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Abstract The simple passivation method of heat treat-

ment in liquid water is discussed. Photo-induced effective

minority carrier lifetime seff increased to 3.3 9 10-3 s

above 110 �C for 1 h for 17-Xcm n-type crystalline silicon.

Increase in seff was observed ranging from 3.5 9 10-4 to

3.7 9 10-3 s for n-type silicon with resistivity ranging

from 2 to 17 Xcm. seff maintained high values ranging

from 1.5 9 10-4 to 1.4 9 10-3 s for 1270 h. The metal-

insulator-semiconductor-type diodes were formed on the

top surfaces of the n-type and p-type substrates by forming

Al and Au metals on the 0.7-nm-thin passivated layers.

Rectified and Fowler–Nordheim current characteristics

were observed in the dark field because of the difference of

the work function between Al and Au. High photo-induced

current density of 31.1 mA/cm2 and photovoltaic effect

were observed in case of light illumination of AM 1.5 at

100 mW/cm2 to the rear surface. The recombination

velocity in the regions under the metal electrode in the MIS

structure was determined by lateral diffusion of photo-in-

duced carriers. They were 1000 and 11,000 cm/s under Al

and Au, respectively, in the n-type Si substrate.

1 Introduction

The passivation of semiconductor surfaces is important to

achieve a long lifetime of photo-induced minority carriers,

which is required for fabricating high-performance photo-

sensors and photovoltaic devices [1–19]. Many famous

passivation techniques have been developed for surface

passivation, for example, formation of thermally grown

SiO2 layers [20], hydrogenation treatment [21, 22], field-

effect passivation caused by fixed charges in SiN or alu-

minum oxide [23, 24], and high-pressure H2O vapor heat

treatment [25–29]. We have recently proposed simple heat

treatment in liquid water at 110 �C for low-temperature

surface passivation techniques for silicon substrates [30,

31]. That simple heat treatment achieved the minority

carrier effective lifetime seff longer than 1 ms in the case of

17-Xcm single-crystalline silicon. Moreover, the long seff
results from formation of 0.7-nm passivation oxide film on

the silicon surface. Thin oxide layer is attractive for metal-

insulator-semiconductor (MIS)-type solar cells because a

thin insulating layer allows electrical current from a

semiconductor to a metal by the quantum tunneling effect

[32–34]. Those possibilities give us a motivation in this

paper of further characterization of passivation by heat

treatment in liquid water.

In this paper, we report characterization of the passi-

vation method of heating silicon substrates in liquid water

with new experimental results. We report change in seff
with temperature of liquid water to find an appropriate

condition of the present heat treatment. We also demon-

strate high seff for silicon with resistivities ranging from 2

to 17 Xcm, which are practical for photosensor and solar

cell fabrication. Subsequently, we show that the seff
maintains high values longer than 1000 h. Then we discuss

characteristics of the electrical current density as a function
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of applied voltage with a model of Fowler–Nordheim

quantum effect in the MIS-type structure with Al and Au

electrodes. Photo-induced carriers generated in silicon have

a chance to recombine carriers in the metals via thin pas-

sivation layer. We report experimental investigation of

carrier recombination velocity under the metal electrodes

in MIS structure.

2 Experimental

As the initial samples, 500-lm-thick n-type (100) oriented

single-crystalline silicon substrates with resistivity of 2, 5,

8, 13, and 17 Xcm were prepared and 500-lm-thick p-type

(100) oriented single-crystalline silicon substrates with

resistivity of 15 Xcm were also prepared. Native oxide

layers of the sample surfaces were initially removed by

dipping the samples in 5 % diluted hydrofluoric acid. After

rinsing the samples by pure and deoxidized water, they

were then placed in a pressure-proof chamber with a

capacity of 2800 cm3 with 1500 cm3 of pure water. A hot-

wall-type heater was used to heat the silicon samples dip-

ped in water at 110 �C for 1 h, as shown in Fig. 1. The

pressure-proof chamber kept the liquid water at 110 �C at a

pressure of 2.4 9 105 Pa given by the vaporization of some

of the hot water.

In order to measure seff precisely, we used a 9.35-GHz

microwave transmittance measurement system, as shown in

Fig. 2 [35–37]. The system had waveguide tubes, which had

a narrow gap for placing a sample for seff measurement.

Continuous-wave (CW) 635-nm laser diode (LD) light was

introduced into the waveguide tube and illuminated onto the

sample surface over the entire area in the tube, as shown in

Fig. 3a. The light intensity was set at 0.74 mW/cm2 at the

sample surface. Photo-induced carriers were generated in the

3-lm surface region by 635-nm light absorption [38].

Microwave transmission in a dark field, Td and under LD

light illumination, Tp were detected and analyzed to obtain

seff. We constructed a finite element numerical calculation

program including theories of carrier generation associated

with optical absorption coefficients, carrier diffusion, and

annihilation to estimate the surface recombination velocity

S at the top and rear surfaces [35–39]. The most probable

S was determined by the best coincidence between the

experimental and calculated seff values.
We fabricated MIS-type diodes using 17-Xcm n-type

and 15-Xcm p-type silicon substrates. After heat treatment

in liquid water at 110 �C, stripe electrodes of Al and Au

with widths of 100 and 300 lm and a gap of 200 lm for

n-type sample, and 350 and 50 lm and a gap of 200 lm for

p-type sample were formed on a top passivated surface by

vacuum evaporation. The current density as a function of

applied voltage was measured in a dark field and under AM

1.5 light illumination at 100 mW/cm2 to the rear surface.

Moreover, we investigated S in the regions under the

metal electrode in the MIS structure [40]. The surfaces of

the 17-Xcm n-type single-crystalline silicon substrate was

passivated in liquid water at 110 �C for 1 h. seff was

measured by the 9.35-GHz microwave transmittance

measurement system, as shown in Fig. 3a. Then, change in

the microwave transmittance was measured when CW

635-nm light at 0.74 mW/cm2 was illuminated just outside

of the waveguide tube, as shown in Fig. 3b. Photo-induced

minority carriers laterally diffused underlying the waveg-

uide tube with a thickness of 0.1 cm and came into the

inside area of the waveguide tube. The signal detected by

the microwave transmittance system shows the total den-

sity of photo-induced minority carrier reduced with the

effective minority carrier diffusion length L determined by

seff. The detection limit of the signal values of ln(Td/Tp) is

about 2 9 10-4. Finally, Al and Au with an area of

0.1 9 2.0 cm2 were formed on the passivated surface of

the sample by vacuum evaporation. The metal electrode

was coincidentally positioned on the 0.1-cm-thick wall of

the waveguide tubes, as shown in Fig. 3c. Photo-induced

carriers that laterally diffused into the region in the

Fig. 1 Schematic of pressure-proof apparatus and image of heat

treatment in liquid water at 110 �C

Fig. 2 Schematic of apparatus for 9.35-GHz microwave transmit-

tance measurement system for measuring seff of sample wafers with

635-nm light illumination
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waveguide tube via the region covered with the Al or Au

electrodes were observed with microwave absorption. In

order to analyze S in the regions under the metal electrode,

a two-dimensional numerical analysis program of carrier

diffusion and annihilation using the finite differential ele-

ment method was constructed [41]. The most probable S in

the regions under the metal electrodes was analyzed from

the microwave transmittance data.

3 Results and discussion

Figure 4a shows seff as a function of temperature of liquid

water for 1 h treatment for samples with a resistivity of

17 Xcm. The value of seff of the initial bare samples was

very low of 3.0 9 10-6 s, as shown in Fig. 4a. seff
increased to 1.5 9 10-4 s by 90 �C liquid-water treatment.

It increased as the temperature increased and showed

similar values of 3.3 9 10-3 and 3.2 9 10-3 s at 110 and

120 �C. The experimental result of Fig. 4a suggests that

the initial bare samples had high densities of recombination

defect states at the silicon surface region, which rapidly

annihilated photo-induced carrier, and that the silicon

surfaces were well passivated by liquid water heat treat-

ment above 110 �C. In order to estimate S values, the bulk

lifetime sb was assumed by semiempirical models based on

lifetime measurements of float-zone silicon [42–44]. sb
depends on doping concentrations. The values of sb were

0.14 s in the case of a resistivity of 17 Xcm. The values of

S were estimated by fitting the calculated seff to experi-

mental values using a finite element numerical calculation

program with sb given above, as shown in Fig. 4b. The

S was estimated to be 11,000 cm/s at most for the initial

bare sample. It markedly decreased to 8 cm/s as the tem-

perature of liquid water increased to 110 �C. The Fitzger-

ald formula of S [45] gave a density of surface

recombination defects of 5.0 9 109 cm-2, which was

comparable to that of thermally grown SiO2/Si interface.

Figure 5a shows seff for the n-type initial samples and

samples heat-treated in liquid water at 110 �C for 1 h as a

function of resistivity of silicon substrates. The initial

samples with resistivity in the range from 2 to 17 Xcm had

Fig. 3 9.35-GHz microwave transmittance measurement with CW

635-nm laser diode light introduced in the waveguide tubes (a),
illuminated to the outside silicon region of the waveguide tube for the

no electrodes sample (b), and the sample formed metal electrode (c)

Fig. 4 seff (a) and S (b) as a function of temperature of liquid water

for 1 h treatment for sample with a resistivity of 17 Xcm
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low seff values in the range from 3.4 9 10-6 to

3.5 9 10-5 s. The initial bare samples had high densities

of recombination defect states at the silicon surface region

with the different resistivities. The S value ranged from 630

to 16,000 cm/s, which were estimated with calculated

values sb for each resistivities, as shown in Fig. 5b. The seff
for the every resistivity was markedly increased by heat

treatment in liquid water at 110 �C for 1 h. The seff
increased from 3.5 9 10-4 to 3.7 9 10-3 s, as the resis-

tivity increased from 2 to 17 Xcm, as shown in Fig. 5a.

The S value decreased from 74 to 7 cm/s, as the resistivity

increased from 2 to 17 Xcm. These results in Figs. 4 and 5

clearly demonstrate that the present heat treatment in liquid

water is effective for the surface passivation for the silicon

substrates with different resistivities.

Figure 6 shows changes of seff with elapsed time during

keeping the samples in air atmosphere at a temperature of

20 �C and a humidity of 50 % after heat treatment in liquid

water at 110 �C for 1 h. The seff values of the initial

samples before the present treatment are also presented by

arrows in Fig. 6. The sample with the every resistivity

maintained high seff value up to 1270 h after heat treat-

ment. Degree of decrease in seff from just after heat

treatment to 1270 h was 50 % at most. These results show

that the present heat treatment in liquid water has a capa-

bility of stable passivation of the silicon surfaces with low

recombination defect states. It will be valuable to further

search for the optimum condition of the temperature of

liquid water and the duration of heat treatment to achieve a

higher and more stable seff.
Figure 7 shows the absolute electrical current density as

a function of the applied voltage for the MIS-type diodes

formed in (a) the n-type and (b) p-type heat-treated samples

in the dark field and under AM 1.5 light illumination at

100 mW/cm2 to the rear surface. Bias voltage was applied

Fig. 5 seff (a) and S (b) for the n-type initial samples and samples

heat-treated in liquid water at 110 �C for 1 h as a function of

resistivity of silicon substrates

Fig. 6 Changes of seff with elapsed time during keeping the samples

in air atmosphere at a temperature of 20 �C and a humidity of 50 %

after heat treatment in liquid water at 110 �C for 1 h

Fig. 7 Absolute electrical current density as a function of the applied

voltage for the MIS-type diodes formed in a the n-type and b p-type

heat-treated samples in the dark field and under AM 1.5 light

illumination at 100 mW/cm2 to the rear surface
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to the Au electrode, and the Al electrode was kept at 0 V,

as shown in the inset in Fig. 7. The absolute electrical

current density in the dark field showed good rectified

characteristics for the n-type and p-type samples. The

rectified characteristics experimentally demonstrate that

the difference in work function between the Al and Au

electrodes caused the built-in potential in the silicon sur-

face regions. Because the initial Fermi level of 4.4 eV for

the present n-type silicon was near the work function of Al

of 4.18 eV but much different from that of Au of 5.1 eV

[46], a large internal potential distribution associated with

the depletion region is spatially formed near the Au elec-

trode. On the other hand, because the initial Fermi level of

4.9 eV for the p-type silicon is near the work function of

Au but much different from that of Al, a large internal

potential distribution associated with the depletion region

is spatially formed near the Al metal electrode. The abso-

lute current density in the dark field was small at the

reverse bias, especially for the p-type sample. This indi-

cates that the depletion layer with a low density of carrier

recombination defects was formed under the Al electrode.

The logarithmic absolute current in dark lineally increased

as the forward bias voltage increases from 0.22 to 0.36 V:

It is typical diode characteristic in which the depletion

layer limits electrical current. The passivation oxide film

was sufficiently thin to allow the FN quantum effect cur-

rent [47]. The FN current density J is proportional to

J / V2 exp � A
V

� �
, where V and A are the applied voltage

and an arbitral constant including effective mass of elec-

tron, barrier height of insulating layer, elemental charge,

and Planck constant. The FN plot therefore can be given as,

ln
J

V2

� �
/ � A

V
; ð1Þ

Figure 8 shows FN plot given by Eq. (1) in the case of

experimental dark current density of p-type sample shown

in Fig. 7b. ln(J/V2) monotonously decreased as 1/V in-

creased. Liner decrease characteristic of ln(J/V2) was

observed for 1/V ranging from 2.2 to 2.8 V-1 and V

ranging from 0.45 to 0.36 V, respectively, as shown by

hatching regions in Figs. 7b and 8. FN controlled current

was observed at the applied voltage between 0.36 and

0.45 V just above the voltage region (0.22 and 0.36 V)

governing depletion region controlled current.

Light illumination markedly increased the absolute

electrical current density. The substantially absolute elec-

trical current densities at 0 V, indicating the short circuit

current density Jsc, were 24.3 and 31.1 mA/cm2 for n- and

p-type silicon substrates, respectively. Photo-induced holes

and electrons generated in the rear surface region separated

from each other and flowed into the Au and Al electrodes,

respectively, in accordance with the internal built-in

potential. The photovoltaic effect was also observed. The

voltages with no absolute electrical current density, indi-

cating the open circuit voltage Voc, appeared at 0.36 and

0.47 V for n- and p-type silicon substrates, respectively.

This means that electrical power was generated by AM 1.5

light illumination to the samples. The result in Fig. 7

fundamentally demonstrate a capability of application of

the present passivation method to photosensors and pho-

tovoltaic devices fabrication.

The electron wave function coupling is possible between

metal and silicon via thin passivation layer. This theoreti-

cally indicates a high carrier recombination velocity at the

silicon surface under the metals. Moreover, there are band

bending and a depletion region in n-type silicon under the

Au metal. Our previous research indicates that depletion

surface has a high carrier annihilation velocity [41]. Fig-

ure 9 shows (a) the signal values of ln(Td/Tp), and

(b) S obtained from the microwave transmittance mea-

surement with the experimental configuration described in

Fig. 3b, c. Although seff and L were high of 1.8 9 10-3 s

and 0.147 cm for the n-type sample with passivated sur-

faces, ln(Td/Tp) was low value of 7.4 9 10-3 in the case of

the configuration shown in Fig. 3b compared with the

value of 3.2 9 10-1 in the case of conventional configu-

ration of direct light illumination as shown in Fig. 3a

because long lateral diffusion was required in the case of

light illumination outside of the waveguide tube. We suc-

ceeded in observation of the carrier diffusion via the region

covered with the metal electrode, as shown in Fig. 3c.

ln(Td/Tp) markedly decreased to 1.0 9 10-3 and

5.5 9 10-4 in the cases of Al and Au electrodes, respec-

tively. Analysis of S using the numerical calculation pro-

gram resulted in a low value of 14 cm/s for the sample with

passivated surfaces as shown in Fig. 9b. We analyzed S in

2 3 5
-8

-7

-4

-1

1/V [V-1]

ln
(J

/V
2 )

-6

1 4

-5

-3

-2

1 0.5 0.4 0.3 0.2

Applied voltage V [V]

Fig. 8 The ln(J/V2) calculated from dark current density of p-type

sample as a function of 1/V. The applied voltage V was also indicated

in upper horizontal axis
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the cases of Al and Au formed on the top passivated sur-

faces with an assumption of that the rear surfaces kept the

S of 14 cm/s. S was large of 1000 and 11,000 cm/s for the

regions under Al and Au metals, respectively. Figure 10

shows the schematic image of photo-induced carrier dis-

tribution in the x-direction, N(x), for (a) light illuminated in

the waveguide tube as shown in Fig. 3a, and (b) illumi-

nated just outside of the waveguide tube as shown in

Fig. 3b, c. In the case of light illumination into the

waveguide tube, N(x) was high and almost flat in the region

with x from 0 to 2.3 cm because of uniform CW light

illumination in the waveguide tube as shown in Fig. 10a.

The total minority carrier number NT obtained by inte-

grating N(x) respect to x from 0 to 2.3 cm was high value

because of high seff. NT was proportional to the experi-

mentally obtained ln(Td/Tp) value, which was 3.2 9 10-1

in the case of the experimental configuration as shown in

Fig. 3a. In the case of light illumination to the sample

outside region of the waveguide tube as shown in Fig. 3b,

photo-induced minority carriers diffused into the waveg-

uide tube over the 0.1-cm-thick wall of the waveguide.

Although the lateral diffusion decreased N(x), NT, and ln(

Td/Tp), which was 7.4 9 10-3 shown in Fig. 10b, seff and
S were the same values of those in the case of Fig. 3a. The

very low values of ln(Td/Tp) of 1.0 9 10-3 and 5.5 9 10-4

in the cases of Al and Au electrodes in the MIS structure

shown in Fig. 3c show that photo-induced carriers were

annihilated with higher S in the region covered with the Al

and Au electrodes, and that residual N(x) became low.

Quantum tunneling current as shown in Fig. 7 suggests

wave function of carriers is intermixed between silicon and

metal. A high S value of 1000 cm/s in the case of Al metal

shows a possibility of the high carrier recombination rate

between photo-induced hole in silicon and electron in the

Al metal. Furthermore, a very high S value of 11,000 cm/s

in the case of Au metal would suggest enhancement of the

high carrier recombination rate by acceleration of photo-

induced hole toward the silicon surface according to

depletion band potential formed below the Au metal. This

investigation indicates a possibility of a high carrier

recombination system in the MIS structure, whose recom-

bination velocity depends on metal materials. Further

experimental demonstration should be necessary, for

example measurement of ln(Td/Tp) with different bias

voltages, to make physics of annihilation of photo-induced

minority carriers in MIS structure clear.

Fig. 9 Signal values of ln(Td/Tp) (a) and S (b) for the 17-Xcm n-type

sample with passivated surfaces by 110 �C liquid water for 1 h, Al,

and Au electrodes formed on the passivated surface

Fig. 10 Schematic image of photo-induced carrier concentration in

the x-direction, N(x), for (a) light illuminated in the waveguide tube as

shown in Fig. 3a, b illuminated just outside of the waveguide tube as

shown in Fig. 3b, c
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4 Conclusions

The heat treatment in liquid water above 110 �C increased

seff to 3.3 9 10-3 s and decreased S to 8 cm/s for sample

of 17-Xcm n-type bare-crystalline silicon substrate. The

seff value also increased from 3.5 9 10-4 to 3.7 9 10-3 s

as the resistivity of the n-type silicon samples increased

from 2 to 17 Xcm in the case of heat treatment in liquid

water at 110 �C for 1 h, while initial bare samples had low

seff values in the range from 3.4 9 10-6 to 3.5 9 10-5 s.

S ranged from 7 to 74 cm/s, while they were in the range

from 630 to 16,000 cm/s for the initial bare samples. seff
maintained high values in the range from 1.5 9 10-4 to

1.4 9 10-3 s at 1270 h after heat treatment in liquid water

at 110 �C for 1 h. MIS-type diodes were demonstrated with

Al and Au metal formed on a top passivated surface of

n-type and p-type samples. Electrical current as a function

of voltage in the dark field demonstrated the rectified

characteristics. FN current characteristics was also

observed in the applied voltage range between 0.36 and

0.45 V. Light illumination of AM 1.5 at 100 mW/cm2 to

the rear surface increased the absolute electrical current

density, and Voc were appeared at 0.36 and 0.47 V for

n-type and p-type samples, respectively. Photo-induced

carrier recombination velocity for n-type sample was

investigated in the region under metal electrodes using

laterally carrier diffusion. ln(Td/Tp) was decreased from

7.4 9 10-3 (as passivated) to 1.0 9 10-3 and to

5.5 9 10-4 by forming Al and Au electrodes on the pas-

sivated surface, respectively. The two-dimensional

numerical analysis resulted in S was increased from 14 (as

passivated) to 1000 and 11,000 cm/s by forming Al and Au

electrodes on the passivated surface, respectively. Those

high S values show a possibility of the carrier recombina-

tion between photo-induced hole in silicon and electron in

the metal.
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