+) dominate the spectrum, 

while in Si QDs 5.9 and 8.6 nm in diameters, the Si0+ signal 

is dominant. This means that already during storage of Si 

QDs in methanol and water, oxidation proceeds in small Si 

QDs. In 2.0 nm diameter Si QDs, P 2p and B 1s signals are 

much weaker than those of 5.9 and 8.6 nm diameter Si QDs. 

In particular, P 2p signal is barely observed. This indicates 

that the B and P codoped shell is much thinner in 2.0 nm 

diameter Si QDs than in larger Si QDs. In other words, the 

surface structure of 2.0 nm diameter Si QDs is similar to that 

of undoped Si QDs, and thus they exhibit similar 

photoelectrochemical responses. 
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After light irradiation, the XPS spectra slightly change. In 

Si QDs 2.0 nm in diameter, the Si0+ signal decreases slightly 

and those of the oxidation states (Si2+ or Si3+) increase. This 

suggests formation of Si-O bonds during light irradiation. 

Similar change is observed in Si QDs 5.9 nm in diameter. In 

Si QDs 8.6 nm in diameter, the change of the Si 2p signal is 

very small, although still exists. In Si QDs 5.9 nm in 

diameter, both the P 2p and B1s signals become small, while, 

in Si QDs 8.6 nm in diameter, the signals are almost 

unaffected. 

 

 
 

Figure 4. XPS spectra of Si QDs photoelectrodes before 

(black line) and after (red line) intermittent (5 sec on and 5 

sec off) light irradiation for 3000 sec under constant bias (-

0.25 V vs RHE); (a) Si 2p, (b) P 2p, (c) B 1s. The data of Si 

QDs 2.0, 5.9 and 8.6 nm in diameters are shown. 

 

3. Conclusion 

We have developed Si QDs photoelectrodes from 

colloidal solutions of B and P codoped Si QDs. Since 

codoped Si QDs are well dispersed in water and does not 

form agglomerates, smooth QDs films were produced by 

drop-coating. We found that the photoelectrochemical 

response depends strongly on the size of Si QDs. When the 

diameter is smaller than around 4 nm, anodic photocurrent 

due to self-oxidation of Si QDs was observed, while cathodic 

photocurrent due to proton reduction was observed for larger 

Si QDs. In some samples, cathodic photocurrent was 

observed for more than 3000 sec under the intermittent light 

irradiation. The present results suggest that B and P codoping 

significantly improves photoelectrochemical properties of Si 

QDs photocathodes and thus opens a new route to realize Si-

based high performance photoelectrodes. 
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