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Abstract

An investigation on the effect of electrestatic drift field which can bring
an additional aid to the photogenerated carrier collection in one side of the
silicon solar cell has bzen carried out. The drift field was produced by the
gradient of boron concentration in the p-type side in virtue of the strain
compensation due to the tin dopant. A new method of ion implantation which
is based on the principle of chiefly radiation-enhanced diffusion is adopted
for forming the p-n junction in the solar cell. The open circuit voltage and
the conversion efficiency of the ion-implanted silicon solar cell sample can

bz figured out to bz 0.44V and 5%, respectively.
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[. Introduction
A number of investigations™® on the
collection efficiency and spectral response
of silicon solar cell have been carried out in
recent years. The earlier investigators*®
have considered that the drift of minority
carriers caused by an electrostatic field as
an additional moving mechanism arises from
gradient of the impurity concentration. The
method of producing the drift fields in both
sides of the silicon solar cell is in taking the

basic cell structure being either n*-p~p* or
pT-n-n*. According to the literatures™® the
principle of these structures is based on the
theory of double injection of carriers into a
semiconductor or an insulator.

Recently, Mandelkorn and Lamneck® have
developed an efficient silicon solar cell ha-
ving the cell structure of n*-p-p* by diffu-
sion process from both sides of the cell.
More recently, Dalal, et al.,'® have deve-
loped a very efficient silicon solar cell ha-
ving the cell structure of epitaxially grown
n-p-p* with the impurity density grading at
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both n and p layers. Since the proczsses of
forming these structures are very compli-
cate, it may be mentioned that such expen-
sive methods are not relevant in view of
present tendency of producing the cheaper
solar cells except the effort of academic
interest to obtain high efficiency cells.

On the other hand, a simpler one side mo-
del such as the cell structure of p*-p-n is
desirable, but a breakthrough on the easier
fabrication method than the conventional
one is necessary. The present study is aimed
at development of one side drift field silicon
solar cell having the cell structure of p*-p-n.
This structure was formed by the gradient
of boron concentration in the surface layer
of the silicon substrate in virtue of simul-
taneous implantation with tin so as to cause
the strain compensation. Although the pho-
tovoltaic power output of our lab.-made
solar cell is a little lower than that of the
commercial grade cell, it is certain that the
very simple fcrmation method of the p-n
junction will greatly contribute to this field.

1. The Enhancement Principle of
Photovoltaic Power Output due
to One Side Drift Field Silicon
Solar Cell

(1) Energy Level Diagram

The dotted lines in Fig. 1 -(a) show the
energy level diagram of a shallow-doped
ordinary p-n junction in which each location
of donor level (£,,), acceptor level (E,,),
and Eermi level (£r) is denoted. When the
junction is irradiated by the sun-light, the
energy level diagram is changed to the solid
lines showing the formation of varied loca-
tion of the Fermi level (E’z), and the mag-
nitude of the open circuit voltage (V,.) is

as shown in the diagram. It is generally

Deptetion Region

Fig. 1. Energy level diagrams of a shallow—
doped ordinary silicon p-n junction
and the p-n junction having a drift
field in the one side

known that the open circuit voltage is pro-
portional to the magnitude of difference of
both Fermi levels between p and n regions.

When the pt-p-n structure of silicon solar
cell is irradiated by the sun-light, the varied
energy level diagram can be illustrated as
the solid lines of the Fig. 1 -(b). As the
convenience of illustration, the p™p region
is denoted by a linear gradient of the doping
level due to a single slope in each band edge
in Fig. 1 -(b), although the slope in the
pt-region should be steeper than that in the
p-region. The grading of the energy level
with constant energy gap is combined with
varied doping level in such a way that one
side drift field will aid the collection nor-
mally carried by diffusion of the photoge-
nerated electron-hole pairs. A high collection
efficiency would require an extremely sha-
llow p*-layer thickness having a high im-
purity concentration with each large average
value of electron mobility and of electron
lifetime.

As shown in the p-side of Fig. 1- (b), the
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Fig. 2. Equivalent circuit of the silicon solar
cell

drift field due to proper impurity grading
can cause a variel position of the Fermi
level (Er,),
open circuit voltage (V’,.) is produced in

hence it can be seen that higher

comparison with the case of Fig. 1 -(a).
The drift fields produced in both sides of a
silicon solar cell should be more effective
than one side model, but such a forming
technique is very complicate, so that one
side model is adopted in this study. The
energy level diagram of irradiated state in
Fig. 1-(a) is
dotted lines for the comparison. The 1, and
I, in Fig. 1-(b) show the diffusion length

of electron and that of hole for minority

drawn in Fig. 1-(b) as the

carriers, respectively.

(2) Measures for Power Qutput
Enhancement

The equivalent circuit of a junction type
silicon solar cell is shown in Fig. 2. When
the Kirchhoff’s first law is applied to the
circuit, load current I flowed through the
external load resistance R, can be given as
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where I is the photogenerated current, I,
the forward current in the p-n junction, V
the photogenerated voltage, R.. the shunt
resistance, g the collection efficiency, g the

electronic charge, N, the number of effec-
tive photons, I, the reverse saturation cur-
rent, A the factors due to crystal defect, &
the Boltzmann’s constant, 7T the absolute
temperature, R, the series resistance. The
magnitude of [, can be dominated by the
values of g and Ny.

If the term V/R,, is neglected, I can be
represented as

I=I—L (e T+ ] (2)
when the circuit is open (/=0, V=V,,), the
open circuit voltage is given as

AkT l<]L , > (3)

and in case of short circuit current (I,.) (V
=0, I=1.), I, can be given as

Isc.Rs

FAE 2 ACE Y (4)
and if R, is negligibly small,

1,, becomes
equal to I.

In order to enhance the each value of [,
V., and I, in the relations (2), (3), and
factors A and I, should
be minimized in view of physical properties
of the The A value which is
caused by the state of crystal defect is
generally limited in the scope of 3>>A4>1 in
a good solar cell. The I, can be represented
as

(4), the principal

solar cell.

— / ZE_ lh
I,,—Sqnz,v\ TN, + mwd) (5)

where 1, and 1, are the diffusion lengths
of minority carriers, r, and 7, the average

N, and N,
S the area

lifetimes of minority carriers,
the majority carrier densities,
of the p-n junction, and #, the photogene~
rated intrinsic carrier density.

As the conditions of minimizing the I, in
the relation(s),
smaller the better while each value of ¢,,
74, N,, and N, islarger the better. As each
of these minority carrier diffusion length is

each value of 1, and 1, is
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defined as 1=(Dr)'?, D=pkT/q (D,r, and
p: diffusion coefficient, lifetetime and mo-
bility of minority carriers, respectively),
1. should be larger than 1., because g, is
fairly larger than g, in the silicon crystal
at an ordinary given temperature. Since the
thickness of p-layer is very thin (generally,
less than 1pm) in the p-on-n type cell, 1.
should be limited within this thickness, and
the ratio of 1. by 1, can be determined by
that of ¢, by . {1, is about 2.5 times longer
than 1, if the 7, and r, are normal).

In proportion as the increase of N, and
Ny, 7, and 7, are to be decreased, and the
most difficult problem of making a silicon
solar cell is in such a puzzle. The best way
of obtaining the necessary values of N, and
N, without decreasing those of r, and 7, is
in increasing the velocity of each minority
carrier by drift fields produced in both
sides of the silicon solar cell.

In case of one side drfft field model of
Pt-p-n structure to be dealt with in this
article, since the carrier mobility is generally
decreased in proportion to the increase of
carrier concentration in the silicon crystal,
the g, is gradually increased in accordance
with the gradual decrease of N, toward the
Jjunction boundary. As we know in the rela-
tion v=¢E, the electron. velocity is equal to
the product of the electron mobility and an
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Fig. 3. Schematic illustr;tion of the GDH-
Implanter

electrostatic field strength. Hence, in the
p-side, the electron (minority carrier) velo-
city should be proportionally increased in
accordance with the the gradual increase of
¢, at the presence of nearly constant value
of the drift field due to the nearly linear
gradient of N, toward the junction boun-
dary. The variable electron velocity means
the acceleration of electron moving to com-
pensate the decrease of r, without increasing

the I, in the equation(5).

. Experimental

(1) Brief Description of the GDH-
Implanter

The p-n junction having the p*-p-n stru-
cture for one side drift field silicon solar cell
has been formed by the GDH (Gas Discharge
and Heating)-Implanter which was developed
by one of the authors.

The schematic illustration of the implanter
is as shown in Fig. 3 A dopant-deposited
silicon substrate which is placed underneath
the grid tybe cathode is to be energetically
bombarded by the neutralized heavy ions
of argon gas under the preheating of the
substrate, thus the dopant atoms can be
implanted into the substrate by the processes
of chiefly radiation-enhanced diffusion!?
and of partly hot implantation!®>. According
to the literature!®, the target materials are
not sputtered when the temperature of ma-
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Fig. 4. Forming processes of the p-n junction
having p*-p-n structure
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terials is above 300°C. The detailed descrip-

tion of this implanter will be found elsew-
here!®,

(2) Processes of Forming the p-n
junction (p*-p-n structure)

An n-type silicon substrate having the
crysfal orientation of {100> and the resisti-
vity of around 7Qcm was cut into the size
of 1cmX2cm. The cut substrates were che-
etched by 4-1-1 etching solution (HNO;:4,
HF:1, CH;COOH:1) for 2 minutes so as to
take off the surface defects.
reatments for the aid of cell fabrication are
to be mentioned in Part [[-(3). Both sur-

faces of the substrates were cleaned by ace-

Various pret-

tone and trichroloethylene in turn with an
ultrasonic cleaner, and washed fully by
deionized water. The drying was done by
a centrifuge with an aid of forcely blown
hot air of about 70°C. The forming proc-
esses of the p-n junction (p™-p-n structure)
for one side drift field silicon solar cell are
as illustrated in Fig. 4. The boron and tin
were deposited on the silicon substrate in
turn by controlling the thickness of each
material in a vacuum coater. The boron
deposition was done by thermal decomposi-
tion of B,0;

percent of aluminum powder as a reducer.

mixed with about 20 weight

The simultaneous implantation of boron

Tabtle 1. Implanting Conditions

C Vdc Icur Tsub tlm)’ Tann lann ‘TI—I
D V) v(mA) °C) \mm) (C ) \(m’n) <A)
T T500 } o
B 1 1,000, 30| 450 750 5 ' 280
400 |
Sn J V4 [ V4 ’ V4 | ] I

D: dopants, Tu: preheated substrate temperature
timp: implanting time, t,,,: annealing time

C: Implanting conditions, TH.: coated thickness
Tunn: annealing temperature, I...: dc ion current
Va: dc voltage

and tin was done by controlling the subs-
trate temperature. The tin dopant plays a
role of strain compensation for the dense
boron implantation to be discussed in part
IvV-(1).

impurity in the silicon,

Since the tin dopant is a neutral
it dose not affect
The p7™-p
region (this mezns that the gradual decrease

the formation of p-n junction.

of p-type dopant concentration from the
surface toward the junction boundary) due
to the boron dopant was formed chiefly by
the role of tin dopant and partly by the
controlled temperature of the substrate.
After the implantation and annealing, the
remnant layer on the substrate was etched
away by hydrochloric acid. The conditions
of the implantation and annealing are shown
in Table 1.

(8) Processes of Fabricating the Silicon
Selar Cell

In order to get a passivation of the edge
surface and to protect the leakage at the
edge, Si0, layer was deposited around the
edge of the silicon substrate prior to deposit
the p-type dopants on the substrate. Silicon
dioxide layer was easily formed on the sub-
strate by evaporating silicon monoxide in a
vacuum cecater with a low vacuum environ-
ment of around 10~* Torr. Such a coating
on the edge area was done by using a metal
After

forming the SiO, edge layer, another metal

mask made of a thin copper plate.

mask was used in hiding the SiO, layer for
the depositing of two dopants.

The opposite side of the substrate was
plated by nickel. This process was also done
prior to deposit the dopants on the obverse
side of the substrate. The nickel was plated
by electrodeless nickel plating method!s.
The p-side electrode was formed on the p*-

type layer by wvacuum coating of Au-Cu
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Au- Cu Electrode

p-Layer

Epoxy Film

Ni Electrode

Fig. 5. Sectional view of the fabricated p*-
p-n type silicon soler cell

alloy with a metal mask. Thin solder film
was formed on the nickel film by vacuum
coating.

The silicon monoxide thin film was formed
on the p™-type layer as an antireflective
This coating was done by the
evaporation of S5i0 with high vacuum envi-
ronment of around 10~7 Torr. The leads for

coating.

both electrodes were soldered by a low-
melting-point solder. After finishing the
soldering, transparent epoxy was coated on
the whole cell by dipping it into the solution
(epoxy #1500 solved with thinner) and dried

102¢

Sn (ATOMS/CC)

107

F

6 , . . .
0= & s & 10
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Fig. 6. Sn profile in presence of B diffused
at 1200°C, 60 min (after Yeh and Joshi)

by hot air of around 70°C. The sectional
view of the fabricated solar cell is as shown
in Fig. 5.

V. Results and Discussion

(1) Formation of the p-n juction
(pt-p-n structure)

According to the literature’®, almost
linear density gradient of boron formed from
the surface toward the inside of the silicon
bulk was obtained by the simultaneous dif-
fusion of boron and tin. The solid solubility
of boren in silicon can be easily exceeded
in its critical limit by the strain compen-
sation in the silicon lattice in virtue of the
role of tin dopant. Since the TCR (tetrah-
edral covalent radius) of tin is larger than
that of silicon, whereas the TCR of of boron
is smaller than that of silicon, it is thought
that the silicon lattice, which would be
expanded by tin atoms, counteracts the
stress produced by the solute lattice cont-
raction of the boron.

Since the doped profile of tin has a fairly
large gradient of its concentration toward
the inside of the silicon bulk in its diffusion
as shown in Fig. 6, this effect has brought
the gradient of boron concentration in the
silicon bulk. A similar effect as the afore-
mentioned can be expected in case of the
simultanecus implantation of boron and tin
in our lab.-made solar cell so as to bring
the one side drift field as has been stated
in Part I1.
implanted profile in the cell is shown in
Fig. 7. It is evident that the density gra-
dient of the etch pits is caused by the gra-

The photomicrograph of the

.dient of boron concentration although the

plastic deformation due to the solute lattice
strain is greatly compensated by that of tin
concentration.
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Fig. 7. Photomicrograph of the B--Sn-impla-
nted p*-p-n type silicon p-n junction,
which is delinezted by HF-stain on
the bevelled and lapped face with 3§
degrees, X1iG0

It is also certain that the fairly good
photovoltaic effect (0.44V) in the cell is
caused by the formation of p™-p-n structure,
although the concentrated degree in the p*-
region of the cell is a little lower than that
of an ordinary commercial grade cell having
the surface impurity concentration of around
10'® atoms/cc. It has been already known
that the photovoltaic effect of around 0.3V
can be barely obtained by the merely sha-
llow p-n junction in the silicon substrate
without forming the gradient of the dopant
concentration as has been explained of its
reason in Part 1I-(1). The junction depth
including the thinly doped p-region in our
lab.-made solar cell sample as shown in
Fig. 7 is around 1.2pm and its surface
concentration is around 3> 10' atoms/cc.
Although we can not clearly identify the
thickness of the p*-region (this is formed
by the temperature control and the tin effect
as shown in Table 1) through the photo-
micrograph shown in Fig. 7, it can be pre-
sumed through the density distribution of
the etch pits that thz thickness is around
0.5 pm. It is known that the optimum junc-
tion depth of a silicon solicon solar cell is
generally formed within the range from 0.8
4m to 1pm.

Fig. 8 1-V characteristics of our lab.-made
silicon solar cell sample (sample(b)),
Forward: 2mA/Div., 0.2V/Div., Re-
verse: 1 mA/Div., iV/Div., Active
area: (.48 cm?

As has been stated in Part I1-(2), the
method of maximizing the N, and N, wit-
hout decreasing each value of r, and z; in
the silicon p-n junction for minimizing the /,
in the relation(3), special formation method
should be taken in either double diffusion,
nt-n-p* structure, or epitaxial growth for
forming the very dense n'* or p'-region.
This is the main reason why the silicon
solar cell is generally expensive. It is evi-
dent that our formation method is very
simple in comparison with other conven-
tional methods enabling the V.. value of
higher than 0.4V.

(2) I-V Characteristics

In order to appreciate the physical state
of the p-n junction in one of our lab.-made
solar cells (B--Sn-implanted type, sample
(b)), the I-V characteristics of the sample
{b) as shown in Fig. 8 was compared with
that of a commercial grade cell (B-double
diffused type, made by KODENSHIKOGYO
Co., Ltd. in Japan, sample (a)) as shown
in Fig. 9.

The special feature of the forward curve
shown in Fig. 9 is in almost straight rise
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Fig. 8. I-V characteristics of a commercial
grade silicon solar cell sample (sample
(a)), Forward: 5mA/Div., 9.5V/Div.,
Reverse: 2mA/Div., 5V/Div., Active
area: . cm?

except both a minor part of the exponential
rise at the deflecting region and a flat part
before the onset of the.rise. This type of
indication is often used when we measure
the threshold voltage of a diode, so that
such a form of the forward curve can be
varied by changing the scales of current
and voltage in a curve tracer. It can be
thought that the threshold voltage of the
forward current in a p-n junction is keenly
related to both the diffusion lengths and
average lifetimes of the minority carriers
(I, L, 7., and 7).

As has been stated in Part 1I-(2),
the diffusion length and the diffusion coe-
fficient can be defined as 1=(Dz)?, D=pkT
/q, each diffusion length of the minority
carriers should be related to the average
lifetime and average mobility of each
minority carrier. Therefore, it can be said
that the flat part is related to r and g
whereas the straight part including the
deflecting region is related to the diode

equation

since

L=I(evr —1) ©)

although the flat part is represented in the
equation (6) subject to a small V-value and
a little high A-value.

In order to get the larger values of = and
¢ in the p-n junction of a solar cell, stro-
nger built-in potential due to larger values
of N, and N, in both p and n regions should
be prepared as well as the stronger drift
fields due to the gradients of both impurity
concentrations. Generally, since the field
due to built-in potential caused by the for-
mation of charge neutrality is generally
weaker than the drift field,
that the flat part appears to be the case of
the presence of a drift field. This fact can
also be proved experimentally. When the
p-n junction of a silicon solar cell is illu-
minated by a light, the flat part of the
forward characteristic disappears, and such
a disappearing effect is predominant in a
good silicon solar cell. Under a light illu—
mination to the sample (b), the flat part in
the forward characteristic in Fig. 8 becomes.

it can be said

to disappear as shown in Fig. 10.

This means that both flows of majority
carriers and photogenerated intrinsic mino-
rity carriers are canceled each cther as they
have counter flowing directions as represe-
nted in equation (2) in case of R,=0 in Part
I-().
part can be added to the reverse curve under
the light illumination. Such an effect should

The canceled portion of the flat

be a barometer in testing the quality of the
solar cell. The length of the flat
part in Fig. 9 stands on the scale of around
0.5V whereas that in Fig. 8 corresponds to
around 0.4V, ie., the sample (t) has a
little higher wvalues of r and g than the
sample (a). The higher threshold voltage
means lower values of z and g regardless
of the length of the flat part, but in case
of the canceling due to a light illumination,

silicon
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Fig. 10. Forward current characteristic of
the sample (b) under a light illumi-
nation showing the disappearance of
the flat part, Forward: 2 mA/Div.,
0.2V/Div., Active area: (.48 cm?

the canceled portion of the flat part is
neary proportional to each magnitude of z
and g values. Fairly large canceling effect
shown in Fig. 10 means that the formation
of the p-n junction having the pf-p-n str-
uctre is in tolerably good state as a silicon
soler cell.

In the reverse characteristic of Fig. 9, it
is showing a well-known “softness” in its
curve. Such a softness can be obtained by
a medium A-value (3>A>1) in the reverse
current equation of a p-n junction. Gener-
ally, high A-value is caused by dense reco-
mbination centers. The reverse curve in
Fig. 8 is
having somewhat ohmic characteristic. Ac-

showing a nearly straight line

cording to the literature!”, such an ohmic
characteristic is caused by a little higher
surface recombination velocity of the mino-
And it is also thought thsat

the sample (b) has a little bumpy junction

rity carriers.

due to an insufficient impurity concentra-
tion whereas the sample (a) has a fairly
good abrupt junction having a relevant im-
a fairly

purity concentration. Generally,

low reverse voltage is caused by a bumpy

junction having an insufficient impurity
concentration. A little lower threshold vol-
tage in Fig. 8 than that in Fig. 9 can be
interpreted as the fact due to a little lower
dislocation density in the sample (b) in
in the sample (a).
Above canceling method is thought to be
far simpler in checking the quality of a
silicon solar cell than the method of chec-
king the curve tactor by a curve tracer.

comparison with that

(3) Efficiencies

Wolf'» has classified the powerlosses
which are related to the conversion effici-
ency. These are the following factors such
as (a) reflection loss, (b) non-generative
photon losses, (c) incomplete utilization of
photon energy, (d) incomplete utilization
of minority carriers, (e) surface and bulk
recombination losses, (f) shunt and series
Among these
the factors from (a) to (d) are

dependent on the light absorption

resistance losses, and so on.
factors,
chiefly
characteristic of the semiconductor mate-
rial, which prescribes the short circut cur-
rent of a solar cell, and directly related to
the over-all collection efficiency. The factor
(e) is directly related to the [-V charact-
eristics of the p-n junction, corresponding
to the following items such as voltage factor
relating to the open circuit voltage, the
product of short circuit current by open
ciruit voltage, curve factor relating to the
maximum derivable power output, and con-
duction mechanism of forward current in
p-n junction in case of low impurity con-
centrations. The factor (f) is directly rela-
ted to both the shunt leakage current and
the series resistance due to both the bulk
resistivity and the contact resistance.

If the measures for the utilization of sun-
light are appropriate, the major part of the
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Table 2. Estimation of the Mzximum Expected Power Density of Each Sample due to the
Measured Data under the Irradiation of Sun-Light

Conveision Efficiency at

Samples J Voc(mV) 4 Isc(mA/cm?) } (n‘f@’s?}gf&) ?ﬁ%%;{f)c the SS(z;ag F%gi;% }’convlvzer
a 0. 54 20 | 10.8 86 | 14.3%
b 0.44 8.3 3.7 3.0 ( 5 %

power losses in a silicon solar cell can be
governed by the factors (e) and (f). As has
been discussed pertaining to the [-V cha-
racteristics of two different samples in Part
V-(2), the [-V characteristics of a silicon
solar cell is a barometer of distinguishing
the state of junction properties in the cell,
hence the conversion efficiency is evaluated
by the nature of the [-V characteristics
of a silicon solar cell.

By analyzing the nature of [-V charac-
teristics of a silicon solar cell, Prince!® has
derived a relation to calculate the rough
estimation of the maximum expected power
density as given below

P4=0.8Voclsc Watts/cm? (7)
This relation js derived on the basis of his
precise calculation in his previous work?”,
correct at the conversion
efficiency higher than 10.7%. We have
roughly estimated the maximum expected

and is nearly

power density of each sample by adopting
the relation (7), and the results are shown
in Table 2.

In the Table 2, both of V,e and Isc were
measured under the direct irradiation of
sun-light. Since the solar radiant power.
density is 100m W per square centimeter at
sea level on a bright clear day with the sun
at the zenith,
should be done,
and the latitude. The conversion efficiencies

reestimation of this value
depending on the season

of the two samples were figured out by
estimating the solar radiant power to be 60
mW per square centimeter at winter time

in Seoul. Since the conversion efficiency of
present commercial solar cell (high grade)
is generally 14.39% at the p-on-n type 1Qcm
silicon solar cell, our estimation in Table
2 may be almost reasonable.

The state of variation on each of Voc and
Isc of the two samples per unit area were
measured by varying the illumination inten-
sity on each obverse face under an incand-
escent lamp, and the results are shown in
Fig. 11 and Fig. 12. Observing each of V¢
and Isc in both Figures, the sample (a) is
fairly excellent and the sample (b) is a
little poor. It is worthy to note that such
a difference of the photovoltaic power in
both samples are mainly caused by the
different method of junction formation as
has been stated in Part [-(2).

The maximum power output of the sample
(b) through a matching load is yet in a
little insufficient condition, since the elec-
tric contact due to the Au~Cu alloy on the

gf‘
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f‘ig. 11. Open circuit voljage vs. illumination
intensity of each sample due to in-
candescent lamp
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Fig. 12. Short circuit current vs. illumination
intensity of each sample due to in-
candescent lamp

obverse pt-side is not enough on account
of the difficulty of good cleaning on the
densely doped
ohmic contact. And besides
cheaper materials than the gold alloy should

surface and of irrelevant
an alloy with

be used. The nickel electrode on the rear
n-side as a cheaper material can make a
good electric contact by the electrodeless
plating, and moreover nickel is an effective
getter to the adsorbed gas and to preserve
carrier lifetimes (Ref. 21) although the
Schottky barrier height is fairly high (4.74
eV) (Ref. 22), but this type of n-side elec-
trode can be used on account of its merits.
Such a technique should be studied in detail
in the further research.

V. Conclusion

The following conclusion can be drawn
through the present research.

(1) The principle of the one side drift
field model due to the p*-p-n structure of
the silicon p-n junction for the solar cell
was studied.

(2) The silicon p-n junction having a
gradient of dopant concentration was formed

in the newly developed GDH-Implanter wit-

“hout any trouble in its implanting mecha-

nism.

(3) A gradient of implanted boron con-
centration in the p-type side of the silicon
substrate was formed by the strain com-
pensation in virtue of the tin dopant through
the simultaneous implantation of boron and
tin.

(4) A comparative analysis on the [-V
characteristics of our lab.-made sample and
a commercial grade sample was done by
contriving a simple method of checking the
quality of silicon solar cell.

(5) The forming techniques of the p-n
junction in the high efficiency silicon solar
cells having very dense dopant concentra-
tion in the p*-type surface layer are very
complicate. This is the main reason why
the silicon solar cell is generally very exp-
ensive. Although the open circuit voltage
(0.44V) and the conversion efficiency (5%)
of our lab.-made silicon solar cell are fairly
lower than those of a commercial grade cell,
it is noteworthy that the making processes
of our cell are very simple than any other
conventional methods. Recent tendency of
developing the solar cells in the world is
how to make a cheaper cell without making
the most of its only high efficiency. Since
we have developed a very simple and unique
method of making the silicon solar cell by
employing the GDH-Implanter, it is certain
that this method will contribute to the
earlier embodiment of the mass production
of cheaper silicon solar cells not a little.

Acknowledgments

The authors would like to express their
gratitude to Messrs. Chang Bae Moon and

Sae Woo Jun for their helpful assistance
throughout this research.



40 J. Korean Nuclear Society, Vol. 8§, No. 1, Manch, 1976

References

(1) M. Wolf, Proc. 1EEE 51 (5), 674 (1963).

(2) R.V. Oberstraeten and W. Nuyts, IEEE Trans.
ED-16 (7), 632 (July, 1969).

(3) J.J. Loferski and J.J. Wysocki,
March 1961, p. 38.

(4) W.R. Runyan and E.G. Alexander,
Trans. ED-14 (1), 3 (Jan., 1967).

(5) S. Kaye, IEEE Trans. ED-13 (7), 563 (1966).

(6) M. Wolf, Proc. IRE 48, 1246 (July, 1960).

(7) R. Baron, Phys. Rev. 137, A272 (1965).

(8) J.W. Mayer, et at., Phys. Rev. 137, A286
(1965).

(9) J. Mandelkorn and J.H. Lamneck, Jr., ].
Appl. Phys. 44, 4785 (1973).

(10) V.L. Dalal, et al., J. Appl
(1975).

(11) D.G. Nelson, et al., Applied phys. Lett. 15,
246 (1969).

(12) T. Tokuyama, et al.,

RCA Rev.

1EEE

Phys. 46, 1283

0YO BUTURI, 6, 599

(13)

(14)

(15)

(16

17

(18)

19)

(20)

@n

(22)

(1970).

F. Kloss and L. Herte, SCP and Solid State
Technol. 10, 48 (Dsc. 1967).

H.Y. Lee, ]J. Appl. Phys. (To be phblished
in the June 1976 issue).

R. Proebsting, SCP and Solid State Technol.
7, 33 (Nov., 1964).

T.H. Yeh and M.L. Joshi, J. Electrochem.
Soc. 116, 73 (1969).

H.E. Bridgers, et al. (ed.), “Transistor Te-
chnology”, Vol. 1, p. 206, D. Van Nostrand
Co. Ltd., Princeton (1959).

M. Wolf, Energy Conversion, 11, 63 (1971).
M. B. Prince, J. Appl. Phys. 26, 536 (1955).
M.B. Prince, Phys. Rev. 93, 1204 (1954).
W.J. Shattes and H.A.R. Wegener, J. Appl.
Phys. 29, 866 (1958).

A.G. Milnes and D.S. Feucht (ed.), “Hete-
rojunctions and Metal-Semiconductor Junc-
tiors”, p. 164, Academic Press, New York &
London (1972).



