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Abstract We report connection conductivity (Cc) of

adhesive which including In2O3–SnO2 (ITO) particles

developed for fabrication of stacked-type-multi-junction

solar cells. The commercial 20-lm sized ITO particles were

heated in vacuum at temperature ranging from 800 to

1,300 �C for 10 min to increase Cc. 6.2 wt% ITO particles

were dispersed in commercial Cemedine adhesive gel to

form 100 samples structured with n-type Si/adhesive/n-type

Si (n-Si sample) and p-type Si/adhesive/p-type Si (p-Si

sample). Current density as a function of voltage (J–V)

characteristics gave Cc. It ranged from 4.3 to 1.0 S/cm2 for

the n-Si sample with 800 �C heat-treated ITO particles. Its

standard deviation was 0.59 S/cm2. On the other hand, it

ranged from 2.0 to 0.6 S/cm2 for the p-Si sample with 800 �C
heat-treated ITO particles. Its standard deviation was

0.22 S/cm2. The distribution of Cc mainly resulted from

contact efficiency of ITO particles to substrate. We theo-

retically estimated that present Cc achieved a low loss of the

power conversion efficiency (Eff ) lower than 0.3 % in the

application of fabrication of multi-junction solar cell with an

intrinsic Eff of 30 % and an open circuit voltage above 1.9 V.

Keywords Multi-junction solar cell � Indium tin oxide �
X-ray diffraction � Transparent conductive layer

1 Introduction

Semiconductor solar cells have been investigated as a clean

device which converts sunlight into electrical power [1–5].

Multi-junction solar cells are attractive for effectively

collecting sunlight, which has a wide range spectrum from

ultra violet to infrared. Technique for fabrication of multi-

junction solar cell by epitaxial growth has been investi-

gated [6–17]. However, mass production requires fabrica-

tion of large-size solar cells at low cost [18]. We proposed

fabrication of multi-junction solar cells by stacking indi-

vidual solar cells used by intermediate adhesive layers [19].

Intermediate adhesive layer including In2O3–SnO2 (ITO)

particles which is conductive and transparent has been

reported [19–21]. Moreover, the stacking of fragile 4-inch-

sized GaAs and Ge substrates has been reported [22]. We

reported intermediate adhesive layer including ITO with

connection conductivity (Cc) of 0.56 S/cm2 [22]. Our

reports indicated possibility for fabrication of multi-junc-

tion solar cells by stacking fragile and large size materials.

However, improvement of conductivity of intermediate

layer and control of distribution of conductivity are still

required. In this paper, we discuss required conductivity for

multi-junction solar cells. We report change in ITO parti-

cles by heating in vacuum using X-ray diffraction mea-

surement. Then, we report distribution of Cc of

intermediate layer.

2 Theoretical estimation of connection conductivity

for multi junction solar cells

We theoretically estimated changes in solar cell charac-

teristics and their conversion efficiencies with connection

conductivity. The effective characteristic of multi-junction

solar cells was assumed to be given by the theoretical

formula with one PN diode and a series resistivity Rs

giving a reciprocal Cc [23–26].
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where J, J0, Rsh, n, and Jph are current density, saturation

current density, parallel resistivity, ideality factor, and

photo current density, respectively. Intrinsic conversion

efficiency (Eff ), i.e., in the case of Cc becomes large

enough, of 30 % was set to discuss the Cc in the equivalent

circuit given above. Self-consistent calculation was con-

ducted with different open circuit voltages (Voc) in the

range from 1.0 to 2.5 V for practical multi-junction solar

cells. Cc limits the electrical current density in the circuit

and changes solar cell characteristics. Therefore, Cc

decreases effective Eff in general. In the condition of the

same effective Eff , a high Voc allows a low Jsc and low Cc.

Figure 1 shows calculated solar cell characteristics with the

effective Eff of 29.0, 29.5 and 30.0 %. In the case of solar

cell characteristics with Voc of 1.0 V, Cc of 2.35 and

1.18 S/cm2 were allowed to achieve Eff of 29.5 and

29.0 %, respectively. On the other hand, in the case of Voc

of 2.5 V, Cc of 0.38 and 0.19 S/cm2 were allowed to

achieve effective Eff of 29.5 and 29.0 %, respectively.

Solar cell characteristics with low Voc are strongly affected

by Cc. On the other hand, in the case of solar cell with high

Voc, low Cc is allowed. Figure 2 shows the Cc as a function

of Voc with effective Eff of 28.0, 29.0, 29.5, and 29.7 %

obtained from the J–V characteristics calculation shown in

Fig. 1. Cc decreased as Voc increased with every effective

Eff case. Cc at least 1.1 S/cm2 is necessary for achieving

the effective Eff above 29.0 %, which meant an efficient

loss of 1.0 %, for Voc at 1.0 V because high electrical

current needs with low Voc. On the other hand, Cc of 1.1 S/

cm2 achieved the effective Eff higher than 29.5 % for Voc

above 1.5 V because low photo-induced current was

allowed. Multi-junction solar cells with high Voc have,

therefore, an advantage of low connection conductivity

(high connection resistivity) in the fabrication of the solar

cells. In this paper, we aimed to establish Cc above 1.1 S/

cm2 for fabricating solar cells with an effective Eff above

29.5 % associated with Voc above 1.5 V.

3 Experimental

ITO particles were made by Kojundo Chemical Laboratory

Co., Ltd.: light green particles were formed by heat treat-

ment of 95 wt%-In2O3 and 5 wt%-SnO2 powders in air

atmosphere. Then, we selected 20 lm-sized particles by

mechanical filtering with metal mesh membranes in our

laboratory. Then, the ITO particles of 350 mg were placed

in a central hollow of Ta boards with a size of

2:0� 0:9 cm2. They were set in a vacuum chamber. The

chamber was evacuated to 4:0� 10�4 Pa. The Ta boards

were heated by applying electrical power from 40 to 60 W

for 10 min. Light emission from the heated Ta boards

indicated that they were heated from 800 to 1;300 �C.

Magnetic quadrupole mass spectrometry measurement

revealed that oxygen partial pressure increased from

1:47� 10�5 to 3:5� 10�5 Pa as heating temperature

increased from 800 to 1;300 �C. X-ray diffraction (XRD)

measurement was performed with X-ray diffractometer

(SmartLab, Rigaku corporation) using CuKa with a Ni

filter for cutting CuKb. Crystalline states and composition

ratio were precisely analyzed from experimental XRD data

with Rietveld refinement using software of PDXL (Rigaku

corporation). Then, ITO particles were dispersed in Cem-

edine, which was a commercial transparent epoxy-type

adhesive. Base resin and hardener gels of Cemedine and

ITO particles at 6.2 wt% were mixed together and they

Fig. 1 Calculated solar cell characteristics with the effective

conversion efficiency Eff of 29.0, 29.5 and 30 % with different Voc

Fig. 2 Cc as a function of Voc. The curves shows Cc as a function of

Voc with effective Eff of 28.0, 29.0, 29.5 and 29.7 %. Region A and B

represent experimental Cc within standard deviation of one r of

n-type and p-type sample, respectively
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were coated over the surfaces of 4-inch n- or p-type

0.001 X cm Si substrates. Their rear surfaces were coated

with Al layers formed with the metal evaporation method

for Cc measurement. 100 n or p-type 0.001 X cm Si pieces

with a size of 0:6� 0:6 cm2 with rear surface coated with

Al layers were also prepared. They were then placed on the

adhesive to form structure of Si/ITO/Si, as shown in Fig. 3.

The Cemedine intermediate layers including ITO particles

were hardened under a pressure at 4� 105 Pa for 1 h. 100

n-type Si pieces/ITO ? Cemedine/n-type Si substrate (n-type

Si sample) and 100 p-type Si pieces/ITO ? Cemedine/p-

type Si substrate (p-type Si sample) were consequently

fabricated. 100 J–V characteristics were measured for

applying voltage to every Si piece each. Cc was obtained

by average value of J/V at ?0.1 and �0.1 V each piece.

4 Results and discussion

The weight of ITO particles were decreased from 350 mg

to 300, 270, and 205 mg after the heat treatment in

4:0� 10�4 Pa at 800, 1,000, and 1;300 �C for 10 min,

respectively. Detailed structural change of ITO particles by

the heat treatment was investigated by the XRD measure-

ment. Figure 4 shows arbitral diffracted intensity of XRD

measurement for the initial and heat-treated ITO particles.

All peaks observed in Fig. 4 were assigned to In2O3 or

SnO2. No impurity peaks was observed. The details of

peaks from a to g in Fig. 4 are described in Table 1. The

peaks of b and e, assigned to SnO2, abated as the heating

temperature increased. Especially, in the case of 1;300 �C

heating, the peaks of b and e disappeared. Figure 5 shows

ratio of SnO2 in total mass SnO2/(SnO2?In2O3) for the

initial and heat-treated ITO particles obtained by analysis

using Rietveld refinement. The initial ratio of SnO2 was

estimated to be 3.5 wt%, although Kojundo Chemical Lab-

oratory Co., Ltd. used 5 wt% SnO2 for preparation of ITO

particles used for the present experiment. A part of Sn atoms

were probably incorporated into In2O3 during heat treatment

in the company. The ratio of SnO2 increased to 3.9 wt% by

heat treatment at 800 �C. On the other hand, the ratio was

markedly decreased by heat treatment at 1;000 �C. More-

over, no SnO2 was observed in the case of ITO particles heat

treated at 1;300 �C. According to William J. Heward, the

solubility of SnO2 in In2O3 increases as temperature of heat

treatment increases [27]. We believe that Sn atoms were

completely incorporated into ln2O3 lattice sites by heating of

ITO at 1;300 �C. We also believe that oxygen vacancies in

ITO particles were simultaneously generated during heat

treatment in vacuum through oxygen gas desorption. Figure

6 shows Cc of n-type Si sample (a) and p-type Si sample

(b) which was serialized in descending order.

In the case of n-type Si sample, the highest Cc of

4.3 S/cm2 was obtained for the n-type sample with 800 �C

heated ITO. Cc was higher than 1.1 S/cm2 for all n-type

sample pieces formed with initial, 800 �C heated, and

1;000 �C heated ITO particles. 91 n-type sample pieces

formed with 1;300 �C heated ITO particles also had Cc

above 1.1 S/cm2. The average values of Cc in 100 pieces

were 1.82, 1.83, 2.05, and 1.59 S/cm2 for n-type samples

formed with initial, 800 �C heated, 1;000 �C heated, and

Fig. 3 Schematic structure of sample. The overview of sample

(a) and the cross section of sample (b)

Fig. 4 X-ray diffraction pattern of initial and heat-treated ITO

particles
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1;300 �C heated ITO particles, respectively. On the other

hand, in the case of p-type Si samples, the Cc were lower

than that of n-type Si samples. Numbers of sample pieces

with Cc above 1.1 S/cm2 were 70, 98, 49, and 60 for

p-type samples formed with initial, 800 �C heated,

1;000 �C heated, and 1;300 �C heated ITO particles,

respectively. The average values of Cc in 100 pieces were

1.24, 1.46, 1.06 and 1.11 S/cm2 for p-type samples

formed with initial, 800 �C heated, 1;000 �C heated, and

1;300 �C heated ITO particles, respectively. These results

indicate that heating of ITO particles at 800 �C is useful.

Figure 7 shows frequency probability as a function of Cc

summarized with a Cc step of 0.1 S/cm2 of p-type sample

formed with 800 �C heated ITO particles shown in

Fig. 6b. The probability distribution was fitted to the

Gaussian distribution function as,

PðCcÞ ¼
exp � Cc�að Þ2

2r2

� �
R1

0
exp � Cc�að Þ2

2r2

� �
dCc

ð2Þ

where a, and r were Cc at the maximum frequency and

standard deviation of Cc, respectively. The experimental

and Gaussian curves were roughly fitted in the case of a,

and r were 1.47 and 0.228 S/cm2, respectively. Although

ITO particles had different kinds of shape, we assumed that

they had a sphere shape for simple discussion. When ITO

particles with diameter of 20 lm were uniformly dispersed

in Cemedine at 6.2 wt%, about 290 ITO particles were

distributed per area of 0.6 � 0.6 cm2. If ITO particles were

randomly distributed on silicon pieces, a standard deviation

of particles was proportional to the square root of number

of particles. On an assumption of 290 ITO particles on

0:6� 0:6 cm2 Si piece gave the average Cc of 1.47 S/cm2

shown above, one ITO particle has an effective conduc-

tivity of 0.0051 S/cm2. In this case, standard deviation of

Cc is estimated to be about 0.087 S/cm2. This is much

lower than experimental standard deviation of 0.228 S/

cm2.

Figure 8 shows standard deviation of n-type and p-type

samples. In the case of n-type Si sample, the standard

deviation ranged from 0.59 to 0.24 S/cm2. In the case of

p-type sample, the standard deviations were distributed

around from 0.29 to 0.17 S/cm2. These results suggest that

Cc was not seriously affected by the distribution of number

of ITO particles under Si piece. Our microscope observa-

tion revealed that an average size of ITO particles was

slightly decreased by heat treatment, and that the particles

Table 1 Angular positions and sources of XRD spectral peaks shown

in Fig. 4

2hð�Þ Material

a 21.4 In2O3(211)

b 26.5 SnO2

(110)

c 30.5 In2O3(222)

d 33.0 In2O3(321)

e 33.8 SnO2

(101)

f 35.4 In2O3(400)

g 37.6 In2O3(411)

Fig. 5 Ratio of SnO2 in total mass SnO2/(SnO2 þ In2O3) for initial

and heat treated ITO particles

Fig. 6 Cc of n-type Si sample (a) and p-type Si sample (b) serialized

in descending order
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were uniformly dispersed in the adhesive with no serious

agglomeration. There is a possibility of that the increases in

Cc were induced by decrease in the size of ITO particles

because superficial area of ITO particle per unit weight

increased. On the other hand, distribution in Cc was also

changed by heat treatment, as shown in Figs. 6, 7 and 8.

This result indicates that all of ITO particles did not

equally contact to the silicon surface. The contact proba-

bility between ITO and silicon can be changed by heat

treatment. Cc is naturally governed by the ITO particle

density par unit area, its average size, and contact

probability.

Figure 9 shows J–V characteristics of n-type (a) and

p-type Si samples (b) formed with 800 �C heated ITO

particles with Cc ranged from 1.0 to 4.3 S/cm2 and 0.9 to

2.0 S/cm2, respectively. Both samples showed ohmic

characteristics. ITO has many oxygen vacancies, which

caused donor-like gap states in the upper half of the band

gap [28–30]. Sn atoms in ITO had also donor states.

Electron transfer between the silicon and ITO conduction

bands will easily occur via those energy states in spite of

their band offset for the case of ITO particles and n-type Si

contact. On the other hand, in the case of ITO particles and

p-type Si contact, the higher band offset between the sili-

con valence and ITO conduction bands was overcome by

recombination of holes in silicon and electrons in ITO with

their wave function overlapping at the ITO/Si interface.

We believe that the recombination probability slightly

decreased Cc in the case of ITO particles and p-type Si

contact with keeping ohmic characteristic compared with

the case of ITO particles and n-type Si contact. High Cc

and small distribution of Cc were simultaneously obtained

for the n- and p-type sample with ITO particles heat treated

at 800 �C. These results indicate that there is possibility of

fabrication of intermediate layer with high and narrow

distribution of Cc. According to calculation shown in

Fig. 2, present Cc above 1.1 S/cm2 achieves a low loss of

Eff lower than 0.3 % in the application of fabrication of

multi junction solar cell with an intrinsic Eff of 30 % and

an open circuit voltage above 1.9 V.

5 Summary

We set the desired Cc as 1.0 S/cm2 according to calculation

of solar cell characteristics. ITO particles with a diameter

of 20 lm were heated in vacuum by ranging heating

Fig. 7 Frequency probability as a function of Cc summarized with a

Cc step of 0.1 S/cm2 for the p-type Si sample formed with 800 �C
heated ITO particles. Gaussian curve fitting is also presented

Fig. 8 Standard deviation of Cc for the n-type and p-type Si samples

Fig. 9 J–V characteristics of n-type (a) and p-type samples

(b) formed with ITO particles heat treated at 800 �C
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temperature from 800 to 1;300 �C. XRD measurement

revealed that heating of ITO at 800 �C increases ratio of

SnO2. On the other hand, the ratio of SnO2 was decreased

by heating of ITO above 800 �C. ITO particles at 6.2 wt%

were mixed with commercial adhesive of Cemedine. They

were coated over 4-inch n- or p-type 0.001 X cm Si sub-

strates with. 100, 0:6� 0:6 cm2 sized n- or p-type

0.001 X cm Si pieces were then placed on the adhesive.

The Cemedine intermediate layers including ITO particles

were hardened under a pressure at 4� 105 Pa for 1 h. J–V

characteristics were measured for each Si piece for n-type

Si sample and p-type Si sample. In the case of n-type Si

sample, sample formed with initial ITO, 800 �C heated ITO

and 1;000 �C heated ITO showed high Cc above 1.1 S/cm2.

Especially, sample formed with 800 �C heated ITO showed

high Cc of 4.3 S/cm2. The standard deviation of sample

with 800 �C heated ITO was 0.59 S/cm2. On the other

hand, in the case of p-type Si sample, average Cc increased

from 1.24 to 1.46 S/cm2 for the sample with 800 �C heated

ITO. According to fitting of frequency probability of p-type

Si sample formed with 800 �C heated ITO particles, dis-

tribution of ITO particles is not main reason for change in

distribution of Cc. The distribution of Cc mainly resulted

from contact efficiency of ITO particles to substrate.

However, high and small distribution of Cc was obtained

for p-type sample. These results indicate that there is

possibility of fabrication of intermediate layer with high Cc

with low standard deviation.
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