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ABSTRCT

A novel type of induced junction (IJ) solar cells to achieve a high efficien-
cy without an n* doped layer was proposed. A strong inversion induced by an
external bias voltage across an insulating layer yields a very shallow n*p
junction without impurity doping, and heavy doping effects can be taken away.
Performances of the IJ cells were discussed in detail, and a conversion efficiency
larger than 20% could be expected. A cell-fabrication process was outlined
including formation of a charge-collection barrier by ion implantation and
deposition of a gate insulator with a high dielectric constant. A very low sheet
resistance could be realized at a low bias voltage, and the power of the photo-
generated current source increased with bias voltage.

1. INTRODUCTION

Extensive efforts have been carried out theoretically and experimentally to
obtain high conversion-efficiency solar cells using Si. Not only the improvement
of the short circuit current but also the increase of the open circuit voltage are
needed, and the reduction of recombination in the bulk and at the surfaces is
essential. Rohatgi [1] developed a simplified analytical model to provide a
guideline for maximizing the efficiency including the effects of bandgap narrow-
ing (2], Auger recombination [ 3], and recombination at the cell surfaces. He
showed the possibility of a 20% efficiency using a double-layer AR coating and
front- and back-surface passivation with SiO, Green et al. inserted a thin SiO,
layer between an emitter layer and current collection electrodes [ 4] to decrease
the recombination at the metal/Si interface, and characterized the performance of
the high-efficiency (up to 22%) cell in detail [5]. A high open circuit voltage up
to 681 mV was achieved by reducing the dark saturation current in a newly
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devised cell whose junction was a set of small point contacts [6]. The conven-
tional high-efficiency cells mentioned above use n*p junctions to make an
internal electric field for charge collection. Hence, heavy doping effects in
emitters cause inevitable difficulties, such as a saturation current increase by
bandgap narrowing and a lifetime reduction by the Auger recombination.

Recently, silicon inversion layer solar cells have been widely investigated to
obtain high conversion efficiencies by low temperature processes without forma-
tion of n*p junctions. High efficiencies up to 17.5 and 13.3% under AM1
illumination have been realized using single- and poly-crystalline silicon wafers,
respectively [7, 8]. We have revealed the current transport mechanisms and
showed that a strong inversion is needed to decrease the sheet resistance and
increase the efficiency [9, 10].

In this study, we propose a novel type of induced junction (I1J) solar cell to
achieve a high efficiency without an n* doped layer for a charge separation
barrier. A strong inversion, induced by an external bias voltage across an
insulating layer, vields a very shallow n*p junction without impurity doping,
and the heavy doping effects can be taken away. In contrast to conventional
inversion layer solar cells [ 7] (the inversion layer is formed by fixed charges
incorporated in a deposited transparent film), a strong inversion can be ob-
tained, which realizes a very low sheet resistance. First, the basic operation
mechanisms are mentioned, followed by a detailed theoretical calculation of the
performance of the IJ solar cell. The reduction of the reverse saturation current
is shown for the IJ cell in comparison with conventional n*p junction cells.
Optimization of the cell configuration is discussed, and a conversion efficiency
larger than 20% can be expected under AM! (100 mW) illumination. Some
experimental results are also described.

2. STRUCTURES AND OPERATION MECHANISMS

The basic structure of the IJ cell is shown in Fig. 1. On the semiconductor
surface with current collection electrodes, an insulator of about 100 nm thick is
deposited. A transparent conducting film is used as a gate electrode. The
current collection electrode is formed with either an n*p junction or a Schottky
barrier with a very thin oxide between the metal and the semiconductor. The
inversion layer is induced by applying gate bias voltage V,, and a very low sheet
resistance can be achieved in the strong inversion mode. Using an insulator
with a high dielectric constant, a very low sheet resistance less than 1 kQ/Sq
can be obtained by a relatively low applied voltage (V,=3-4 V). As will be
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Fig. 1 Cross sectional view of induced junction (IJ) solar cell.

mentioned later, this yields a high conversion efficiency even if the distance X
(see Fig. 1) between the grid electrodes is relatively large. In the external bias
circuit, the current flow is extremely small, and hence only a small part of a
solar cell module can be applied for the voltage source of the bias circuit. The
energy loss in the bias circuit can be neglected (lower than 1 % of the total
output) if the resistivity of the insulator is larger than 10" Qcm.

The induced junction solar cell has the following notable features [11]; i.e.
1) A very shallow charge-collection barrier can increase the sensitivity in the
short wavelength region, 2) A very low dark saturation current increases the
" open circuit voltage, 3) Due to a very low sheet resistance, coarse grid elec-
trodes can be used to increase the active area for solar illumination. In the later
sub-sections, we will explain these merits in detail.

2. 1 Shallow junction

The “internal” spectral response, (i.e. reflection of light from the surface is
assumed to be zero), defined as the number of collected carriers per incident
photon at each wavelength was computed using the following well-known equa-
tions [12] derived from the continuity equation.
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where
a : absorption coefficient

W . total cell thickness

: thickness of n* layer and equal to junction depth.
wq . thickness of depletion region

W' parameter equal to W— (w,+wa)

D, : diffusion constant of hole

D, : diffusion constant of electron

L, : diffusion length of hole

L, : diffusion length of electron

S, : surface recombination velocity of hole on top n* surface
S. : surface recombination velocity of electron on rear surface
F

: number of incident photons per unit area per unit bandwidth per sec

The responses in typical cases of conventional n*p and IJ solar cells are

shown in Figs. 2 and 3, respectively. The three components J,, Ja, and J,

collected from the n* top layer, the depletion region, and the p-type region are
shown by solid, dotted, and dashed lines, respectively. The resistivity of the p
type substrate was (.] Qcm, and the diffusion length of the minority carrier
(electron) was taken as 125 um. The thickness of the substrate was 500 #m. The
surface recombination velocity varied in the range of 10°-10°cm/sec. For the
conventional n*p cell, the junction depth w, was chosen as 0.2 ¢m, and L, and D,
were assumed to be 0.14um and (.78 cm? V7!sec™!, For the 1J cell, w,, L, and D,
were taken as (0.01u#m, 2.8um, and 2.3 cm?V !sec™!
inversion condition.
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Fig. 2 Internal spectral response of Fig. 3

Internal spectral response of
conventional n*p junction cell.

induced junction (IJ) cell
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In the case of the n*p junction cell, the hole current collected from the
surface n* layer mainly contributes to the photocurrent in the short wavelength
region. Hence, the surface recombination has serious effects on the spectral
responses. The response in the range of 250-450 nm decreases with increasing
S, as shown in Fig. 2. In the case of the IJ cell, the current collected from the
depletion region mainly contributes to the photocurrent, and the surface recom-
bination has no serious influence on the response as shown in Fig. 3. The
difference of the surface recombination effects on J, between the n*p and IJ cells
is caused by the different depths of the charge separation barriers. For the IJ
cell, the barrier is made just under the surface, since the thickness of the
inversion layer is less than (.01 zm. On the other hand, the junction depth of the
n*p cell is about 0.1 -0.24m in the practical cell configuration at present.

2. 2 Dark saturation current

Dark saturation currents J,; and J, due to electrons in the p-Si substrate and
holes in the n*-Si layer were calculated according to the following equations
approximately derived by the expression in ref.13. It was assumed that the
thickness of the n* layer was very much thinner than the hole diffusion length,
and the thickness of the substrate was sufficiently large compared with the
electron diffusion length.

_ d,
]nO_qnizeLnNA(p) s (4)
nl, W
Tov=ayt(Sor ). ®

where N. (o) and Np are the acceptor concentration of the substrate (a function
of resistivity p) and the donor concentration of the n* layer. The diffusion
length L, is considered to be a function of p, and the values reported in ref. 14
were used in the calculation. The lifetime of minority carriers in the n* layer
(hole) 7, was estimated taking the Auger effect into account [15]. The effective
intrinsic carrier density n;, was derived by considering the bandgap narrowing
effect [16].

The dependence of J,, on the surface recombination velocity S, is shown in
Fig. 4 for various values of Np (solid lines). The value of w, is chosen as a
typical value of (.2 #m. Figure 4 also shows J,, for several substrate resistivities
(dashed lines). When Np is comparatively small (< 10%cm™), J,, strongly
depends on S,. However, when Np, becomes larger (> 10¥-10®cm™®), J,, is not
influenced by S, so much, and closes at a certain value (5 X 107% Acm ™2 owing
to the heavy doping effects. In the case of the IJ cell, the n* area is formed only
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under the current collection electrode, and most of the surface is covered by the
induced inversion layer, in which holes don't exist. Therefore, J,; from the
inversion layer is considered to be zero, and the component from the n* layer
under the current collection electrode is taken into account in the estimation of
Joo

The dependence of J; on S, is shown in Fig. 5 for a typical value of 2= (.06,
where k is the ratio of the electrode area and the total area. Because of the
small value of k, J, becomes almost equal to /.. Then, J; is constant for various
Np in the range of S,< 10 cmsec™, and is as low as 1.5 X 107® Acm™ which is 1
/5 of the n*p junction cell for the same doping levels (Np= 102cm 3, p= (.1
Qcm).

2. 3 Sheet resistance
The sheet resistance is expressed as follows:
Rsq=(tter (Q:—Qx— Q)] 7, )
where @, is the surface charge density derived from the surface potential ¥,
(Vy), and @, is the acceptor density in the depletion layer. The interface state
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density Q. can be neglected since it is less than 1/ 10 of @, of the order of 10¥

cm™% The expected sheet resistance was calculated as a function of V; under the

following assumptions.

(1) The thickness of the gate insulator is 100 nm and its relative dielectric
constant varies from 4 to 90. The use of the large dielectric constant is to
obtain strong inversion under low bias voltage.

(2) The effective electron mobility u. in the inversion layer is taken as 400
cm?V~!sec™! which is smaller than that in a bulk. It can clearly be seen in
Fig. 6 that a very low sheet resistance smaller than 1 kQ/Sq can be ob-
tained under relatively low (4-8V) bias voltage if the dielectric constant of
the insulator is large (50-90).

The conversion efficiency was calculated following the output power equa-

tion [17] as a function of the current collection electrode period X (see Fig. T)

with a fixed electrode width Y (see Fig. 7) of 10um for various values of J;

kT, I+
ln(—l0

P={1IV|=I] . +1)+1IR.), (M
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where [; is the total dark saturation current considering the cell configuration.
The series resistance R, was estimated by the simple geometrical calculations
using the sheet resistance Rg, of inversion layer and the resistivity of electrode
metal. [, is the power of photo-generated current source, and is nearly equal to
a short circuit current in cases of sufficiently small series resistances. The cell
size is taken as 1 X1 cm? In Fig. 8, the solid and dashed lines are the
efficiencies for the active and the total areas, respectively, under AM1 (100 mW)
illumination. The short circuit current is assumed to be 37 mAcm™ which is a
typical value under AM1 (100 mW) illumination. The sheet resistance in the
inversion layer is 1 kQ/Sq. The resistivity (2.74 X 107*Qcm) and the thickness
(3 um) of the electrode metal (Al) are taken into accout in the calculation of
the series resistance. Figure 8 clearly shows that the maximum conversion
efficiency for the total area is expected as 20 and 18% for J;= 107® and 107"
Acm™?, respectively. If the short circuit current increases 40 mA cm~? by AR
coating and surface passivation, a higher efficiency will be obtained.

25T T T T T T TT
s Jsc=37mAcm?Z |
| Ro=1kQu0
~ active T

N
o

EFFICIENCY (%)

[$)]

ELECTRODE PERIOD (mm)

Fig. 8 Dependence of the conversion efficiency of induced junction

(I1}) cell on the current collection electrode period.
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3. CELL FABRICATION AND ITS PERFORMANCE

Mirror polished (100) surfaces of p-Si (Fz) with the resistivity of (.1 - 10 Qcm
were used. The outline of a cell fabrication process is shown in Fig. 9. The
grids of n*p charge collection barriers were made by a selective ion implantation
technique using a SiO; mask. The dosing energy and the level of P* ions were
100 keV and 5 X 10¥cm™? respectively. Almost all impurities were activated
after annealing at 800° C for 1 min. After the deposition of a metal electrode
(Ti/Ag), a uniform TiO, this film was deposited by thermal decomposition of
tetra-iso-propyl-titanate (Ti (OC;H;), ) at substrate temperatures of 200 - 400° C.
A transparent conductive ITO film was deposited by electron beam evaporation

Al
|p-si(F2)
Fored—Si0 2 | 177 |
DEPOSITION BY CVD GRID ELECTRODE
FORMATION
I T
T L e e RESIST [ %
PHOTO-LITHOGRAPH OHMIC CONTACT
METALIZATION
ETCHING
v Reen] FEERT
P’ — [ )
7] ) [ m—"1) )\ \ v
T -n-Si

SELECTIVE ION IMPLANT.
AND ANNEALING

Fig. 9 Outline of cell-fabrication process.
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to made an 1J cell.

The gate insulator film needs the following factors: (1) a large dielectric
constant to made a strong inversion by low gate bias voltage, (2) a large
resistivity to reduce the power loss in the gate circuit, (3) a good transmittance
in the visible wavelength region to obtain a high efficiency. The dielectric
constant and the resistivity of TiO, film made by CVD are 20-86 and 10°- 10Y
Qcm [15], and the trasmittance is larger than 85%. Thus, the TiO, film is one
of promising candidates as the gate insulator of the IJ cell.

The sheet resistance in the inversion layer could be estimated by the depend-
ence of the channel conductance on the channel length in FET (field effect
transistor) structures, taking the electrode resistance into account [18]. Figure 10
shows the dependence of the sheet resistance as a function of V,. The substrate
was a p-type wafer with Na= 10"cm=®. A thin TiO, film whose thickness and
relative dielectric constant were 78 nm and 42 was used as a gate insulator. The
solid line is the experimental result, and the dashed curve is the theoretical one

1 T T T
| - 17,
' ot
n | d = i
~20 ' €i =42
o |
g ' —e— experiment
=~ “ ——- theory
| (k=400cm¥Vs)
ul 15— | =1
O |
Z \
~ \
n
7]
w
o 10+
'—
w
w
T
n 5

1 2
GATE  VOLTAGE v)

Fig. 10 Dependence of the sheet resistance on gate bias voltage.
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using an assumption of g.= 400 cm?*V-'sec™’. The sheet resistance was larger
than 10 kQ2/Sq below V,= 1V, and it decreased rapidly with increasing V,. The
minimum sheet resistance was 3.3 kQ/Sq at V,= 4V, which showed that a strong
imversion occurred. The experimental values were about twice as large as the
theoretical values. This is discussed elsewhere {19].

The photoresponses were measured in the samples with a 1 cm? area. A
highly resistive SiO; of the order of 10" Qcm was used as a gate insulator in
order to reduce the power loss in the gate circuit. Fig. 11 shows the dependence
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Fig. 11 Saturation photocurrent as a function of gate bias voltage.
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gl
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Fig. 12 Collection modes of photogenerated carriers under various bias voltages.
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of the power of the photo-generated current source /, on V,. I, was low in the
range of V,=— 1V, and it increased rapidly up to 16 mAcm™? with increasing V,.
The surface was in the accumulation or flat band conditions for V,=—1 V. The
photogenerated carriers were recombined before they diffused to the charge
collection electrodes (Fig.12 (a) and (b)). For V,=4V, a strong inversion
occurred, and photogerated carriers could be collected through the inversion
layer (Fig.12 (c)). The operation of the novel type induced-junction cell was
confiirmed. A higher photo-generated current will be expected when AR coating
and/or back surface field configuration are adopted.

4. CONCLUSION

In this study, we proposed novel type induced junction (IJ) solar cells to
achieve a high efficiency without an n* doped layer. A strong inversion layer,
induced by an external bias voltage across an insulating layer, yields a very
shallow n*p junction without impurity doping, and heavy doping effects can be
taken away. Performances of the IJ cells were discussed in detail, and a
conversion efficiency larger than 20 % can be expected, owing to a very low dark
saturation current compared with that of conventional n*p junction cells. A cell
—fabrication process was outlined, including the formation of a charge-collection
barrier by ion implantation, and the deposition of a gate insulator with a high
dielectric constant. A very low sheet resistance of about 3 kQ/Sq could be
realized at a low biasd voltage, and the power of the photo-generate current
source increased with bias voltage. The IJ cell can be expected ad a promising
one of the high-efficiency solar cells.
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