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Cu 34 3 90 0.3 300
Ni 130 - 50 - 2,000
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Cu 13 0.3 0.3
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R OEE M E MF * MS C MSD

Bl B E®E (m,/m ) | 0.1~12 0.1~1.0 1.0 0.5~1.0

0.0 79~ 0.037~ | 0.023~
& Q- com) 0083 | 0001 0.0 38 0028
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IEflL &’ E (em ") 1018 102 1018 10 18
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ABSTRACT

Pinholeless polycrystalline indium phosphide layers were grown on mo-
lybdenum sheets at temperatures lower than 600°C using indium and phos-
phorus trichloride as the source materials. The low activation energy of the
deposition rates and weak dependence of the rates on the partial pressure of
indium monochloride suggest that surface processes play an important role
in the growth of polycrystalline films. It was ascertained by an x-ray diffrac-
tion measurement that the {110} and {331} orientations become noticeable
with increasing thickness at higher temperatures, whereas the «<111> orien-
tation is dominant at lower growth temperatures. The development of the
<110> orientation produces films with a columnar structure, which could
be explained by the dependence of the growth rate on the crystallographic
orientation.

Indium phosphide is a promising material for solar fabricate thin-film solar cells of polycrystalline indium
cells because the indium phosphide cell has high theo- phosphide on low-cost substrate materials.
retical conversion efficiency (1). In order to obtain ~ To date, few papers have been published on the prep-
low-cost solar cells for terrestrial use, it is necessary to aration of polycrystalline indium phosphide, although
« Electrochemical Soctety Active Member research on the epitaxial growth }}ad been carried out
Key words: deposition rates, grain size, orientation. (2-4). In this paper, polycrystalline layers were de-
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posited on thin molybdenum sheets by the reaction of
indium with phosphorus trichloride in a hydrogen at-
mosphere, The indium transport reaction and the proc-
ess for the deposition of pinhole-free indium phosphide
were examined. The rate-determining step of the depo-
sition is discussed. The grain size of the deposited film,
which is generally required to be larger than the
minority-carrier diffusion length, was measured as a
function of deposition conditions since highly oriented
polycrystalline films may be essential to realize effi-
cient solar cells (5, 6). The orientation of the poly-
crystalline films was characterized by the x-ray method
and reflection electron micrography.

~ Experimental

Film growth.—Polycrystalline indium phosphide was
deposited on 50 um thick molybdenum sheets by reac-
tion of In and PCls in hydrogen. The molybdenum
sheets were selected because of the small thermal ex-
pansion coefficient mismatch between molybdenum and
indium phosphide and because of its chemical stability
in a growth atmosphere. Prior to growth, the sheets
were ultrasonically cleaned in trichloroethylene and
subsequently in methanol, and chemically etched in a
1 H2SO4-1 HNO3-3 H0 solution.

The deposition was carried out in a horizontal reactor
with a conventional gas feed system (2, 3), typical for
an epitaxial growth of III-V semiconducting materials.
The temperature of the indium source was held at
750°C and the temperature of the molybdenum sheets
was in the range of 450°-650°C. A typical flow rate of
the hydrogen gas was 200 c¢m3/min (at room tempera-
ture). The partial pressure of PCl; in the feed gas was
2-13 x 10—3 atm. The thickness of the deposited layers
was determined by measuring the surface line profiles
of step-etched samples.

Structure.—Measured x-ray intensities (CuK, radia~
tion) were normalized by the theoretical values calcu-
lated by the following equation (7)

I=C-M-P-L-|F2-A-T (1]

where C is a constant, M the multiplicity of the planes,
P the polarization factor, L the Lorentz factor, F the
structure factor, A the absorption factor, and T the
temperature factor. For powder samples with a plate-
like shape, the absorption factor is described as (7)

2ut
A:Au{l—-exp(—f—)} [2]
sin 9

where A, is a constant, u the linear absorption coeffi-
cient, t the thickness, and ¢ the x-ray diffraction angle.
A is almost equal to A, if the thickness, t, of indium
phosphide is more than 20 um. The equations used to
calculate other factors are those found in Guinier’s
book (7).

Results and Discussions

Transport of indium.—A source temperature of 750°C
was adopted in this experiment because a transport
efficiency defined below was reported to saturate and
approach an equilibrium value at temperatures higher
than 700°C (8). First, the amount of indium consumed
during the reaction was measured as a function of the
reaction time at a linear flow rate of 0.75 cm/sec, cal-
culated at 750°C. The amount was found to increase in
proportion to the reaction time at PCls partial pres-
sures of 2.3 x 10—3-1.2 X 10-2 atm. As for the effect
of the PCl; partial pressures in the feed gas, the trans-
port rate of indium increased in proportion to the PCls
partial pressure as indicated in Fig. 1.

The transport efficiency, defined by the ratio of the
number of moles of indium transported to the number
of moles of chlorine fed during the growth time, was
95%. This is in good agreement with the 99% obtained
by thermodynamic calculation and an observed value
reported for the same reaction in a vertical reactor (4).
The result shows that the transport reaction around the
source occurs under equilibrium conditions.

March 1976

r)
N

T=750 °C

g/h

TRANSPORT RATE OF INDIUM (

1 1
0 G005 001
PCLy PARTIAL PRESSURE (atm)

Fig. 1. Transport rate of indium as a function of PCls partial
pressure. The temperature of the indium source is 750°C.

Deposition of indium phosphide.—The deposition of
polycrystalline indium phosphide was carried out at
temperatures lower than 650°C which had been used
previously for epitaxial growth on single crystal sub-
strates (2-4). In a ilm deposited at 650°C, there existed
small holes where molybdenum surfaces could be seen,
although the grain size was larger than that in a film
prepared at lower temperatures. Temperatures lower
than 600°C were found to be useful to obtain homoge-
neous films without pinholes. This suggests that suffi-
cient supersaturation is necessary for uniform poly-
crystalline growth.

The thicknesses of the polycrystalline deposits were
found to increase in proportion to the deposition time
except in the initial stage of the deposition. From an
Arrhenius plot of the deposition rates shown in Fig. 2,
the activation energy was determined to be 15 kecal/
mole. This agrees approximately with the activation
energies of epitaxial growth on low-index planes (4).

Mass spectroscopic analysis (8) of gases in the depo-
sition zone has shown that indium monochloride reacts
with phosphorus compounds according to the reaction

1
InCl(g) + P*(g) + ?Hz(g) = InP(s) 4 HCl(g)

[3]
where P* represents P; and Ps. Assuming that the
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Fig. 2. Arrhenius plot of deposition rate for polycrystalline indium
phosphide. The dashed line is calculated under thermodynamic
equilibrium. The PCl; partial pressure is 7.2 X 10~3 atm.
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phosphorus compound in the gas phase is the tetramer,
deposition rates were calculated using the above equa-
tion. As indicated by the dashed line in Fig. 2, dif-
ferences were observed on the Arrhenius plots between
calculated and observed values. This result shows that
the deposition reaction cannot be described as being
carried out under thermodynamic equilibrium,

The deposition rate was examined as a function of
the PCl; partial pressure which corresponds to one-
third of the InCl partial pressure appearing in Eq. [3].
The rate increases only slightly with increasing PCls
partial pressure as shown in Fig. 3.

The weak dependence of the deposition rate on the
partial pressure suggests that the deposition process is
not limited by mass transfer of reactants in a gas phase
but by surface processes such as surface reaction, sur-
face diffusion, adsorption and desorption processes.

Grain size~The grain size of the polycrystalline in-
dium phosphide layers tends to increase both with in-
creasing deposition temperature and thickness; more-
over, the grain size is not always homogeneous. In the
case of a layer deposited at 600°C, the mean value of
the grain size measured by the Fullman method (9)
was about 7 yum (about 1 um in a film deposited at
500°C). Roughness of the surface was about 2 um for
a'12 um thick film deposited at 600°C.

The mean grain size increased and saturated with in-
creasing film thickness as shown in Fig. 4. This ten-
dency is related to the observation that small nuclei
on a molybdenum surface grow in size and finally co-
alesce with each other.

A columnar structure in a cross section of the film
shown in Fig, 5 suggests the saturation of the grain
size. The columnar structure indicates that each grain
grows mostly perpendicular to the substrate. The col-
umns were found to develop with increasing growth
temperature and thickness, which relates to the de-
velopment of preferred orientation as mentioned be-
low. However, the columns were found not to grow im-
mediately from the substrate and not to exist in layers
deposited at temperatures lower than about 500°C.

Preferred orientation.—X-ray diffraction spectra of
InP films consisted primarily of diffraction peaks of
low-index faces such as {111}, {110}, {311}, and
{331}. Also, relative intensities of the diffracted peaks
were found to vary with the growth temperature and
the thickness of the film. For a film deposited at 6060°C,
{110} and {331} faces developed, whereas {111} and
{311} planes diminished with the thicknesses for films
thicker than 5 um as shown in Fig. 6. On the other
hand, layers thinner than 5 um were random in orien-
tation. As for a film deposited at 500°C, the diffracted
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Fig. 3. The effect of PCl3 partial pressure in the feed gas on the
deposition rate of polycrystalline layers.
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Fig. 4. The variation of grain size with thickness at various sub-
strate temperatures.

Fig. 5. Scanning electron micrograph of InP polycrystalline de-
posit on molybdenum.
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Fig. 6. The variation of relative intensity of x-ray diffraction with
thickness for various crystal planes in the films deposited ot 600°C.

intensities decreased in the order of {111} > {220} >
{311} > {331} = {200} and the tendency held for films
varying in thickness. However, the degree of preferred
orientation was not found strong.
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Fig. 7. The variation of relative diffracted intensity with depo-
sition temperature for various crystal planes in the films with thick-
_ness of about 6 um.

Next, we examined the effect of growth temperature
on the orientation of the films. In the case of thin films
(about 1 um), relatively random orientation was ob-
tained irrespective of various growth temperatures,
although {111} orientation developed to some extent.
For the thicker film (6 um) shown in Fig. 7, {110} and
{331} planes developed, {111} and {100} planes dim-
inished, and the {311} plane did not change with in-
creasing growth temperatures. The inverse tendency
between the {110} and {111} orientations for increasing
temperature is also similar to the result obtained for
polycrystalline silicon films prepared by pyrolysis of
silane on an oxidized silicon surface (10). .

In order to examine the effect of the partial pressure
of reactants on the orientation, the partial pressure of
PCl3 was varied from 2 X 10-3t0 1 X 10—2 atm. How-
ever, no effect in preferred orientation was observed.

In the x-ray method, the information is obtained
over an x-ray penetration depth of tens of microns,
while reflection electron microscopy provides informa-
tion on the degree of preferred orientation with less
than a micron of the crystal surface. The reflection elec-
tron micrographs of the film deposited at 600°C showed
random spots. This indicates that the surface consists
of relatively large grains with random orientation. As
the {220} intensity was dominant in the x-ray diffrac-
tion, the crystallites are oriented in the <110> growth
direction, but have randomly oriented surfaces.

On the other hand, for films grown at temperatures
“less than 550°C, the. electron micrographs consisted of
" Debye rings. And the micrographs showed that among
the various planes, the {111} plane was relatively paral-
lel to the substrate surface, but the {110} face was in-
clined or random in the orientation. Especially, the
orientation of the {111} face is consistent with that ob-

tained by x-ray diffraction. This indicates that the ori- ’

entation near the surface is equal to that in the film.
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The <110> preferred orientation of InP films pre-
pared at 600°C is in agreement with that of polycrystal-
line silicon films (10). The {110} face was reported to
be the plane with the fastest growth rate among low
index planes for InP (4) and Si (11). In addition, for
an epitaxial growth of indium phosphide, the growth
rate was in the order of {110} > {111}B > {100} sur-
faces (4), corresponding to the order of the orientation.
Therefore, in the polycrystalline growth of InP, the
planes with higher growth rates grow preferentially
and, thus, other planes cannot grow in the direction
parallel to the substrate surface. As a result, the pre-
ferred orientation is formed for the planes with higher
growth rates.

Conclusions

Polycrystalline indium phosphide was deposited on
molybdenum substrates by vapor-phase growth to in-
vestigate the growth mechanism and the structure of
the film. The conclusions obtained are as follows:

1. The indium transport reaction with phosphorus
trichloride occurs under thermodynamic equilibrium.

2. Homogeneous polycrystalline films are obtained at
temperatures lower than 600°C. The activation energy
of 15 kecal/mole and the dependence of the deposition
rate on the partial pressure of the reactant suggests
that surface processes determine the deposition rate.

3. The grain size depends on the deposition tempera-
ture but is independent of the partial pressure of PCl;
in the feed gas.

4. The crystal grains are oriented in the direction of
{111} at low temperatures, but the {110} orientation and
orientations near the <110> directions developed at
higher temperatures and with increasing the thickness.
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Dendritic Growth of Silicon Thin Films
on Alumina Ceramic
and Their Application to Solar Cells
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Nobuo NAKAMURA, Hiroshi TAMURA, Shigekazu MINAGAWA
and Takashi TOKUYAMA

Central Research Laboratory, Hitachi Lid.,
Kokubunji-shi, Tokyo 185, Japan

Polycrystalline silicon films on alumina ceramic are recrystallized under normal freezing
conditions. A multi-layered structure containing borosilicate glass and titanium layers is
successfully used to prevent molten silicon films from agglomeration. The films obtained are
dendritic and of mm size. Chemical etching reveals tilt boundaries, linear and dot-like defects

in addition to grain boundaries.

The thin film solar cells fabricated on the recrystallized silicon by successive deposition of p
and n* layers show photovoltaic conversion efficiencies of up to 2.6% at a fill factor of 0.67
under an AMI simulator. From the spectral response curves of the cells, the electron diffusion
length of the p-type active layers is calculated to be 1 um and causes a low short circuit current

density of 9.8 mA/cm?.

§1. Introduction

Polycrystalline silicon films deposited on
inexpensive substrates have been attempted to
fabricate low-cost solar cells.!'? Qur approach
concerns a fabrication of silicon thin film solar
cells on alumina ceramic substrates having
generally compatible physical properties with
silicon and being inexpensive for wide applica-
tion in thick-film electron devices.

The grain size of polycrystalline silicon on
alumina, prepared by a conventional chemical
vapor deposition technique, was usually less
than 10 um. Several efforts to enlarge the grain
size of thin films through recrystallization or
sintering of the deposited films have been
reported.®>** Doo reported that a recrystallized
silicon film of mm grain size has been obtained
on alumina ceramic by employing a melting
and rapid solidification technique.®

In this paper, a new melt-regrowth technique
is described which is designed to prevent molten
silicon film agglomeration, as well as to obtain a
grain size around 1 mm. The structural and
electrical properties of the recrystallized films
are also investigated. In addition, the char-
acteristics of thin film solar cells fabricated on
the silicon films are discussed.

§2. Experimental

The substrate used was 96 pure alumina
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ceramic, 25x25x 1 mm? in size. A titanium
film (about 0.2 um thick) was evaporated on
the alumina substrates in a vacuum. For the
deposition of silicon films with a thickness of
20 to 30 pum, trichlorosilane was used as a
source and diborane was added as a p-type
dopant. and then, a borosilicate glass film
(1 to 2 um thick) was chemically deposited on
the silicon film.

The polycrystalline silicon film thus prepared
was melted and recrystallized in air ambient
under normal freezing conditions. The struc-
tural properties of the recrystallized film were
investigated using X-ray diffraction and Sirtl
etching. To fabricate a p-n junction on the
recrystallized layer, a p- and an n™*-type layer
were chemically deposited, successively. The
electrical contact on the a*-type layer was
attached by evaporating titanium and silver
successively through a metal mask. The alumi-
num contact was evaporated on the p*-type
region revealed by mesa-etching. The solar cell
characteristics were measured under illumina-
tion by an AMI1 solar simulator. Spectral
response curves were obtained using a constant
energy spectrometer. Furthermore, local varia-
tions of photocurrents were examined using a
scanning He-Ne laser beam with a resolution of
about 5 um.
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§3. Results and Discussion

3.1 Recrystallization

To suppress the agglomeration of the molten
silicon film during melt and regrowth, a thin
film of appropriate material was placed on
silicon, For various oxide and nitride films
deposited chemically on the silicon films, a
borosilicate glass film was found to be most
suitable. It is suitable because the film with a
10 mole 9 of B,O; melts at 1390°C and works
as a liquid encapsulant on the silicon film at the
regrowth temperatures. However, only the use
of borosilicate glass film was not sufficient to
. prevent agglomeration. A titanium layer in-
serted between the silicon and alumina was
found to be very effective. This is probably due
to the decrease of the melt-substrate interfacial
energy or the improvement of the wettability
of the molten silicon to the substrate.

The effect of ambient gases in the recrystal-
lization was also examined. In the case of nitro-
gen or argon gases, the oxide film was vaporized
and the molten silicon film agglomerated. On
the other hand, the oxide film did not vaporize
in either oxygen or air ambients, in which the
oxygen partial pressure was higher than the
equilibrium dissociation pressure of the silicon
oxide.

A typical surface pattern of a recrystallized
film (20 um thick) is shown in Fig. 1. Dendritic
growth of about 0.3 mm wide and a few
centimeter long can be seen over the entire
surface. The X-ray diffraction for the dendritic
films showed the [111] orientation to be more
predominant than the [110]. The latter orienta-
tion is typical for the as-deposited films. This
result could be explained by the fact that the

Fig. 1. Dendritic silicon film, 20 um thick, on
alumina ceramic, recrystallized by a normal freezing
technique.

02mm_,

Fig. 2. Chemically etched surface of a recrystallized
silicon film using a diluted Sirt] etchant.

surface energy of the [111] face is lower than
that of the [110]* and the surface index with
the lower surface energy determines the
preferred orientation.

Figure 2 shows the enlarged areas of the
recrystallized and unmelted regions. The un-
melted region is indicated at the left-hand side
of the figure. The regrowth begins from the
periphery of the unmelted regions and proceeds
to the right in the figure during cooling down of
the furnace. Also shown in Fig. 2 are various
types of defects revealed by Sirtl etching.
Among them were grain boundaries with irreg-
ular shapes g,, tilt boundaries g, or g;, tri-
angular etch pits e and linear defects |, or I,.
Tilt boundaries were determined by the observa-
tion that the boundaries extend straight from
grain boundary to grain boundary in the direc-
tion of [211} and are parallel to the bases of the
triangular etch pits. The linear defects originat-
ing from the irregular grain boundaries and
terminating in the grains are probably due to
stacking faults and slip lines.

Hall measurement indicated that the resis-
tivity of the recrystallized films was 1x 1073
Q-cm, being half of that for the as-deposited
films. However, the mobility was 40 cm?V ~'s™!
being twice as large as the value of as-deposited
films.

3.2 Dark current-voltage characteristics

The “#” value in the In [ vs. V relation is
calculated to be 1.6 from the forward current-
voltage characteristics for an efficient solar cell
as shown in Fig. 3. Generally, the “#” value
tended to be less than two for efficient solar cells
and more than two for less efficient cells. The
reverse characteristics also shown in Fig. 3
were plotted in a log-log relationship. As a
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Fig. 3. Dark current-voltage characteristics of a thin
film solar cell fabricated on alumina ceramic. The
cell area is 3.08 mm?.

result, it was found that the current increased
quadraticly with the voltage and indicated that
the space-charge-limited current is dominant.”
On the other hand, the current-voltage char-
acteristics of less efficient cells were almost all
ohmic, corresponding to a shunt resistance of
several kQ.

3.3 Solar cell characteristics

The current-voltage characteristics for an
efficient cell under illumination are shown in
Fig. 4. The optimum short-circuit current
density, open-circuit voltage, fill factor and
conversion efficiency were 9.8 mA/cm?, 0.40 V,
0.67 and 2.6 %, respectively.

To examine local distribution of the conver-
sion efficiencies, mesa-etched diodes of various

1 (mA/cmz)

0 * 02 * 04
v (v)
Fig. 4. Current-voltage characteristics of a thin film
solar cell on alumina ceramic under an AMI simu-
lated solar irradiation.

% (o)

o I i
Al 02
Area {cm?)

Fig. 5. Variations in photovoltaic conversion effi-
ciency with cell area for thin film solar cells on
alumina.

sizes were fabricated on the same substrate and
cell characteristics were compared. The conver-
sion efficiencies tended to decrease as cell area
increased as shown in Fig. 5. Among the factors
influencing efficiency, the fill factor was found
to decrease with increasing cell area due to a
decrease of the shunt resistance.

In order to determine the reason for low
short-circuit current, the spectral response
curve was measured. The photocurrent at
longer wavelengths for the thin film cell was
found to be lower than that of a single crystal
cell. This suggests that the diffusion length of
minority carriers is short. The diffusion length
was determined using the following equation:®

oL,

Te T3,

exp (—ax-d),

where [ is the short-circuit current, « the
absorption coefficient, L, the electron diffusion
length and d the n*-type layer thickness. The
electron diffusion length of the p-type layers was
calculated to be about I um.

The low value for the diffusion length is
considered attributable to the presence of
defects and/or deep level impurities. The local
variation of the photocurrent was examined by
measuring a laser beam induced current.
Shown in Fig. 6(a) and (b) are a reflection laser
image and a laser beam induced current image.
Typical defects in Fig. 6(a) are irregular bound-
aries A and linear boundaries B, and B,
corresponding to g, and g, in Fig. 2, respec-
tively. From Fig. 6(b), the photocurrent at the
linear boundary B, is found to be slightly
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Fig. 6. Scanning laser images of a thin film solar
cell fabricated on an alumina ceramic substrate.
(a) A reflection laser image. ‘“‘A” indicates irregular
boundaries, ‘““B” linear boundaries and “C” the
metal electrode.
(b) A y-modulated image of laser beam induced
photocurrent.

higher than that at surfaces without any
specific defects. However, the linear boundary
B, does not effect the photocurrent at all. On
the other hand, the photocurrent around
irregular boundaries varies as much as [0%.
These results suggest that the low diffusion
length value is not determined by the presence
of defects but presumably by deep-level
impurities.

§4. Conclusion

Recrystallized silicon films having the mm
grain size can be prepared on alumina ceramic
using a multilayered structure consisting of
borosilicate glass, polycrystalline silicon and
titanium films. Thin film solar cells fabricated
on the recrystallized films by chemical vapor
deposition showed efficiencies of up to 2.6%,
and fill factor of up to 0.67.
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Heterojunctions on polycrystalline indium phosphide films are fabricated and characterized.
The InP films are chemically deposited on molybdenum substrates. Cuprous selenide films,
being cubic in crystal structure and degenerate in conduction, are prepared on n-type InP
films. Cu,Se/InP thin film solar cells have efficiencies of up to 1.7% with a short circuit current
density of 11 mA/cm? under AM 1 simulated irradiation.

Furthermore, CdS/InP heterojunction solar cells are fabricated by evaporating indium-
doped CdS films on zinc-doped InP surfaces. The efficiency directly increases with the anneal-
ing temperature of the cells up to 2.0% with a short-circuit current density of 18 mA/cm?. A
collection efficiency of 709 is obtained at a wavelength of 0.65 um from a spectral response
curve. In addition, the electron diffusion length is calculated to be 0.2 um, which determines
the lower collection efficiency at longer wavelengths.

Introduction

§1.

Thin film solar cells of polycrystalline
semiconductors on inexpensive substrates have
been studied as feasible candidates for obtain-
ing low-cost solar cells for terrestrial use.! ™
Indium phosphide is selected because of its
high theoretical conversion efficiency, thin
solar energy absorption layer and low energy
consumption for fabricating solar cells com-
pared with conventional silicon solar cells.*’
Consequently, the growth, structure and elec-
trical properties of polycrystalline indium
phosphide films on molybdenum have been
investigated.> 7

In general, photovoltaic conversion can be
realized by preparing potential barriers on the
films, i.e. homojunctions, heterojunctions and
Schottky barriers. As for the polycrystalline
indium phosphide, zinc diffusion was first
attempted to form p-n junctions. However, the
rectification was poor, probably due to rapid
diffusion of the zinc along the grain boundaries
and excessive junction leakage. Therefore,
heterojunctions on both n-type and p-type
polycrystalline indium phosphide were fab-
ricated.

Using n-type films, Cu,Se/InP heterojunction
solar cells were fabricated and the photovoltaic
properties were characterized. It was recently
reported that CdS/InP hetercjunction solar
cells had relatively high efficiencies for both
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monocrystalline and polycrystalline InP lay-
ers.®® 1In this paper, the preparation and
properties- of CdS/InP polycrystalline cells on
molybdenum substrates were investigated.

§2. Experimental

2.1 Film preparation

Polycrystalline InP films were chemically
deposited on 50 um thick Mo sheets using an
In-PCl,—H, reaction system.>® The Mo sheets
were selected because of the small thermal ex-
pansjon coefficient mismatch between InP and
Mo and chemical durability in a growth am-
bient. After cleaning in organic solvents, the
Mo surface was etched in a 1H,SO,~1HNO,-
3H,0 solution.

Deposition was carried out in a horizontal
reactor at an indium source temperature of
750°C and substrate temperatures between
550°C to 650°C. Typical deposition rate at
600°C was about 6 yum/hr and the deposition
activation energy was 15 kcal/mol. Zinc phos-
phide was used as a p-type dopant. The InP
films were attached to a glass plate and the Mo
substrates were etched off. Then, the electrical
properties of both »-type and p-type films were
measured by the van der Pauw method.'®

2.2 Solar cell fabrication

Prior to heterojunction formation, p-type
cuprous selenide and n-type cadmium sulphide
evaporated on glass plates were characterized
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Fig. 1. Schematic representation of two-type hetero-
junction solar cells fabricated on Mo substrates. (a)
p-type Cu,Se on n-type InP cell, (b) n-type CdS on
p-type InP cell.

by reflection electron microscopy, X-ray diffrac-
tion, optical absorption and Hall measurements.

In the case of Cu,Se/InP heterojunction solar
cells, cuprous selenide films with a thickness of
around 400 A were prepared in a vacuum on
undoped, 20 um thick, n-type InP films. Gold
grid patterns with a 50 ym line width and a
I mm spacing were formed in a vacuum on the
Cu,Se films. Then, InP deposits on the Mo back
surface and periphery of the cells were etched
off to reduce the series resistance and the
leakage current, respectively. Finally, a lead
wire was attached to the gold grid with a

silver-epoxy resin and a SiO antireflecting film
was applied. The resulting configuration of
Cu,Se/InP cells is schematically shown in
Fig. 1 with that of CdS/InP thin film solar
cells.

Zinc-doped, 18 um thick, p-type InP films
were chemically deposited on Mo sheets at
around 600°C as the first step in the fabrication
of CdS/InP cells. Then, n-type (In-doped) CdS
films were prepared on the p-type InP films at
200°C by an ordinary vacuum evaporation
technique using sintered CdS sources. The
CdS films used were 2 um thick. Indium metal
grids, the same size as mentioned above, were
formed on the CdS films. Other fabrication
conditions were similar to those of Cu,Se/InP
solar cells. Finally, the electrical and optical
properties of the heterojunction solar cells were
measured.

§3. Resuits and Discussion

3.1 Properties of indium phosphide films
3.1.1  Structural properties

The structure varied mainly with deposition
temperature and growth time and not with
reaction gas concentration in the case of n-type
InP films. A film deposited at 600°C was rela-
tively columnar as shown in Fig. 2(a). The
grains with columnar structures were found to
be oriented predominantly in the {110} direc-
tion using X-ray diffraction measurement.”’
However, the films deposited at temperatures
less than 550°C or being thinner than 5 um
tended to be random in orientation.

@®

®

Fig. 2. Photomicrographs of polycrystalline InP films on Mo substrates. (a) Scanning electron
micrograph, (b) Replica electron micrograph.
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As-deposited surfaces of the films were
examined using replica electron micrography
and are shown in Fig. 2(b). The micrograph
shows that the surfaces consisted of various
sized grains with lineages and flat facets. The
lineages presumably correspond to the twin
boundaries obserbed previously.®

However, p-type films were found to be
random in orientation irrespective of deposition
conditions. Especially, InP whiskers tended to
appear with increasing zinc concentration in
the growth ambient. This tendency prevented
p-type films from having low resistivities.

3.1.2 Electrical properties

For undoped films, the electron concentra-
tion of a 20 um thick film was 10'5 to 10*7 cm ~3
and increased with increase in deposition tem-
perature.”’ The electron mobility and resistivity
were on the order of 10cm?/V-s and 10 to
100 Q- cm, respectively. The barrier heights
were 0.2 to 0.3 eV as obtained from the rela-
tionship between the resistivity and reciprocal
temperature.” However, the electrical pro-
perties of sulphur-doped films were found to be
strong functions of the deposition conditions
and doping levels.

The Hall measurement of p-type InP films
was performed using a Au/Zn/Au contact.'"’
The resistivity, mobility and hole concentration
of a 70 um thick film were 18 Q-cm, 7.5 cm?/
Vs and 4.6 x 10! cm ™3, respectively.

3.2 Cu,Se/InP solar cells
3.2.1 Properties of cuprous selenide films

The structures of Cu,Se films prepared on
glass plates were examined by reflection electron
diffraction. It was found that the films evapo-
rated at room temperature were amorphous
whereas those evaporated at more than 150°C
were polycrystalline. Furthermore, the diffrac-
tion patterns observed consisted of three Debye
rings closely relating to cubic Cu, _,Se crystals.

Film resistivity was on the order of 1074 Q-
cm. Mobility prepared at 160 and 300°C was
3 to 4 cm?/V-s, being one order of magnitude
lower than that of single crystal Cu,Se.!?
Thus, the hole concentration was calculated
2x10%% cm ™3, which means that the films are
non-stoichiometric and is consistent with the
diffraction data.

The variation of electrical properties with
substrate temperature also affected the optical

100r
740 A THICK
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¢}

04 a6 08 10
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Fig. 3. The effect of substrate temperature on the
transmission of Cu,Se evaporated films. Glass
plates were used as substrates and the evaporated
film was 740 A thick.

properties of the films. Figure 3 shows the
optical transmission spectra of Cu,Se films
prepared on glass plates. The transmission
spectrum of films prepared at room temperature
is quite different from those of films at higher
temperatures. This difference corresponds to
the structural variation with substrate tem-
perature as mentioned above.

The decrease in transmission at longer wave-
lengths is considered related to the free carrier
absorption. Transmission around 0.55 um is
believed due to a band-edge absorption, which
is consistent with the results for a flash-evapo-
rated film.>) However, the absorption edge is
different from the 1.2 eV value for single crystal
cuprous selenide.!?’ The difference is con-
sidered to be due to the absorption edge shifts
to the higher energy side by the “Quantum
Size Effect” as reported for InSb thin films.'>
3.2.2 Dark current-voltage characteristics

Relationships between In 7 and V for the
Cu,Se/InP heterojunctions are indicated in
Fig. 4. The forward cnaracteristics are linear
and rectification is realized at currents of more
than 0.1 mA. The » value in the In 7 vs. V
relation was 1.9 for sample No. 121-6. The
value is lower than that of sample No. 121-7,
which has a lower conversion efficiency than
the former. The 1.9 value indicates that the
recombination of injected carriers in the space
charge layer is controlled. As the Cu,Se film is
degenerate, the space charge layer in the InP
side plays an important role in current injec-
tion.

3.2.3 Conversion efficiency

The substrate temperatures during the Cu,Se

film preparation and both the back and periph-
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Fig. 4. Dark current-voltage characteristics of poly-
crystalline Cu,Se/InP solar cells. Cell area is about
0.6 cm?,

eral etching of Cu,Se/InP cells were found to
profoundly affect the conversion efficiency. For
Cu,_Se films prepared at room temperature, the
cells responded to light appreciably, whereas
no photoresponse was observed for cells
prepared at more than 400°C.

The etching-off of the InP deposit on the
back and periphery greatly improved efficiency,
especially short-circuit current density and fill
factor. As a result, a Cu,Se/InP solar cell with
an efficiency of 1.79, was obtained. As shown
in Fig. 5, the fill factor, short-circuit current
density and open-circuit voltage were 0.47,
11 mA/cm? and 0.34 V, respectively. Another

f

Q

Noi2t-6

CURRENT DENSITY (mA/cm?)
w

]

() " 0z 04
VOLTAGE (V)

Fig. 5. Current-voltage characteristics of polycrystal-

line Cu,Se/InP solar cells measured under AM 1
simulated solar irradiation (100 mW/cm?2).

cell is depicted with an efficiency of 1.1 9 and
a fill factor of 0.40.
3.2.4 Collection efficiency

In order to examine the reason for the low
short-circuit current, the photoresponse curve
was measured and the collection efficiency
calculated. The highest collection efficiency was
409, obtained at the 0.65 um wavelength and
the efficiency decreased with the increase in
wavelength as shown in Fig. 6. This decrease
is considered due to absorption variations in
the depletion and/or bulk layers with wave-
length.

Provided the effect of recombination in the
depletion region can be neglected, the light-
induced current generated in the depletion
region is given by:!%¥

JoL=qP[l —exp (—a- W)] @)

where ® is the incident photon flux, « the
absorption coefficient and W the depletion layer
width.

The depletion layer width for a one-sided
step junction is described as:!®’

_ [2K&
W—\/~—qu (¢u+ V) (3)

where K, is the dielectric constant, g, the
permittivity, N, the electron concentration,
¢g the built-in potential and V' the applied
voltage. It is assumed that the built-in field
increases proportionally to the energy gap.
Using a depletion-layer width of 0.3 um for a
silicon p*/n junction with an electron con-
centration of 10'¢ cm™3,'3 the depletion-layer
width for InP was calculated to be 0.36 um.

Inserting the depletion-layer width and the

absorption coefficient!® into eq. (2), the
£80 ¢dS/InP(single)
o] CdS/InP CELL
=z ey, = W
ui 9
& y
|
o]
z
S40t
2
b
2
[*]
(%]
%z 10

0 08
WAVELENGTH (pum)

Fig. 6. Variation in collection efficiency with wave-
length for single and polycrystalline CdS/InP cells
and a polycrystalline Cu,Se/InP cell.
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quantum efficiencies in the depletion-layer were
calculated to be 349, at 0.8 um and 219 at
0.9 um. These values nearly equal those shown
in Fig. 6. This indicates that the diffusion
length of n-type InP layer is so low that the
* contribution to the short-circuit current can
be neglected.

3.3 CdS/InP solar cells
3.3.1 Properties of cadmium sulphide films

Cadmium sulphide films prepared on glass
plates were examined by X-ray diffraction.
The films were found to be cubic and oriented
in the (111) face irrespective of temperature and
thickness. Electrical properties were also meas-
ured by the van der Pauw method using In
metal electrode. Undoped films were semi-
insulating whereas low resistive CdS films were
obtained when using In,S;-doped sources.
Using an evaporation source including 50 mg
In,S;/1 g CdS, the resistivity, mobility and
electron concentration were found to be
29%1073Q-cm, 3.1cm?/V's and 6.9 x10%°
cm 3, respectively.

The transmission curve of In-doped CdS
films was found to shift to the shorter wave-
length side of undoped ones. This shift may
result from the nonstoichiometry or the
decrease of the Cd/S atomic ratio.

3.3.2  Conversion efficiency »

For CdS/InP cells, the substrate temperature
and etching-off of both the back and the
periphery were also found to be important
factors as mentioned above. Furthermore, cell
efficiency increased with the increase in anneal-
ing temperature as shown in Fig. 7. The im-
provement is attributable to the increase in
both the short-circuit current density and
open-circuit voltage except for the fill factor.
The best quality cell was obtained by evaporat-
ing the CdS film on the p-type InP layer at
200°C and subsequently being annealed at
500°C for 10 min in air. This cell showed a
short-circuit current density of 18 mA/cm?, an
open-circuit voltage of 0.37 'V, a fill factor of
0.30 and thus had an efficiency of 2.0 %,.

In addition, it is noticeable that a “kink”
exists in the /-V curves near the maximum-
power point. The kink was also reported by
Bachmann et al. for a polycrystalline InP/CdS
cell on a carbon substrate.”’ They pointed out
that the kink is evidence of a rectifying contact

~n
=]
T

T=500°C

T=400°C
4= 17%

CURRENT_ DENSITY (ma/cm?)
(=]

0

) 02 04
VOLTAGE (V)

Fig. 7. The effect of annealing temperature on light
current-voltage characteristics of polycrystalline
CdS/InP solar cells with a cell area of 0.41 cm?. The
characteristics were measured under AM | simulated
conditions.

between the p-type InP film and the carbon
substrate. In the case of CdS/InP cells on Mo
substrates, a rectifying contact is considered to
be formed, which is one of the reasons for
lower efficiencies compared with single crystal
CdS/InP cells.
3.3.3  Spectral response

The collection efficiency of polycrystalline
CdS/InP cells at wavelengths of 0.6 to 0.7 um
is almost the same as that reported for the
single crystal CdS/InP cell as shown in Fig. 6.
However, the efficiency tends to decrease at
longer wavelength. This decrease may be due
to a low diffusion length in the p-type InP
layer.

The diffusion current, generated outside the
depletion layer in the bulk region and diffusing
into the junction, is described as followed:'¥

a- L
JD!FF=q(DmeXP(—“'W), 4

where L is the diffusion length of minority
carriers. Therefore, the total light-induced
current, Jp, can be described as the following
equation.

Jr=JpL+Jpirr

1
=q(1)[l— 1_*_(X_Lexp(——oc- W):i. (5)

Here, Q and A are designated as follows:
Q=Jr/q9, (6)
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Fig. 8. Factor A vs. reciprocal absorption coefficient
o~ ' for a CdS/InP polycrystalline cell with an
efficiency of 2.0%,. Factor 4 is shown in eq. (7).

_exp(—a- W)
ER=IFTE @
From egs. (5) and (7),
A=a" '+ L. (8)

Figure 8 shows the relationship between A
and o' for a polycrystalline CdS/InP cell
using the data indicated in Fig. 6. An electron
diffusion length of 0.2 um was obtained, being
considerably lower than 1.8 um of single crystal
InP.'” Therefore, the low diffusion length
value determines the decrease in collection
efficiency at longer wavelengths in the spectral
response curve.

§4. Conclusion

Heterojunctions on the polycrystalline InP
films have been successfully fabricated with p-
type Cu,Se or n-type CdS films. The Cu,Se/InP
solar cells showed efficiencies of up to 1.7%
with a short-circuit current density of 11 mA/
cm?, The spectral response curve indicated that
only the photons, being absorbed in the deple-
tion layer, contribute the light-generated current
and thus the diffusion contribution to the cur-
rent can be neglected.

By annealing the CdS/InP heterojunction
cells at 500°C, efficiency was improved up to
2.09, with a short-circuit current density of

18 mA/cm?. The collection efficiency obtained
from the spectral response was close to 709
at wavelengths of 0.6 to 0.7 um. An electron
diffusion length of p-type InP films was realized
of 0.2 um, which determines the decrease in
collection efficiency at longer wavelengths.
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Fabrication and Characterization of Thin-Film Silicon Solar Cells
on Alumina Ceramic

TERUNORI WARABISAKO AND TADASHI SAITOH

Abstract—Dendritic silicon layers are prepared on alumina
céramic by melting and regrowing a CVD Si layer with a BSG en-
capsulation. Thin-film solar cells fabricated by successive depo-
sition of p- and n*-Si layers on this dendritic silicon exhibit a con-
version efficiency of 2.6 percent under AM1 illumination.

I. INTRODUCTION

HE THIN-FILM approach is known to have an

essential advantage in realizing low-cost solar cells for
large-scale terrestrial application. Several attempts have

Manuscript received. This work was supported in part by the Agency
of Industrial Science and Technology, MITI, Japan, as a part of the
National Research and Development Program “Sunshine.”

The authors are with the Central Research Laboratory, Hitachi Ltd.,
Kokubunji, Tokyo, Japan.

been made to fabricate solar cells on various materials such
as steel [1] or graphite [2].

Another possible choice for the substrate is ceramic
material. Recently, polycrystalline silicon thin films with
a comparably large area have been obtained onh alumina
ceramic by CVD [3] and/or by dipping a substrate into
molten silicon [4]. '

A large-area dendritic silicon film has also been obtained
by melting and regrowing a chemically deposited silicon
layer with glass film encapsulation, in conjunction with the
use of a titanium layer to improve the wettability between
the silicon and the alumina ceramic [5]. This correspon-
dence describes the feasibility of fabricating solar cells on
such a dendritic silicon film.

Copyright © 1977 by The Institute of Electrical and Electronics Engineers, Inc.

Printed in U.S.A. Annals No. 704ED023
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Surface of a dendritic silicon film on an alumina ceramic sub-
strate.

Fig. 1.

II. EXPERIMENTAL DETAILS

The substrate material consisted of 1 X 1 X 145 in 96-

percent AlsO3 alumina ceramic slides. These slides were

-nonporous and their grain size was several microns in di-
ameter. -

A Ti layer, about 1000 A thick, was formed by vacuum
evaporation on the alumina ceramic slides. A polycrys-
talline Si layer, about 20 um thick, was chemically vapor
deposited (CVD) onto the Ti layer by hydrogen reduction
of trichlorosilane (SiHCl;3) at 1100°C. At the same time,
diborane (BoHg) was heavily doped into the silicon film.

In addition, a borosilicate glass (BSG) film, 1-2 um
thick, was chemically deposited on the silicon layer fol-
lowed by the deposition of CVD-SiOs film to a thickness
of about 0.2 um. This CVD-BSG film contained about 10
mol% of By03; and liquified completely at around
1400°C.

The substrate was heated to 1417°C in an air ambient,
and was held at this temperature until the silicon layer
melted completely. Then, it was cooled to room tempera-
ture at the rate of about 80°C/min. A flat dendritic silicon

thin film was thus obtained. The surface of the film is

shown in Fig. 1. The resistivity of the resulting dendritic
films was around 1 X 1073 Q - cm.
After removing the oxide layers on the silicon film, a

p-type and an n*-type silicon layer were grown successively '

by hydrogen reduction of SiHCl; on the revealed silicon
layer to a thickness of about 17 um and 0.6 um with doping
levels of 1016 em ™3 and 102 cm—3, respectively. Dopants
used were BoHg and PHg, and the deposition temperature
was 1100°C.

Then, the multilayered film was masked and mesa-
etched to complete a number of diodes. Point contacts
were provided for the measurement of the electric char-
acteristics by placing small dots of In-Ga alloy on the top
of the n*-layer of the diodes and on the revealed surface
of the p*-layer. An example of these mesa diodes is shown
in Fig. 2 along with a schematic diagram of its structure.

III. RESULTS AND DISCUSSION
Photovoltaic characteristics were measured under il-
lumination of an AM1 (100 mW/cm?2) solar simulator
(USHIO Electric). Open-circuit voltage V., short-circuit
current density J, and fill factor FF were in the ranges
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Fig. 2. (a) Top view of a mesa diode. (b) Schematic cross section
of (a).
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Fig. 3. Current-voltage characteristics of a thin-film silicon solar cell
on an alumina ceramic substrate measured under AM1 illumination
at room temperature.

of 0.34-0.40 V, 5.8-7.5 mA/cm?2, and 0.35-0.67, respec-
tively. The average conversion efficiency was 1.26 percent
without antireflection coatings.

The current-voltage characteristics of the cell (A122-1),
which showed the highest conversion efficiency, are shown
in Fig. 3. The values for V., Js, and FF were 0.40 V, 7.0
mA/cm?, and 0.67, respectively, corresponding to a con-
version efficiency of 1.9 percent. The conversion efficiency
of the same cell was improved to 2.6 percent after evapo-
ration of SiO to about 750 A.

Spectral response curves were obtained under illumi-
nation of a constant energy light with a power density of
30.4 uW/cm? and a bandwidth of 70 A. An example of the
spectral response of a solar cell is shown in Fig. 4. The
photoresponse showed a maximum at a wavelength of 540
nm. The quantum efficiency at this wavelength was about
20 percent. The diffusion length of the electron in the p-
layer estimated from the photoresponse curve was 1.0
um.

Local variation in photocurrent was measured by
scanning a He-Ne laser spot across the surface of a cell
with a resolution of better than 5 um. An example of the



448

PHOTOCURRENT (relative intensity)
o
L

4 1

400

1 1

[}

1. 1 i
600 800 1000
WAVELENGTH {nm)
Fig. 4. Spectral response of a thin-film silicon solar cell on an alumina
ceramic substrate, measured under constant energy of 30.4 uW/cm?.
with a bandwidth of 70 A.
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\ rLINEAR BOUNDARY

\CELL EDGE
Fig. 5. A line scan mode of the photocurrent in the cell shown in Fig.

2 with corresponding surface reflection image measured by a scanning
laser microscope,

photocurrent distribution in the cell shown in Fig. 2 is
shown in Fig. 5 with a corresponding surface reflection
image. A line scan covered the edge of the cell and several
grain boundaries.

A little degradation in photocurrent is observed in the
vicinity of irregularly shaped grain boundaries and micro
defects. However, many of the observable defects such as
tilt or twin boundaries were found to give little effect on
the degradation in photocurrent.

Typical forward and reverse characteristics of a solar cell
measured in the dark are shown in Fig. 6. No saturation
region is observed in the reverse bias relation. An ochmic
current is predominant in the low bias range, and the shunt
resistivity of the cell can be estimated to be 1.2 X 10*
Q. cm2.

In the small bias region, the forward J-V relation ex-
cluding the leakage component is fairly expressed by the
following equation:

J =dJoexp [qV/(nkT)] 1)

where J and V are the forward current density and the
forward bias, respectively, and the other parameters in-
dicate ordinary meanings. The characteristic values are
2.0and 9.1 X 10~7 A/cm2 for n and J in (1), respectively,
showing that the recombination current is predominant
in the forward current.

The series resistivity of the cell can readily be estimated
from the deviation of the J—V curve without the leakage
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Fig. 6. Current-voltage characteristics of a thin-film silicon solar cell
on an alumina ceramic substrate measured in the dark.

component from the relation (1). The resulting series re-
sistivity obtained was 11 Q- cm?2, being somewhat high
compared to conventional single crystalline solar cells.

In the short-circuit condition, the light generated cur-
rent J7, can be expressed by

= RdRS + RsRsh + RshRd
R4Rgn

Using n and Jy, the dynamic impedance Ry of the equiv-
alent diode under short-circuit condition is calculated to
be 5.7 X 10* Q - cm?. This and the values for R, and R, give
J L= 1.001 J sce

The thickness of the optically active silicon layer was 17
um. More than 80 percent of impinged solar light energy
can be absorbed in this layer. So the low Jy, or low J, can
be attributed to the low correction efficiency of this layer.
It is plausible that the short diffusion length of a light
generated carrier might be the direct reason for the low
Joc

The open-circuit voltage can be expressed simply as

JL Jsc- (2)

nkT (L Yooy,

Voc=—""1In
q JO JORsh

In the case of A122-1, J; =~ J, = 7.0 mA/cm2, and
Voo/Rsh = 3.3 X 1072 mA/cm?, only 0.5 percent of the
photocurrent flows through the shunt resistance even in

(3

" the open-circuit condition.

 Consequently, the low V. can be mainly attributed to
the high value of J, or to the short recombination lifetime
of the carrier in the depletion region.

IV. CONCLUSION

A new approach to low-cost solar cells was attempted by
fabricating thin-film cells on a polycrystalline silicon film



IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. ED-24, NO. 4, APRIL 1977

dendritically grown on alumina ceramic substrates.

Although the experimental work was on a preliminary
stage, a conversion efficiency of 2.6 percent was obtained
under AM1 illumination with the open-circuit voltage of
0.4 V and the short-circuit current density of 9.8 mA/cm?
being encouraging to this approach.
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‘SUMMARY

Thin~film silicon solar cells weve fabricated
on dendritic recrystallized silicon layers of mm_
grain size. A novel technique utilizing a multi-
layer structure, S10,/BSG/Si/T1/A1,0;, was effective
in obtaining a flat dendritic silicon film by the
melt-regrowth process of a chemically deposited
silfcon film.

A nt/n/pt type cell, prepared by successively
depositing undoped and phosphorus doped silicon
layers on the dendrite film, exhibited the conver-
sion efficien$y as high as 3.2% (aMl) with the open
circuit voltage of 0,32V and the short circult
current density of 16.7 mA/cm?.

INTRODUCTION

The thih-film approach has been applied to the
fabrication of silicon solar cells in order to
explore the way to reduce the cell cost drasti-
callyl)2)3)4), 1n this approach, principal efforts
are directed to finding low cost substrates
compatible with the silicon film and to obtain large
crystallite grain size.

Steel, graphite and metallurgical silicon were
used as substrate materials and grain growth by
recrystallization or sintering was tried.3)6

Results obtained, however, still need further
improvement.

This paper deals with a new technique of
oreparing thin-film stlicon solarfcells with large
crystal grains on alumina ceramic substrates and
their characterizations in photovoltaic properties.

The key technique is in depositing a multilayer
of S10,/BSG (borosilicate glass)/Si/Ti on an alumina
ceramic substrate and in successively recrystal-
lizing the silicon film into dendrites after_raising
temperature to the melting point of silicon.

A thin-film solar cell with grains of mm size
was once fabricated on an alumina ceramic, a
moderlately low cost substrate, by a melting and
rapid cooling technique.

However, preparation of thin films with uniform
thickness has been unsuccessful until the multilayer
structure mentioned above is devised.’) The most
difficult problem to be overcome was the poor
wettability of molten silicon to alumina,

Molten silicon easily agglomerates on the
surface of alumina preventing the formation of thin
uniform recrystallized layer.

The Ti layer improves the wettabllity of sili-
con to alumina and the S10,/BSG layers work as a
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liquid encapsulation layer suppressing the balling
phenomenon of molten silicon.

Unidirectional recrystallization by pulling
out a substrate from inside of a furnace was also
tried insted of nomal freezing in a furnace.
Thin-films with parallel texture of dendrites
were obtained.

Once a uniform silicon film with large
crystallites (dendrites) is fabricated, active
layers of a solar cell can casily be made by depos-
iting p- and n*-5i layers on it. Besides this
nt/p/pt type cells, cells with nt/n/p* structure
were also fabricated by depositing an undoped layer
instead of the p-layer. "

Although works included in the category of the
ordinary recrystallization and nt/p/pt type are
centered in this paper, results on the unidirec-
tional recrystallization and the n*/n/p+ structure
are also described.

Characterization of the recrystallized layers
and the photovoltalc characteristics of the thin-
film solar cells were performed. A laser~beam
scanning apparatus to measure photoresponse
distribution was a useful tool for the characteri-
zation of the thin-film cells. .

EXPERIMENTAL

Substrate Fabrication

Alumina ceramic plates, 96% pure and 25 mwm
¥ 25 mm x 1 mn in size, were coated with 0.1 ym
thick titanium film by vacuum evaporation.

A polycrystalline pt-silicon layer, about 20 un
thick, was deposited on the titamum layer by chemi-
cal vapor deposition using trichlorosilane and
diborane.

Finally a )-2 um thick borosilicate glass
layer (10 mol, % in B,03 content) and a 0.1 um
thick silicon dioxide layer were successively formed.
by chemical vapor deposition.

This multilayer structure (Fig. 1) was heated
to 1417°C in an air ambient,.

The electric power supply of the furnace was
turned off when the silicon layer completely melted
and the substrate was cooled in the furnace at a
rate of 10 depg/min.

An attempt to develop dendrites in one direc-
tion was achieved by pulling out a substrate from
the center of a horizontal furnace at a rate of
1.4 em/min.



Solar Cell Fabrication

A p~type and n~type silicon layers were
successively grown epitaxially on the dendrite layer
after dissolving off the surface oxide layer by
hydrofluoric acid.

Hydrogen reduction of trichlorosilane at 1100°C
with diborane and phosphine as doping gases was
employed for depositing the silicon layer.

The p-~ and n-layers were 17 uym and 0.6 um thick
and their carrier concentrations were 10'® - 10'7
co? and 10'° em™3,

Beside this nt/p/pt type solar cell, the
at/n/pt type cells were fabricated by replacing the
boron-doped layer with an undoped layer, in order
to investigate the effects of the dopant concen-
tration in the active layer.

. A large area solar cell was completed by
attaching a titanium/silver electrode to the nt-
layer by successive evaporation through a metal mask
and a aluminum contact to the p+-1ayer revealed by

. mesa etching.

An indium/gallium contact was employed for the
nt-layer when a solar cell was divided into a
number of small mesa diodes to investigate the local
variaion in photovoltaic properties.

Antireflection film was a 7504 thick silicon
monoxide deposided by vacuum evaporation.

The structure of the thin-film solar cell is
shown in Fig. 2.

Measurements

Photovoltaic characteristics of the thin-film
solar cell were measured under simulated AML
(100 wi/cm®) lighe.

A constant energy spectrometer was used to
measure the spectral response of solar cells. The
energy density was 30.4 uW/cm? and the band width
was 70A.

Photoresponse distribution maps were made by
measuring photocurrent by scanning a He-Ne laser

beam. Resolution achieved was better than 5 um.
RESULTS AND DISCUSSION
Recrystallization

An attempt to enlarge the crystallite size of
a silicon thin-film by the melt-regrowth scheme has
been impeded by the agglomeration of molten silicon
on alumina. This phenomenon 18 due to the high
surface tension of molten silicon and the poor
wettability of molten silicon to alumina.

Titanium film inserted between silicon and
alumina was found to be effective for increasing the
wettability of molten silicon to alumina and even
wore 1t was effective for preventing the recrystal-
lized film from peeling off.
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As the surface of the recrystallized film
thus obtained was not smooth enough to fabricate
solar cells, additional films were deposited on the
top of the silicon layer. A combination of S10,/
BSG films revealed useful for this purpose. The
BSG film (10 mol.% in B0; content) becomes very
soft and fluid at about 1390°C helping to make
smooth silicon surface. However, back up of this
liquid encapsulant by a S10, layer was necessary
to maintain stiffness of the overlayer.

The ambient gas during recrystallization was
important to obtain a flat surface. The oxide films
tend to be lost in nitrogen or argon ambient but
not in oxigen or air, suggesting slower reduction
rate of oxides by molten silicon into high vapor
pressure suboxides.

A typical surface of an ordinary recrystallized
film and a unidirectionally recrystallized film
were shown in Figs. 3 and 4.

X~ray diffraction indicated the predominance
of {111) orientation in the recrystallized film
in contrast to the {110] predominance in the
chemially deposited film.

¥

The resistivity of the recrystallized film
was 1 x 107% Qecm, about one half of the as-
deposited film. Chemical analysis showcd boron
and aluminum were enriched probably due to the
dissolution of borosilicate glass and alumina.

Hall mobility on the other hand was 40 em¥Vs,
twice as large as the value of the as-deposited
film, reflecting the better crystal perfection in
the recrystallized film,

Photovoltaic Characteristics

Conversion efficiencies of the n¥/p/pt type
and the a*/n/pt type cells are plotted against the
open circut voltages and the short circuit’ current
densities in Fig. 5. These cells are made by
etching a number of mesas on a solar cell of each

type.

There exists a marked difference insthe open
circuit voltage and the short circuit current.
The higher short circuit current densities or the
higher conversion efficiencies of the nt/n/pt cells
may be ascribed to the wider depletion layer
spreading in the w layers. A high collection
efficiency in the 7 layer is understandable from
the increased photocurrents in the longer wavelengths
of the spectral response curves, (Fig. 6) (Table 1.)

The hole concentration of the 7 layer was
estimated in the level of 10'* cm™? By capacitance-
voltage measurement,

The origin of lower open circuit voltages of
the n"’/‘n/p+ cells was due to a larger saturation
current which comes from the wider depletion layer.

An example of the photocurrent distribution
map measured by scanning a laser spot across a
thin-film cell 48 shown in Fig. 7 together with a
corresponding surface optical micrograph. A small



dip in photocurrent is observed when the laser spot
crosses an irregular grain boundary. Many of the
observable defects as tilt or twin boundaries,
however, were found to be harmless.

Therefore, investigation to inecrease the life-
time of minority carriers rather than to eliminate
recombination at grain boundaries must be emphasized
to get higher photocurrent output. The lifetime
killer in the thin-film solaxr cell has not been
identified, although titanium in the substrate ma
be associated with. 4

Another factor which governs the conversion
efficiency is the £ill factor.

and snaller dy are

Ay 4y
dI {V=o dI |I=o
considered to corxrespond to a larger fill factor.

Larger

The two terms can be approximated to

'%" I=0 bRs + K(n, I,, Rgy) (1)
dv
37 |y=o = Rsh (2)

Rg: series resistance n: factor in I-V rela-
I,: faturution current tion for a diode.
Rgp ¢ shunt resistance

Here, we proceed by using the simpler equa-
tion (2).

The £f11ll factors and the graphically obtained

&V

dI {V=o
have a close relationship to each other for
nt/n/pt type cells. (Fig. 8) This indicates that
the increase in shunt resistivity and the minimi-
zation of the local variation of shunt resistivity
are necessary in order to realize a high efficiency
thin-film solar cell with a large area.

values, i.e. shunt resistances are shown to

" CONCLUSION

A new technique of fabricating a flat film of
silicon dendrites on an alumina ceramic was attempted
in order to develop a low cost solar cell.
Uilization of the multilayer structure, Si0,/BSC/Si/

T1/A1,0;, in recrystallizing process of silicon was .

a key to obtain a flat film of dendrites with mm
size.

A thin-fiim solar cell prepared by successive
deposition of an undoped and phosphorus-doped
.8i1licon layers on the dendrite substrate exhibited
a photovoltaic conversion efficiency of 3.2% with
Voc = 0.32V and Isc = 16.7 mA/cm? under AML
simulated light.

Characterization of the thin-film cells
indicated that the increase of minority carrier
lifetime and the increase of shunt resistance were
most important in attaining high conversion
efficiency.
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Teble I. Photovoltaic characteristics of the n+/p/p+ and the n+/1'l/p"' thin-£film cells.
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PROBLEMS iN PHOTORESPONSE DISTRIBUTION MEASUREMENT
Shigekazu Minagawa and Terunori Warabisako

Central Research Laboratory, Hitachi Ltd.
1-280 igashi-koigakubo
Kokubunji, Tokyo 185

Japan

Photoresponse distribution measurement by scanning a light spot across a
surface of a semiconductor device is often used in a variety of sections of
device characterization.l)2)3)4)

This technique is very useful for solar cell characterization because the
measured quantity is the direct expression of the distribution of the desired
performadce of the device.

Researchers of the thin-film solar cell must be implemented with this kind
of appaﬁatus, because the thin-film cell includes many defects, grain boundaries
and praéipitates in some cases which cause nonuniform and poor performance.
Characterization of these defects and techniques for eliminating these maleffects
must be explored before the thin-film solar cells can supply low cost'electric
energy.

The authors set up an spparatus for measuring the photoresponse distri-
bution and use it in the devélopment of polysilicon thin-film solar cells.

A schematic diagram of the apparatus and an example of measurement are
shown in Figs. 1 and 2¢ | '

In using this apparatus, however, there exist several conditicns to be
satisfied 1% onevwants to guarantee that the measured photocurrent expresses

correctly the local photovoltaic property of the spot irradiated.

ELECIRIC PROPERTY OF CELL

Schematic diagrams of a polysilicon thin-film solar cell made on a ceramic
substrate irradiated by a spot of light together with an equivalent circuit

corresponding to it are shown in Fig. 3.
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The equivalent circuit corresponding to the irradiated part i can be
expressed by a parallel combination of a current source Iy;, an ideal diode and
a shunt resistance Rgyj connected to a series resistance Rgy. The remaining
dark part is similarly expressed with a shunt resistance Rgy, a series resis-
tance Rs and a leak current Ip. The total equivalent circuit is a parallel
combination of thes; two circuit via a series resistance Ry which depends on the
mutual positions of the light spot and the electric contacts.

The measured short circuit current Ij, for this system is given by
Ip =134 -Ip

RSHi Vi :
= (1o + ) - Ip (1)
Rgyi + Rsi + Ry RgHi
where
Io' = Ioi {exp B(Vy - RgiIyy) - 1} (2)
Rsy v
Ip = —————— Io {exp B(V - RgIp) - 1} + —— 3
RSH + Rg Rgy + Rg

" The sympols B, Vi and V have usual meanings.

These equations show that the measured current Ij agrees with the
photocurrent of the irradiated part i if the leak current Iy and the series
resistance Rg, which often tend to be large particularly in thin-film cells,
are small enough.

Absence of a systematic variation in photocurrent distribution with regards
to the positions of the light spot and the electrodes guarantees this condition
holds.

SCANNING SPEED

A limit is imposed on the scanning speed due to a large junction capacitance
of a solar cell. When the surface of a solar cell with dimensions of %] by %7 is
scanned by a light spot of diameter ¢ at line frequency w; and frame frequency
w2, the transit time of the light spotqﬁa must be smaller than the charging-time
cbnstant of the junction capacitance U = RC, i.e.

¢

RC =T <y = : . _ (4)
1wy
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Where, R is the equivalent series resistance of a solar cell and
C is the junction capacitance given by
gKgeolp L,

C=(—————) 422 (5)
20g

Ks : permittivity of silicon, €, : permittivity of free space
Cg : free carrier concentration of the lower impurity concentratio
side of a step junction, ¢y : built in potential.

Equations (4) and (5)are combined to give the limiting condition for line
frequency, :
wy < ¢/{R21222(qKSEOCB/2¢B;&}. 6)

The frame frequence, wz =¢w;/L, is also governed by the same condition.
Numeric calculation using the values shown in Table I indicates that the upper
limit of the line frequency is 90.4 H; and the time required for measuring one

frame is 138 seconds.

RESOLUTION AND DENSITY OF SCANNING LINES

There exists a trade~off between the spot size and the density of the
scanning lines with regards to the resolution and the frame frequency.

The spot size of light should be determined according to the object of the
peasurement: whether the whole photoresponse image across a cell or the fine
structure of a specific area is required. In the former case, the minimum time
necessary for measurement is restricted to L2 / ¢w; as described above. A
standard condition for measuring the whole image of a solar cell with dimensions
of 10 cm by 10 cm is w; = 1 kH,, wz = 30 H, and ¢ = 1.5 mm. In the latter,
resolution is limitted to about 0.8 um even if the best available optics is
employed for He - Ne laser light. On the other hand, the spot si;e need not be
focused smaller than the diffusion length of the minority carriers.

OTHER FACTORS

The absorption coefficient of silicon and the diffusion length of
the minority carrier should be taken into consideration when a light for
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‘'scanning is selected. Use of light sources with different wavelengths provides
~ us with informations on the photorespose distribution in depth direction.

For example, He - Ne laser light (63288) and Ar laser lights (4880% and
51452) in silfcon correspond to the penetration depth of 2.7 ym, 0.75 um and
1.0 um, respectively,which are comparable to the magnitude of the diffusion
length of the minority carrier often encountered in the thin--film solar cell.

Roughpess of the surface of a thin-film solar cell may cbmplicate
quantitative understanding of the result of the distribution measurement
because the condition of normal incidence does not hold and the effect of
multireflection on the uneven surface may occur if the spot size becomes com-

parable to the roughness of surface.
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Table I. Values used for frequency limit calculation

diameter of light spot ¢ =2 um
" cell dimensions , 2y = £ = 25 mm
equivalent series resistance of cell R = 1Q
permittivity of silicon : Kg = 11.7
permittivity of free space €o = 8.86 x 10°'* F cm
impurity concentration cg = 10'7 cm 2
built-in potential ¢p = 0.414 V
electron charge q = 1.602 x 10 '°c

4
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Fig.| Apparatus for photocurrent distribution measurement.

(a) photocurrent map ~ (b) surface optical
micrograph

Fig.2 A photocurrent distribution map of a thin - film
silicon solar cell.
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Electrical Properties of n-Type PolycrYstalline Indium
Phosphide Films

Tadashi Saitoh and Sunao Matsubara
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ABSTRACT

Electrical properties of n-type polycrystalline indium phosphide deposited
on molydenum substrates are investigated as a function of deposition condi-
tions. For undoped films, the electron concentration is found to be 1015-1017
cm~3 and tends to increase with the increase in deposition temperature. The
electron mobility and resistivity are almost constant irrespective of varying
deposition conditions. On the other hand, the electrical properties of sulfur-
doped films are found to be strong functions of deposition conditions and dop-
ing level. A grain boundary carrier trapping model is applied to explain the
electronic transport properties of the polycrystalline films. The barrier height
and the density of trapping states at grain boundaries are calculated.

Polycrystalline films of various semiconductors have
been used in fabricating low cost solar cells (1-3).
Consequently, the growth and structure of polycrys-
talline indium phosphide films have been investigated
by the authors (4, 5). Understanding of the electronic
transport properties of polycrystalline films are con-
sidered critical to the realization of solar cells with
high conversion efficiencies.

In our present study, Hall measurement was per-
formed to gain this clear understanding of the electri-
cal properties of n-type polycrystalline indium phos-
phide as a function of deposition conditions. A model
including carrier trapping centers at grain boundaries
(6) was utilized to obtain the barrier height and the
density of trapping states at grain boundaries.

Experimental

Polycrystalline films were prepared on 50 um thick
molybdenum sheets by chemical vapor deposition (4).
The molybdenum sheets were cleaned in organic sol-
vents and subsequently etched in a 1HySO4-1HNOj3-
3H20 solution prior to indium phosphide deposition.
This etchant makes molybdenum surfaces rough and
acted effectively to secure a homogeneous nucleation
in the initial stage of the deposition as well as to get
pinhole-free films. The deposition was carried out at
substrate temperatures between 450° and 650°C. Hy-
drogen sulfide was used as an n-type doping gas.

Electrical properties of both undoped and sulfur-
doped films were measured by the van der Pauw
method (7). Specimens for the measurement were pre-
pared as follows: First, a polycrystalline film was at-
tached upside down to a glass plate using an epoxy
adhesive. Then, the molybdenum substrate was chemi-
cally etched off except four corners. The interface be-
tween the n-type polycrystalline indium phosphide and
the molybdenum was found to have an ohmic contact.
Consequently, the four molybdenum corners were used
as electrodes.

Key words: Hall measurement, grain boundary, crystallite,
barrier height, trapping density.

The Hall voltage was measured in both current po-
larities and averaged to calculate the electrical prop-
erties. The observed values of electron mobility, re-
sistivity, and electron concentration were denoted as

u p, and m, since the values relate to both crystallites
and grain boundaries.

Resistivity vertical to the film surface was measured
as follows: A eutectic AuGe alloy was evaporated on
the film surface, annealed at 200°C in a hydrogen gas,
and mesa-etched. Then, resistivity was calculated from
the linear current-voltage relationship between the
AuGe electrode and the Mo substrate.

Results

Undoped films.—The grain size of the polycrystalline
films depended mainly on deposition temperature and
growth time and not on PCl; concentration in a feed
gas (4). So, the electrical properties were examined
with respect to the former two conditions. The electri-
cal properties of undoped-films were compared to those
of undoped epitaxial layers on Cr-doped single crystal
substrates. The carrier concentration of polycrystalline
films was appreciably lower than that of the epitaxial
ones; whereas the electron mobility was lower and
hence the resistivity higher by two orders of magni-
tude.

Resistivity of the polycrystalline films is almost con-
stant irrespective of varying deposition temperature,
as shown in Fig. 1. Also shown in the figure is the re-
sistivity measured in a direction vertical to the film
surface. The value is in the range of 1-10 & - cm, being
one order of magnitude lower than that measured
parallel to the surface. The difference in the resistivi-
ties is considered to come from the difference in the
orientation of the films (4).

On the other hand, electron concentration tends to
increase with increasing deposition temperature and
electron mobility decreases at around 600°C, as shown
in Fig. 2 and 3, respectively. Since grain sizes increase
at higher deposition temperatures, the grain boundary
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Fig. 3. Hall mobility vs. deposition temperature for undoped
polycrystalline films.

area should decrease. It is assumed that a density of
traps per grain boundary area remains constant. Thus,
the higher the deposition temperature, the smaller the
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number of free carriers trapped at the grain boundary
becomes causing an increase in the carrier concentra-
tion. When the deposition was carried out at more than
600°C, the deposited surface tended to become rough
and have pinholes. This caused a decrease in the elec-
tron mobility of the films deposited at 600°C; probably
due to the scattering of the carriers on the surfaces.

In the above figures data are also shown for two-
step deposition in which a first layer was deposited at
600°C and then a second layer was deposited on it at
650°C. The observed values for the two-step deposition
were similar to those of the films deposited at 600°C.
This result suggests that the electrical properties of the
second layers are determined mainly by those of the
first layers. In other words, it indicates that each grain
grows epitaxially on each of the substrates.

Furthermore, the variation of resistivity with thick-
ness was examined. The observed values wete found
to be almost constant irrespective of thickness. Re-
sistivity variation for an 18 um thick film deposited at
575°C was also measured. It ranges from 1.2 to 4.9
O - cm with the average value of 2.4 Q' cm.

Sulfur-doped films.—In the case of HyS partial pres-~
sure of 6 x 10~7 atm, the carrier concentration in-
creased with increasing deposition temperature;
whereas the electron mobility increased and the re-
sistivity decreased with the increase of deposition tem-
perature, except around 600°C. The mobility decrease
at around 600°C can be explained as the effect of free
carrier scattering on the surfaces, as mentioned above.

A carrier concentration at a higher partial pressure
of 3 X 10—% atm was obtained to be about 1 x 1019
em~3, as shown in Fig. 4. It increased appreciably with
deposition  temperature. This suggests that saturation
of the number of the carriers trapped at grain bound-
aries occurs. Resistivity decreased with deposition tem-
perature, which is consistent with the increase in the
grain size. In addition, electron mobility increases with
deposition temperature as the value is calculated us-
ing the relationship npx = g~

The variation of resistivity and electron concentra-
tion with HS partial pressure in the feed.gas is shown
in Fig. 5. It is notable that the resistivity drops rapidly
at a partial pressure of 10—6 atm. On the other hand,
the carrier concentration increased inversely. This
tendency closely resembles that of polycrystalline sili-
con, in which the resistivity dropped drastically, about

-6
Prys=3x10"atm

450 550
T (%)

Fig. 4. Electron concentration, resistivity, and Hall mobility vs.
deposition temperature for sulfur-doped films deposited at a
hydrogen sulfide partial pressure of 3 X 10—8 atm.
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five orders of magnitude (8, 9). This phenomenon can
be understood as follows: As the carrier concentration
decreased, the depletion-layer width around the grain
boundary increased. When the depletion-layer width
approached the grain size, the resistivity increased
rapidly due to the trapping of almost all the carriers
at the grain boundary. The smaller variation of re-
sistivity for polycrystalline indium phosphide as com-
pared to that of silicon is ascribed to the relatively
high concentrations of residual impurities and to larger
grain sizes,

The relationship between electron mobility and elec-
tron concentration for sulfur-doped films deposited at
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Fig. 6. Hall mobility vs. electron concentration for sulfur-doped
polycrystalline films,
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550° and 600°C are shown as broken lines in Fig. 6. The
electron mobility of polycrystalline films has a differ-
ent tendency from that of the n-type single crystals
shown as a solid line (10). The maximum value of the
mobility is 200 cm?/V - sec at a carrier concentration
of 3 X 10! cm—3, about one-fifth that of single crystals.
The lower values of the polycrystalline films deposited
at 600°C than that of the films deposited at 550°C can
be attributed to the scattering of the carriers at the
nonuniform surfaces as already mentioned in Fig. 2.

Furthermore, the variation of the electrical proper-
ties for sulfur-doped films with thickness was mea-
sured and is shown in Fig. 7. Since the sample was at-
tached upside down to the glass plate and etched
gradually from the molybdenum side, the data at
thinner thicknesses correspond to those near the as-
deposited surface. As the grain size tends to increase
when films become thick, the electrical properties
nearer the front surface are less affected by the grain
boundary. This tendency is compatible with the re-
sults shown in Fig. 7.

Barrier height at grain boundary.—In general, the
electrical properties of polycrystalline films are dis-
cussed by dividing them into two regions, i.e., a low
resistivity region in crystallites and a high resistivity
region around grain boundaries. In the case that dop-
ing level is relatively high and thus resistivity in the
crystallites is sufficiently lower than that of the grain
boundaries, the observed resistivity p is described by
the following equation (8, 9, 11)

Feere ()
p < €Xp ’—C-IT [1]

where ¢ is the barrier height.

A logarithmic plot of the resistivity vs. reciprocal
temperature for undoped films is shown in Fig. 8. A
linear relationship is obtained for samples deposited at
various temperatures. Moreover, a logarithmic plot of
electron mobility vs. reciprocal temperature was also
found to vary linearly in an inverse manner. The bar-
rier heights calculated from the figure are indicated in
Table I. For films deposited at 600°C, barrier heights
range from 0.2 to 0.3 eV. One barrier height for two-
step deposition is almost equal to the above value. On
the other hand, a smaller value of 0.081 €V is obtained
for a film deposited at 500°C due to a relatively high
concentration compared to other samples.

In the case of sulfur-doped polycrystalline films, a

" linear dependence is also obtained for a logarithmic

plot of resistivity or electron mobility vs. reciprocal
temperature. The barrier height calculated using the
above equation is shown in Table I, indicating that the
barrier height decreases inversely with the increase in
electron concentration.
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Fig. 7. Electron concentration, Hall mobility, and resistivity
measured from the film surface.
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Discussion

In general, polycrystalline films have been considered
to consist of single crystallites and grain boundaries
including disordered atoms. There are some different
models of electronic conduction around grain bound-
aries, i.e., grain boundaries act as a sink for impurity
atoms (12) or as a trap for free carriers (6, 9). The
latter model is applied for elucidating the electronic
conduction properties of polycrystalline indium phos-
phide.

In the model, the defects at grain boundaries are
assumed to generate a density of traps Nt. Therefore,
free carriers are trapped, and hence grain boundaries
are surrounded by a depletion region.

From Poisson’s equation, assuming that only part of
crystallites is depleted, the potential variation through-~
out the polycrystalline films can be obtained. Since the
barrier height ¢ is the difference between the potential
at a center of the crystallite and that at an edge of the
depletion region, it can be described as (6, 9)

Cogme?

= — 2
Py [2]

where 1y (em—3) is the carrier concentration in the
crystallite, and e is the permittivity. The parameter
ny (cm~2) is the number of carriers trapped at the
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grain boundary and is given as
= mlz [31]

where I; is the depletion layer width.
Kamins introduced the following equation for the

observed carrier concentration n under the assumption
that the Hall coefficient is additive (6)

_ m
n= [4]
T+ (i/i)? exp (3/KT)

Here, 1, is the length of the low resistivity region.
Inserting Eq. [2] and [3] into Eq. [4]), the following
equation concerning n; is obtained

m:—nng—An=0 (51
where A is
8ep P
A=——¢ -— 8
ely? xp kT 63

In the case of relatively high carrier concentrations,
the length l; corresponds to the grain size. Then, A in
Eq. [6] can be calculated using observed values of
grain size and barrier height. Consequently, the car-
rier concentration in the crystallite ny can also be cal-
culated from Eq. [5] and the number of carriers trap-
ped at the grain boundary n. from Eq. [2].

The electron concentration in the crystallites n; and
the number of trapped carriers n¢ for undoped films are
also indicated in Table 1. The concentration n, is higher
than n, indicating that the carrier trapping at the grain
boundary is effective. The number of carriers trapped
ny tends to increase with the carrier concentration n:
and to saturate at about 1012 cm~—2 In addition, the
depletion-layer widths ls were found to be 1000-2000A
from Eq. [3], being approximately one order of mag-
nitude smaller than the grain size.

On the other hand, n; of sulfur-doped films is almost
equal to the n value, as shown in Table 1. The deple-
tion-layer widths were calculated to be far smaller
than 1000A and inversely proportional to the carrier
concentrations. The number of trapped carriers mn:
tends to saturate with the increase in carrier concen-
tration and to peak at 3.3 X 102 cm—2. This value is
close to that of polycrystalline silicon films (9) and is
considered to be near the density of trapping states, Nt,
at the grain boundary.

Summary

Electrical properties of n-type polycrystalline films
have been examined using the Hall measurements, For
undoped films, the carrier concentration increased with
increasing deposition temperature. On the other hand,
electron mobility, being about two orders of magnitude
smaller than that of single crystals, was almost con-
stant irrespective of deposition temperature and

Table 1. Barrier height, electron concentration in the crystailite, and number of carriers trapped at grain boundaries for
polycrystalline indium phosphide films

Number of elec-

Deposition Average Observed electron. Barrier Carrier concen- trons trapped
temperature grain size concentrations height trations in the at grain bound-
(*C) (um) (cm-8) (eV) crystallites (cm-3) aries (cm-3)
Undoped films 800-650° 7 1.9 x 108 0.23 6.7 x 1038 9.1 x 101
600 7 2.3 x 10 0.26 9.0 x 10 1.1 x 1012
600 7 3.2 x 101 0.23 9.2 x 101 1.1 x 10
585 6 1.3 x 10 0.15 1.8 x 10w 3.8 x 1o
500 2 6.2 x 10% 0.081 6.4 x 101 5.3 x 101
Sulfur-doped 550 4 1.0 x 107 0.083 1.0 x 10w 6.7 x 101
films 475 1 1.6 x 108 0.029 1.6 x 108 1.6 x 1012
550 4 2.8 x 1018 0.019 2.8 x 101 1.7 x 10w
600 7 2.2 x 108 0.019 2.2 x 10w 1.5 x 102
600 7 3.0 x 10w 0.007 3.0 x 101 3.3 x1

® Two-step deposition,
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growth time. The resistivity parallel {o the surface
did not depend on deposition conditions and was one
order of magnitude larger than that measured verti-
cally to the film surface,

For sulfur-doped films, the carrier concentration in-
creased and the resistivity decreased with increasing
deposition temperature. Especially, noteworthy was
the fact that resistivity increased two orders of mag-
nitude at the HyS partial pressure of 10-% atm in the
feed gas. These results are considered to be caused by
the grain boundary. Electron mobility increased with
the partial pressure of HaS gas up to 200 'cm?/V - sec
at an electron concentration of about 101% em—3,

A model in which grain boundaries act as free carrier
traps was utilized to elucidate the electronic transport
behavior. The barrier heights for undoped films were
0.2-0.3 eV and decreased inversely with the increase in
electron concentration. The density of trapping states
was determined as 3 x 1012 cm—2,
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INITIAL GROWTH BEHAVIOUR OF INDIUM PHOSPHIDE ON
MOLYBDENUM SUBSTRATES

T. SAITOH, S. MATSUBARA AND S. MINAGAWA
Central Research Laboratory, Hitachi Lid., Kokubunji, Tokyo (Japan)
(Received August 5, 1977; accepted September 7, 1977)

We describe the initial stages of indium phosphide growth on preferentially
etched molybdenum using an In-PCl;-H, reaction system. It is shown that the
island size of a few microns increases while the island density decreases with growth
temperature. The saturation island density is found to be 10*-10® cm~? and
increases exponentially with the reciprocal of the growth temperature. The
difference between the island saturation phenomenon that we observed and that
described by the present nucleation theories may involve a smaller supersaturation
in the vapour phase and the molecular diffusion of associated species on-the
molybdenum surface.

1. INTRODUCTION

Polycrystalline compound semiconductor films have been investigated in an
attempt to fabricate inexpensive solar cells for terrestrial application'™. In
polycrystalline film growth on foreign substrates the nucleation growth process
prevails. This process is fundamentally different from epitaxial growth on single-
crystal substrates. The former process tends to form films with pinholes or openings
on the substrates, resulting in a high leakage current or a short-circuit path when
junctions are formed to fabricate solar cells.

To prepare pinhole-free films requires an understanding of the initial growth
behaviour, including nucleation, in polycrystalline growth. Very few papers on
nucleation studies of semiconductor films on foreign substrates have been reported
so far except for various nucleation studies on thin films prepared by vacuum
evaporation® 8,

In this paper we give some interesting results derived from observations of a
fairly early stage of indium phosphide growth on molybdenum substrates. The
initial growth process is discussed in relation to the nucleation theories.

2. EXPERIMENTAL

Indium phosphide was formed on molybdenum surfaces by chemical vapour
deposition using an In-PCl;-H, gas system®. The indium source, held at 750 °C,
was saturated with indium phosphide polycrystals. Hydrogen was passed through a
PCl, bubbler and reactions occurred around the source zone of the furnace. The
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resultant InCl and P, reacted to form indium phosphide in the deposition zone,
which was held at 400-600°C. The reaction time, almost equal to the deposition
time, was adjusted to be less than a few minutes by controlling the time that
hydrogen flowed through the bubbler.

The early stage of growth was found to be greatly influenced by substrate
surface conditions. Three kinds of surface preparation were adopted: electro-
polishing to obtain flat and featureless surfaces; preferential etching in a solution of
1 part H,S0,:1 part HNO, : 3 parts H,O for 30, followed by etching in HF acid for
1 min; mechanical rubbing of the surfaces with emery paper. Preferential etching
made the substrate surfaces rough, enabling the formation of profuse nucleation
sites which in turn produced pinhole-free films.

The initial growth was observed by using optical and scanning electron
microscopes. The density of discrete islands, i.e. isolated crystalline clusters, and the
island size were obtained as a function of the duration of each run and the
deposition temperature.

3, RESULTS

3.1. Island formation

Ata fairly early stage of growth, deposits were generally observed to consist of
discrete islands although the island size depended on the preparation methods. In
the case of preferentially etched substrates, which were observed to be much
rougher than the electrolytically polished surfaces, hemispherical islands were
obtained in a few tens of seconds, as shown in Fig. 1. The roughness is considered to
reflect the conditions of fabrication of the molybdenum sheets. Almost all the
islands were found to be a few microns in diameter and to exist on irregular steps or
linear grooves of the substrates. In contrast, islands were not observed on the
electrolytically polished surfaces up to a growth time of about 30 min.

In addition to the hemispherical islands, larger flat islands can be seen in Fig. 1.
The flat islands developed in a direction parallel to the substrate surfaces with
growth time and contributed to the homogeneous character of the film formation.

() (b)

Fig. 1. Island formation of indium phosphide on preferentially etched molybdenum surfaces: (a) optical
micrograph; (b) scanning electron micrograph. The islands were grown at 500 °C for 30 s.
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Ata growth temperature of 500 °C a growth time of 10 min was sufficient to prepare
homogeneous indium phosphide films on the substrates, whereas a growth time of
30 min was needed at a growth temperature of 600 °C.

Subsequently, indium phosphide growth was also carried out on the mechani-
cally roughened surfaces. Homogeneous films were found to be formed on the
substrate surfaces for growth conditions similar to those for the preferentially
etched surfaces.

These results suggest that a topographical surface irregularity of the substrate
is important in obtaining a high density of nucleation sites for indium phosphide.

The effect of substrate temperature on the initial growth behaviour of indium
phosphide is shown in Fig. 2. Both discrete and flat islands were observed (already
indicated in Fig. 1(a)). With increasing substrate temperature, the island size tended
to increase and the surface density of islands decreased. The average diameters of
the islands were measured and are indicated in Fig. 3 as a function of substrate
temperature. The diameter increased almost exponentially with increase in
substrate temperature for all growth times. This result may be associated with a
decrease in the degree of supersaturation in the reacting gas with increase in
substrate temperature.

@ (b) » © —10pm_,

Fig. 2. Variation of island morphology with substrate temperature: (a) 500 °C; (b) 550 °C; (c) 600°C. A
and B are hemispherical and flat islands, respectively. The growth time was 60 s.

3.2. Island growth

The average island diameter was examined as a function of growth time.
Islands appeared only after a short induction time (about 10 s for a substrate
temperature of 500°C and about 60 s for 600°C) as illustrated in Fig. 4. This
phenomenon may be interpreted from supersaturation theory. As the degree of
supersaturation was high at lower substrate temperatures, nucleation occurred
more easily than at higher growth temperatures. When nucleation began, nuclei
grew rapidly and formed islands until the degree of supersaturation became close to
the equilibrium value, Furthermore, after island formation the rate of growth of
islands parallel to the substrate surface was almost constant irrespective of substrate
temperature, as shown in Fig. 4. The growth rate was about 0.6 pm min ™~ !, which is
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Fig. 3. Average island diameter vs. substrate temperature for two growth times.
Fig. 4. Variation of average island diameter with growth time.

about an order of magnitude greater than that perpendicular to the substrate
surface.

Subsequently, the density of islands was counted as a function of growth time.
Figure S indicates that the island density increased with growth time and saturated
after 1 min whatever the substrate temperature. The saturation island density
ranged from 10* to 10% cm 2. This density is about the same order of magnitude as
that for gallium arsenide nucleation on tungsten substrates® but is considerably
lower than that for gold evaporation on vacuum-cleaved rock-salt®.

The saturation island density was plotted (Fig. 6) as a function of reciprocal
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Fig. 5. Variation of island density with growth time for various substrate temperatures.
Fig. 6. The relation between saturation island density and reciprocal substrate temperature.
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substrate temperature. The saturation density N, was found to obey the relation
Ny = Cexp(E,/kT) M

where Cis a constant, E, is the activation energy and & the Boltzmann constant. The
value obtained for E, (3.7 eV) is considerably smaller than the value of 16.3 eV
found for gallium arsenide nucleation on tungsten substrates®.

4. DISCUSSION

As mentioned earlier, many nuclei were formed on molybdenum substrates
prepared by preferential etching or mechanical rubbing with emery paper, while
very few nuclei were found on the electrolytically polished surfaces. This indicates
that surface roughness is significant in controlling nucleation on polycrystalline
metal substrates. When an atom arrives at a nucleation site, the atom may be
captured; it will reside longer at sites in rough regions than at sites in flat regions.
Subsequently, other atoms will arrive at the nucleation sites from the vapour phase
or from the substrate surface by diffusion, thereby forming stable nuclei and
subsequently islands.

This phenomenon is similar to the nucleation of gold on the steps on cleaved
rock-salt® or the preferential nucleation of gallium arsenide on surface scratches
made on tungsten>.

It is generally known that saturation nucleation is caused by the depletion of
adatoms due to the formation of stable nuclei or to nucleus coalescence. In the case
of indium phosphide, the saturation phenomenon is again found although the
nuclei and subsequent islands are mostly found on preferential sites, i.e. etch-
revealed steps, hillocks or grooves.

The saturation island density, found to be of the order of 104—10% cm“’*,‘ is of
the same order of magnitude as the value for gallium arsenide growth on
electropolished (111) surfaces of tungsten substrates®. However, this is many orders
of magnitude lower than the 10°-10!% cm ™ ? found for vacuum-evaporated gold on
the featureless surfaces of rock-salt crystals® (the last case was explained by the
nucleation theory for incomplete condensation).

The chemical vapour deposition of indium phosphide and gallium arsenide was
performed under conditions close to equilibrium. This results in a lower super-
saturation than that in vacuum evaporation. A lower supersaturation is considered
to lead to a lower nucleus density and a larger nucleus size. In other words,
nucleation and growth on the islands play an important role in the initial growth
behaviour of indium phosphide polycrystals.

It was found to be more difficult to form the nuclei and subsequent islands in
the growth of indium phosphide than for gallium arsenide, presumably because of
the smaller variation of free energy with deposition temperature®. Thus it is
necessary to form preferential sites on the substrates for island formation.

From Fig. 6 it can be seen that the saturation island density increases
exponentially with the reciprocal deposition temperature. The linear tendency
agrees with the case of initial complete condensation in the atomistic nucleation
theory”-8. The atomistic theory, considering such physical parameters as the rates
of incidence, surface diffusion, capture and desorption, the variations in substrate
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temperature and the binding energy of a critical nucleus, predicts a saturation
nucleus density N, given by

2E, ,
@n+35kT @)

where E, is considered to be the binding energy of a cluster of n atoms’. This
equation indicates that N, decreases as the temperature rises, in agreement with the
trend of our experimental results. The activation energy was found to be 3.7 eV from
Fig. 6. The number of atoms » comprising an island should be extremely large
(>10) as the island size is as large as a few microns. As a result, the binding energy
becomes extremely high—even though the binding energy is considered to be
concerned with the number of atoms composing the cluster and the activation
energy of surface diffusion’. This results from neglect of the assumption that eqn.
(2)is applicable only for small clusters comparable with the atomic size. In addition,
present nucleation theories, including the above theory, are based on single adatom
growth (which is particularly pertinent to vacuum evaporation) without prefer-
ential nucleation sites on the substrates.

However, the high value of the activation energy may be due to the difference in
growth conditions between vacuum evaporation and chemical vapour deposition in
atmospheric pressure. It may also be explained if diffusion of molecular species, i.e.
indium chloride and the phosphorus tetramer, is taken into account. The energy
required for surface diffusion may be increased by a molecular diffusion mechanism.

It is also possible that some species adsorbed on the substrate surfaces hinders
the surface diffusion of associated atoms or molecules. The precise nature of the
associated species will be the subject of future investigation.

N, « exp{
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Polycrystalline Solar Cells on
Metallurgical-Grade Silicon Substrates
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Thin-film solar cells are fabricated by chemical vapor deposition using SiH,Cl, on
polycrystalline wafers pulled from metallurgical-grade silicon. An AMI! conversion
efficiency of 7.3 9 is obtained with a cell configuration of a 25 um thick p-type active
layer and a 0.5 um thick n*-type surface layer for a relatively large area of 8.3 cm?.

Photocurrent distribution measurements reveal that the grain boundary effect is of
minor importance. Higher efficiency is attainable with the same structure in cases where
the photocarrier diffusion length in the active layer is improved from the obtained
value, 18um, to a level conventional in an epitaxial layer on single crystals.

§1. Introduction

A long range solution to the realization of
solar cell power systems for terrestrial use is
the reduction of cell costs. The basic concept
of the thin-film approach is to reduce the
amount of high quality, high cost semicon-
ductor material and limit it to the active layer.
Several efforts have been made to prepare
silicon layers on low cost substrates.!*? Among
the available substrates, metallurgical-grade
silicon offers essential advantages over other
materials. The optically active layer of a solar
cell can readily be grown epitaxially on this
material which is currently produced in suf-
ficient amounts and supplied at a substantially
low cost to alloy industry.

Chu® reported the feasibility of using metal-
lurgical-grade silicon cast into a sheet and the
resultant AMO conversion efficiency of 3.49%.
A higher conversion efficiency of 12.5%,
which is comparable to conventional single
crystal ones, has been demonstrated® in a
polycrystalline solar cell using high purity
silicon material. There must be an optimal
combination of the simple purification of the
substrate material and chemical vapor deposi-
tion (CVD) of pure silicon layers. This report
deals with such processes for solar cell fabrica-
tion and problems related to the state of the
art.

§2. Experimental

2.1 Preparation of substrates
The material used for substrates was metal-

309

lurgical-grade silicon obtained  in a simply
purified form. The main incorporated impurities
of more than 10 ppm were Al, B, C and Fe.
In addition, Cu, Mg, Na and P were also
included at levels of more than | ppm.

A rod, about 3.5 cm in diameter, was pulled
by the Czochralski method, and sliced into
0.4 mm thick wafers. They were polycrystalline
with millimeter grain size, and the specific
resistivity was in the range between 0.0045-
0.002 Qcm. The related analytical data of the
pulled polycrystal are shown in Table 1. The
major residual impurities were Al, B and Mn,
and the rest were detectable by emission spec-
troscopy but found to be less than 0.005%.

Table I. Impurity levels in polycrystalline silicon
wafers used for substrates of solar cells determined
by emission spectroscopy.

Element Abundance(%;)
Al 0.01 —0.005
B 0.005--0.001
Cr <0.001
Fe <0.001
Mn 0.005—-0.001
Ni <0.005
Ti <0.005
\Y <0.001

2.2 Cell fabrication

The wafers were etched chemically to remove
damaged surface layers prior to the following
CVD process.

A p-type layer, 20-25 um thick, and an
n*-layer, about 0.5 um thick, were grown
succesively by the hydrogen reduction of
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Table II. Fabrication conditions and structural parameters of cells.

Specimen #1 #2 #3

Growth » 1100 1100 1150 i
temperature (°C) n* 1050 1050 1000

Film P 19.6 20.2 24.6
thickness (um) i nt 0.5 0.5 0.54

Carrier » 1.3% 107 13x1017 2.9x10%7
concentration (cm~3) n* 8.5x101° 8.5x10? 8.5 x101°

Cell area (cm?) 2.91 2.60 8.29

dichrolosilane (SiH,Cl,) at 1100-1150°C and Table III. Photovoltaic parameters of cells before

1000-1050°C, respectively. Dopants used were
diborane (B,H¢) and phosphine (PH;), and
the doping levels in the layers were 1.3-2.9 x
1017 cm™3 and 8.5x10'° cm™3, respectively.
Fabrication conditions and structural pa-
rameters of each cell are summarized in Table
IL.

An Al alloyed contact for the back surface
and a Ti/Ag grid electrode for the front surface
of the wafer were applied by vacuum evapora-
tion followed by peripheral etching to realize
a mesa diode structure. In some cases, a solder
coating was applied to the electrodes to reduce
series resistance due to thin electrodes, and an
SiO anti-reflection coating was also applied.
A schematic diagram of the polycrystalline
thin-film silicon solar cell is shown in Fig. 1.

GRID ELECTRODE
/ AR-COAT
A o

p-LAVER

SUBSTRATE
{POLYCRYSTALLINE
SILICON)

BACK CONTACT

Fig. 1. Schematic diagram of a polycrystalline,
thin-film silicon solar cell.

§3. Results and Discussion

3.1 Solar cell characteristics
a. photovoltaic characteristics
Current-voltage characteristics of solar cells
were measured under illumination of an AMI
solar simulator, and the results summarized
in Table III. An example of current-voltage
characteristics of the cell which exhibited the
highest conversion efficiency is shown in Fig. 2.

AR-coating measured under AMI (100 mW/cm?)
illumination.

Specimen #1 #2 #3
Voe (V) 0.508 0.516 0.582
I, (mA/cm?) 13.2 13.1 15.2
Va (V) 0.349 0.383 0.463
I, (mA/cm?) 11.3 11.6 12.8
Fill factor 0.59 0.66 0.67
Efficiency (%) 3.9 4.4 59

N
S
I

Specimen: #3
- Before AR-coating

O Iumination: AMIGOOMIEm2)

[ Cellarea: 8.3ecmz
L Ve : 0.58v
fsc @ 15.2mA/cmz2

CURRENT DENSITY (mAfecm?2)

- Fill factor: 0.67
| Efficiency: 59%

0 L 1 1 1 1 1
0 [s)] 02 03 04 05 06
VOLTAGE (V)

Fig. 2. Current-voltage characteristics of a poly-
crystalline silicon solar cell measured under AMI
(100 mW/cm?) illumination.

Without AR-coatings, open circuit voltages V.
were in the range between 0.51-0.58 V, which
is comparable to that of conventional single
crystal cells. The short circuit current density
was in the range of 13.1-15.2 mA/cm?, and fill
factor 0.59-0.67, which resulted in a conver-
sion efficiency of 4.0-5.99,. The highest con-
version efficiency obtained after AR-coating
was 7.3% for the same cell as #3 shown in
Fig. 2.

b. diode parameters
The current-voltage characteristics of a
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Table IV. Diode parameters for cells best fit to eq. (1).

Specimen #1 #2 #3

R, (fcm?) 7.53 4.60 0.24

Rsy (Qcm?) 2.76 x 103 2.66x 103 5.61x10?
o, (Afem?) 2.30x 1011 1.32x 1011 5.21 x10-13
Iy, (A/cm?) 2.72x10°7 1.94x10°7 3.92%x10-7
n 2.00 2.00 2.20

I, (mAjcm?) 13.27 13.19 15.20

solar cell are often expressed by the following
double exponential equation using the con-
ventional equivalent circuit model:
q(V—IR))
I= —-IL+IOI{exp—~k—T——1
q(V=1IR) V—IR,
T 1y + R, )]

Employing the observed current-voltage charac-
teristics, the best fit curve was generated by
adjusting these parameters. The resulting
values are summarized in Table IV,

The series resistance of the cell was rather
high in #1 and #2. However, in #3, the
improved electrode provided a lower series
resistance which is quite satisfactory for a
power device. Shunt resistivities were in the
range between 2.7-0.56 x 10° Qcm?, which were
enough for a device operated under forward
bias conditions.

+1, {exp

c. diffusion length of photocarrier

The spectral response of cells was measured
under constant (15.2 uW/cm?) light illumina-
tion, and the results for #1 and #3 are shown
in Fig. 3.

The minority carrier diffusion length can
readily be estimated from the spectral response
curves in the wavelength range from 0.6 to
09 um. A plot of I /lexp(—ax;) vs.

0

PHOTOCURRENT{ARB. UNIT)

litumination: 15.2puW/cm2
1 4 1 i

a4 08 08 10 12
WAVELENGTH {pm)
Fig. 3. Spectral response curves of solar cells
measured under illumination of constant energy
light at 15.2 pW/cm?2.

I, Jal exp (—ax;) yields a linear relation within
this range and the gradient of this straight
line gives the diffusion length in the p-layer.?>
The diffusion lengths of the photocarrier thus
obtained were 11 um for #1, and 18 um for
#3.

Another method® was employed to estimate
the photocarrier diffusion length. An electron
beam was scanned across the cleaved cell
surface perpendicular to the p-n junction. The
electron beam induced current (EBIC) was
measured as a function of the distance from
the p-n junction. An example is shown in Fig. 4.
The photocarrier diffusion length was estimated
from the gradient of the EBIC exponential
plot and the obtained value for #3 was 7.8
um. This value, the effective diffusion length,”
may include the effect of surface recombina-
tion at the cleaved surface, and an appropriate
correction is necessary. The diffusion length
varies from 7.8 to 31 um as the surface recom-
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Fig. 4. Electron beam induced current in a cell
(#3) measured by scanning an electron beam
perpendicular to the p-n junction as indicated by
the inset.
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bination velocity varies between 0 and oo when
the 25 keV electron beam penetration depth
of 1.98 yum® is considered.

3.2 Effect of grain boundaries

Local distribution in the photocurrent was
examined by scanning a He-Ne laser beam
(.633 um) over the surface of a solar cell with
a resolution better than 20 yum. A surface
photograph, the photocurrent image and a
line scan are shown in Fig. 5(A), (B) and (C).

The difference in photocurrent is small
between grains, and the degradation in pho-
tocurrent at grain boundaries is not very
serious.

A histogram of the photocurrent was
obtained by sampling the photocurrent signals
followed by pulse height analysis. The resulting
histogram corresponds to a 40 um x40 um
mesh with a 20 gum x 20 um sampling area as
shown in Fig. 6. The increase in the lower
channel is due to the sampled area outside the
cell and on the electrode, and the flat valley is
due to the variation in photocurrent output at
the cell and electrode edges.

A prime feature of this result is that there is
small near-Gaussian fluctuation around the
inherent photocurrent level, and there is an

Fig. 5. (A) Surface of a polycrystalline solar cell.
(B) Photocurrent image corresponding to (A),
measured by scanning a He-Ne laser beam. (C)
Photocurrent response of the cell corresponding to
the line scan between the arrows indicated in (B).

10°
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He-~Ne(0.633m) hE
104~
\
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0 100 200 300
CHANNEL NUMBER
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Fig. 6. Photocurrent histogram corresponding to
Fig. 5(B) for 1.2 x 105 sampling points with an area
of 20 um %X 20 um in a 40 xm X 40 um mesh.

exponential decrease in area with decreasing
photocurrent. As a consequence, the deteriora-
tion in photocurrent due to inhomogeneity
and to the degradation at the grain boundaries
makes minor contribution to total current
output.

Photocurrent degradation at grain bound-
aries was also observed using a scanning
electron microscope. A resulting EBIC image
is shown in Fig. 7 with the corresponding sur-
face photomicrograph and a line scan.

Carrier recombination along irregular grain
boundaries is large. However, there is a differ-
ence in the recombination effects within linear
boundaries; one is as large as in irregular bound-
aries, and others are small. This may be attrib-
uted to the difference in surface recombination
velocity at grain boundaries. The dependence of
recombination velocity on the surface orienta-
tion at the grain boundary is of interest when
considering the grain boundary effects in
polycrystalline solar celils.

3.3 Photocurrent consideration

The cell performance is limited by lower
photocurrent compared to conventional single
crystal cells. In order to estimate the pho-
tocurrent in a thin-film silicon solar cell,
calculations were carried out for a cell under
AM1 illumination excluding the grain bound-
ary contribution (see Appendix). The secal-
culations take into account the effect of the
depletion layer and surface reflection. The
results are shown as functions of diffusion
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Fig. 7. (A) Surface photomicrograph of a poly-
crystalline solar cell. (B) Corresponding EBIC
image measured with a 25 keV eleciron beam.
(C) EBIC response corresponding to the line scan
between the arrows indicated in (B).

length and carrier concentration in the active
layer in Fig. 8.

The measured photocurrent, 13.2 mA/cm?,
and diffusion length. 11 um, for the cell 1
are in good agreement with the calculation.
A photocurrent of more than 25 mA/cm? can
be projected if the photocarrier diffusion length
is improved to 30 um which is practical for
conventional epitaxial layers on single crystal
substrates. Under such conditions, a cell with
a conversion efficiency of more than 109 is
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Fig. 8. Calculated photocurrent density in a thin-
film solar cell as a function of photocarrier diffusion
length.

attainable even with present structures.

§4. Conclusion

Thin-film silicon solar cells have been
fabricated on polycrystalline silicon substrates
prepared by pulling from metallurgical-grade
material with the Czochralski method. One
feature of this approach is the combination
of low cost silicon substrates and high quality
thin-film CVD processes.

An AMI1 conversion efficiency as high as
7.3% was obtained for a cell with a 25 um
thick active layer and an 8.3 cm? cell size.

The photovoltaic parameter that restricts
cell performance is the low short circuit current.
This resulted from the unsatisfactory diffusion
length of the photocarrier in the active layer.
On the contrary, grain boundaries do not play
a serious role in photocurrent degradation,
regardless of the possible contribution to
lowering the shunt resistance of the cell.
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Appendix

According to the model shown in Fig. A-l,
the carrier generation rate G(4, x) at x when
illuminated by light with wavelength A is given
by:

G(4, x)=do(A){1 — R(A)}(4) exp {—a(2)x},
(A1)

where ¢4(4) is the photon flux of the solar
radiation,” R(1) the reflectivity at cell sur-
face,'® a(l) the light absorption coefficient of
silicon,'V

Assuming that the collection efficiency for
the carriers generated in the depletion layer
is unity, and the collection efficiency for the
minority carriers in both n* and p regions
decreases exponentially with the distance from
the depletion layer edge, the quantum efficiency
of each layer is given as follows:

na=(1 - R)lexp (—ad)—exp {—a(d+ W)}],

(A-2)
M =Z—(_L'l-£[exp< - li,,) —exp (—ad)],
(A-3)
_ ol —R) exp {—a(d+ W)}
= a+1/L,
x [l—exp{-<a+£—n)t}], (A-4)

where L, and L, are the minority carrier diffu-
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Fig. A-1. A model for the calculation of photocur-

rent.

sion lengths in the »* and p layer, respec-
tively. The thickness of the depletion region,
x, and x,, in the n* and p layer, respectively,

is given by:
| 2keokTN, N,Np) 12
T s L RO
| 2keokTNy N Np) /2
T s i o B
where symbols have their ordinary meanings.
The total photocurrent J; is then given by:

ic
Jr=q j.o Po(D{na(D)+n4(1) +n,(2)}d2,
(A7)

where A; is the wavelength corresponding to
the silicon band gap. The contribution of n*-
layer to the photocurrent is neglected in Fig. 8.
Photocurrent from n*-layer is 0.89 mA/cm?
(bare surface) and 1.43 mA/cm? (no reflection)
under the same conditions shown in Fig. 8
when L, is an overestimated value of 0.1 um.
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The cell configuration of a thin but high quality active layer on low cost
substrates is the most practical approach for cost reduction in fabricating silicon
solar cells. Several efforts have been made to prepare silicon layers for epitaxi-
.2 Recently, the feasibility of low cost
silicon substrates has been demonstrated3) with 3-6% efficiencies obtained for
relatively large cell areas{(~30cmZ). In this paper, thin film solar cells are
fabricated on metallurgical-grade silicon substrates to confirm the feasibility of

al growth on various substrates,

this approach. 1In addition, a method of evaluating polycrystalline solar cells is
described.

The material used for substrates was metallurgical-grade silicon. A rod,
about 3.5cm in diameter, was pulled by the Czochralski method, and sliced into
0.4mm thick wafers. They were polycrystalline with millimeter grain size, and were
degenerated p~type wafers with a specific resistivity of 1,6x10-3ohm-cm. As for
included impurities, the related analytical data are shown in Table 1. The wafer
surfaces were chemically etched to remove damaged layers, A 25pm thick p-type and
a 0.5um thick n-type layer with doping levels of 2.5x1017cm~3 and 5x101%m~3 were
grown successively on the wafer by decomposition of SiHpCly at 1150°C and 1000°C,
respectively. A Ti/Ag grid electrode was applied to the front surface and an Al
electrode to the rear surface by vacuum evaporation followed by soldered overcoat-
ings. Then, they were subjected to peripheral etching to realize a mesa diode
structure. An $i0O anti-reflection coating was applied by vacuum evaporation in
some cases. An example of the surface of a cell is shown in Fig.l.

Typical current-voltage characteristics of this sclar cell measured under
illumination by an AM2(73mW/cm2) solar simulator are shown in Fig.2. A conversion
efficiency of 5.7% was obtained with an open circuit voltage of 0.57V, short cirx-
cuit current of 1l.lmA/cm3 and £ill factor of 0.66 for an 8.3cm2 cell area without
anti-reflection coating. The conversion efficiency was improved to 7.3% after the
application of an SiO film.

Spectral response curves for bare surface cells reached a maximum at around
0.7pm as shown in Fig.3. The diffusion length of the photocarrier in the p-layer,
estimated from the spectral response curvef) was around 1l0um. This agreed well
with the value, 7.8pm, measured by scanning an electron beam across the cleaved
suzface perpendicular to the junction?’

Spacial distribution of the photocurrent was measured by scanning laser and/or
electron beam, and an example of results is shown in Fig.4. This corresponds to
the entire surface of the solar cell shown in Fig.l. A line scan along the indi~
cated arrows is also shown. The histogram of photocurrent, shown in Fig.5, was
obtained by sampling the photocurrent followed by pulse height analysis. These
results indicate that photocurrent fluctuations are small around an inherent cur-
rent level and the area with less photocurrent decreases exponentially with some
degradation constant. Current suppression along the grain boundaries is rather
drastic. However, the contribution of this effect to the total photocurrent is of
minor importance. It is essential to elevate the inherent photocurrent level of
the cell in order to improve cell performance.

— 93—



Concerning the photocurrent, computer simulation was carried out for a simple
model where the photocarrier collection efficiency decreases exponentially with the
distance from the edge of the depletion layer and is unity in the depletion layer.
The photocurrent for boundary conditions similar to the structural parameters of
this cell was calculated to be 20mA/cm? under AM1 spectral irradiation, This is in
good agreement with the measured values. To achieve a conversion efficiency of
more than 10%, a photocurrent of more than 25mA/cm2 is required, which corresponds
to the photocarrier diffusion length of about 30um. The value will be attainable
even with the present structure,

This work is contracted with the Agency of Industrial Science and Technology,
M.,I.T.I., as a part of the National R&D Program "Project Sunshine".
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Table 1 Analytical data of the silicon wafers used for substrates.

Element Al B Cr Fe Mn Ni Ti \'4

: - - 0.005-
Abundance (wet) %3907, 06?321“'0“ <0.001 o.ocsu <0.005 <0.005 <0.001

Fig.3 Spectral response of a
polycrystalline silicon solar
cell.

Fig.l Surface of a polycrystalline
silicon solar cell(dark image).
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POLYCRYSTALLINE SOLAR CELLS FABRICATED ON
METALLURGICAL SILICON SUBSTRATES*

T. WARABISAKO, T. SAITOH, H. ITOH, N. NAKAMURA, and T. TOKUYAMA

Central Research Laboratory, Hitachi Ltd.
Kokubunji, Tokyo 185, Japan

Summary

One practical approach to reducing sclar cell cost is the fabrication
of thin-film active layer on polycrystalline silicon substrate prepared
from metallurgical-grade material. A cell of 8.3cm® area is found to
exhibit an AMl conversion efficiency of 7.3% when a 25um thick p-type
active layer is grown on a CZ-pulled polycrystalline silicon wafer by a CVD
process using SiH2Clz, followed by the formation of a grown junction with a
0.54um thick nt-layer.

A semiquantitative method measuring cell area as a function of photo-
current level is introduced to reveal the inhomogeneity of polycrystalline
solar cells. From the measurement of photocurrent distribution, grain
boundaries are found to detract slightly from cell performance in our
thin-film cells whereas the short minority carrier diffusion length of
11-18uym in the active layer remains a major factor to be improved.

* york supported by the Agency of Industrial Science and Technology,
Ministry of International Trade and Industry(Japan), as a part of the
national R&D program ‘“‘SUNSHINE PROJECT".



1. Introduction

Fabrication of silicon thin-film solar cells by direct deposition onto
foreign substrates has been attempted(l) to reduce cell cost for terrestrial
application. However, obtained conversion efficiencies have been unsatis-
factory because of the small grain size of the deposited silicon films.

In recent years, several efforts have been made to fabricate a thin
silicon layer on various kinds of foreign substrates in order to grow a
photovoltaic active silicon layer(2, 3). Among the materials lending them-
selves to this process, metallurgical-grade silicon offers essential advan~
tages since it has chemical and physical compatibility with the active
silicon layer for photovoltaic energy conversion. In addition, it is
currently supplied to alloy industries at a substantially low cost. The
possibility attaining a practical comversion efficiency of 3.4% using this
material as a substrate has been demonstrated by Chu et al.(4).

This paper also describes another practical method of fabricating
thin-film silicon solar cells on polycrystalline substrates which are pre-
pared from such metallurgical grade material. It also presents a charac-
terization and a simple method for effectively evaluating polycrystalline

solar cells.

2. Fabrication of Solar Cells

2.1 Polycrystalline silicon substrates

The starting material was metallurgical-grade silicon of 99.5% purity.
Major incorporated impurities were Al, B, Cu, Fe, Mg, Na and P.

A polycrystalline rod of about 3.5cm in diameter was obtained by the
conventional Czochralski method with a pullipg rate of several mm/min, and
was sliced into 0.4mm thick wafers. An example of the sliced wafers is
showm in Fig.1l. They were polycrystal.of millimeter grain size. Most of
the grains were composed of several subgrains separated by linearly extend-
ing boundaries such as twin boundafies.

Residual impurities after crystallization were analyzed by emission
spectroscopy. The results are shown in Table I. As a result of effective
segregation, most of the metallic impurities were supressed substantially

during the crystal growth. Because of remaining Al and B, the wafers were



p-type, and the resistivity was around 0.0030Q-cm.
Prior to the following film deposition process, the surface of the

wafer was mirror-etched to remove cutting damage.

2.2 Cell fabrication

A schematic diagram of the solar cell is shown in Fig.2.

A p~type active layer and an n+-type surface layer were chemically
Qapor deposited successively by hydrogen reduction of SiH2Cl, with dopants
at lévels of 1.3-—_2.9x1017boron/cm3 and 8.5x1019phosphorus/cm3, respectively.
Deposition conditions and related geometrical data are summarized in Table
II.

Electrodes used were Al-alloyed for the back, and Ti/Ag grid for the
front. The multilayered structure was then peripherally etched to realize
a mesa~diode structure. In some cases, a solder over-coat was applied tc
the electrodes; an SiO anti-reflection coating was also applied. An

example of the solar cells thus fabricated is shown in Fig.3.

3. Experimental Results and Discussion

3.1 Photovoltaic characteristics

Photovoltaic conversion characteristics were measured under AM1 illu-
mination of a xenon-arc type solar simulator, and the results for cells
before AR-coatings are summarized in Table III. The J-V relation of the
cell which exhibited the maximum conversion efficiency of 7.3% after appli-
cation of an anti-reflection coating is shown in Fig.4.

Using the conventional equivalent circuit model including the leakage
component through'éhunt resistance, J-V characteristics are often expressed

by the following double exponential equation;

q(V-JR ) q(V-JR_). V-JR_
=y Jgylee—g— - 1+ Jgplemp—gg— - M 45— )

where, notations have their ordinary meanings. Employing the observed
values, the best fit curves were generated by adjusting diode parameters in
Eq.(1l). The resulting diode parameters are summarized in Table IV.

As for the solar cell characteristics, open circuit voltage is compa-

rable to that of a conventional single crystalline solar cell, whereas



short circuit current density is somewhat low compared with the value
estimated from the thickness of the active layer. Series resistivity is
in a satisfactory level, and shunt resistivities are high enough for for-
ward-operation. However, the recombination current level is rather high,
which implies a short minority carrier lifetime in the active laver.

A typical spectral response curve of solar cells measured under illumi-
nation of constant energy light is shown in Fig.5. The minority carrier
diffusion lengths estimated from the spectral response curves were in the

range 11-18um.

3.2 Grain boundary effect

A photocurrent image obtained by scanning a confined He-Ne laser beam
(A=0.633um) over the lower half of the cell shown in Fig.3 is shown in
Fig.6 with a line scan mode of photocurrent. The dark lines in the figure
correspond to grid electrodes. Although there is remarkable brightness-
difference in the photocurrent image between grains, the actual difference
is less than 157 of the avarage photocurrent. The degradation in photo-
current along grain boundaries is shown to be very small.

In order to obtain some statistical information on photocurrent distri-
bution, cell area was estimated semiquantitatively as a function of current
level. The experiment was carried out by sc;nning é He-Ne laser spot of
about 20um in diameter over the cell surface, and by sampling photocurrent
corresponding to 40um-40um mesh points on the cell, followed by pulse height
analysis. An example of resulting current histogram for the cell shown in
Fig.3 is shown in Fig.7, which corresponds to about one million sampled
points. The increase in lower current level is due to the sampled points
outside the cell and on the electrode, and the flat valley is caused by
the rapid change in photocurreht at the cell or electrode edges.

In Fig.7, there is small Gaussian-like fluctuation arround an inherent
(or maximum frequency) photocurrent level, and superimposed on this, an
exponential decay in area with decreaéing photocurrent. The fluctuation is
probably due to the difference in crystal orientation and electronic prop-
erties in each grain. The exponential decay may be caused as a result of
integrating many levels of degradation in photocurrent along grain bound-
aries. This decay constant B could be used as an empirical factor to
describe the inhomogeneity of polycrystalline solar cell including the

degradation effect along grain boundaries, and to compare polycrystalline



material prepared in different ways.

If we assume the photocurrent frequency distribution as shown in Fig.8,
we can estimate the per cent degradation of the photocurrent caused by
grain boudaries. The total photocurrent is obtained by integrating current

multiplied by area or photocurrent frequency,

1m SO Sm 1
- : = KA e ] - =),
For the idealized single crystal case, the total photocurrent is the

inherent (or maximum frequency) current im multiplied by the total area,

i
P . | . _ 1 -
1' = lmfo S di = B(sm so). (3)

Then, the current ratio R of the inhomogeneous case to the ideal case is

given as;

. 1
1.5, = 8¢5 ~ Sp)

1m(Sm - S

R=1% = : )

o
and when the gradient is large, the ratio is reduced to the following

simple equation;
R=1—-—1_—. (5)
ig :
m

Employing the measured values, i.g. im= 265ch(0.229A/W) and B=0.133ch—}
one can obtain R=0.97. Consequently, the deterioration in photocurrent
which can be directly attributed to grain boundaries is estimated to be
only 3% at the wavelength of the probe-light.

3.3 Consideration on photocurrent level

In a thin silicon film, e.g. 20um, more than 80 per cent of the solar
radiation energy is absorbed in generating hole-electron pairs(5). However,
available photocurrent is a function of the cell configuration and the
electrical properties of the film.

Employing a simple model of depletion layer approximation, the photo-
current of a cell with a 20um thick active layer and a 0.5um thick surface
layer was calculated as a function of carrier density and minority carrier

diffusion length in the active layer. In the calculation, the collection



efficiency of the minority carrier generated in the depletion layer is
assumed to be unity. Those of bulk p- and n-type layers are assumed to
decrease exponentially with the distance from the nearest depletion edge.
Surface reflection with wavelength(6) are also incorporated in the calcula-
tion. The results for the AMl condition(7) are shown in Fig.9.

An observed combination of short circuit current of 13mA/cm? and the
minority carrier diffusion length of 1llum shows a good agreement with the
calculated value. Somewhat unsatisfactory short circuit current is direct-
ly attributed to the short minority carrier diffusion length in the active
layer, and probably to the lifetime-killing impurities incorporated in the

film during the deposition process.

4, Conclusion

Polycrystalline silicon thin-film solar cells have been fabricated on
wafers prepared from metallurgical-grade material.

An AM1 conversion efficiency as high as_7.3% was' attained in a cell
with a 25im thick active layer and a 0.5um tﬂick surface layer, both
prepared by chemical vapor deposition of SiH»Cl».

An empirical decay factor was introduced to describe the deterioration
effect in the photocurrent directly caused by the grain boundaries. The
current degradation due to grain boundaries was estimated to be less than
3% under 0.6um wavelength light. Considering the solar spectrum and the
spectral response of solar cells, grain boundaries make only a minor contri-
bution to the detraction of cell outﬁut current in our thin-film, polycrys-
talline silicon solar cell. A higher conversion efficiency can be projected
by enhancing the minority carrier diffusion length in the epitaxially grown
layers, probably by suppressing the level of undesired lifetime~killing
impurities in the substrate.
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Table I. Impurity levels in poly-
crystalline silicon wafers used for
substrates of solar cells determined
by emission spectroscopy.

Element Abundance (ppm)

T Al 50 - 100
B 10 - 50
Cr <10

- Fe <10
Mn 10 - 50
Ni <50
Ti <50

Fig. 1. Surface photograph of a v <50
polycrystalline wafer prepared from
metallurgical-grade silicon.

p-LAYER, GRID ELECTRODE

"SUBSTRATE\

{POLYCRYSTALLINE
SILICON)

Fig. 2. Schematic diagram of a thin-film
polycrystalline silicon solar cell.



Table II. Fabrication conditions and structural parameters of cells.

f—

Specimen #1 #2 #3
° P 1100 1100 1150
Growth temp.(*C) ot 1050 1050 1000
. . P 19.6 20.2 24.6
Film thickness (um) ot 0.50 0.50 0.54
Carrier conc.(ca=}) P 1.3x10%7 1.3x10'7 2.9x10!’
ar . ot 8.5x101°  8.5x10!° 8.5x10}°
Cell area(cm?) 2.91 2.60 8.29
':2°kk*
S -
<
£+
z
m -
g
._10'-
Z
us o
@
g - efficiency:  7.3%
. cellarea: 63cm?
L. . illumination: 100mW/cm2{AM?)
o 1 1 1 i ]
. 0 L)) 02 03 04 05 06
Fig. 3; Surface of a thin-film, VOLTAGE. (V)
polycrystalline silicon solar cell.
| Fig. 4. Current-voltage character-

istics of a polycrystalline solar
cell measured under AM1 condition.

Table III. Photovoltaic characteristics of solar cells before
AR-coating measured under AM1(100mW/cm?) illumination.
b —

Specimen #1 #2 #3
v_ () 0.508 0.516 0.562
Jsc(mA/cmz) 13.2 13.1 15.2
v, W) 0.349 0.383 0.463
‘. (mA/cm?) 11.3 11.6 12.8
Fill factor 0:59 0.66 0.67
Efficiency(%) 3.9 4.4 5.9




Table IV. Diode parameters for solar cells best fit to Equation(l).

=

Specimen #1 #2 i3
R, (Qcm?) 7.53 4,60 0.24
Ry (Rcm?) 2.76x10° 2.66x10° 5.61x10°%
Jop &/ cm?) 2.30x10-1} 1.32x1071! 5.21x10713
Jgp (A7 cn®) 2.72x10™7 1.94x1077 3.92x1077
n 2.0 2.0 2.2
I (mA/cm?) 13.27 13.19 15.20
1.0

g

3

o

]

.

z

w

o

o

=

3

-

$

¢« 2

illumination: 15.
0 uuTmMmq quMbn . - F
04 06 08 : 1.0 1.2

WAVELENGTH (pm)

Fig. 5. Spectral response of a thin-film polycrystalline
silicon solar cell.

LA
L

Fig. 6. Photocurrent image obtained $y scanning a confined
He-Ne laser beam over the lower half of the cell surface
corresponding to Fig.3; also shown is a photocurrent line scan.
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Fig. 8. A simple model for the

photocurrent distribution with
respect to occupying cell area.
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p -layer Zoﬂm
Hlumination: AM1
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102
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Fig. 9.

Photocurrent density of a celi with a 20um thick active

layer and a 0.5um thick surface layer calculated as a function of
the minority carrier diffusion length in the active layer using
depletion layer approximation and under AMl condition.

- 10 -



13a-X-8 ' SHLSHBAWEAK)  EBIC KoMK
BRPE | gute, A %, FRAR vHEA fL S

_&_ SRSt Ay RABTACIA AN AR L 9, %&&»w7n¢»z&ﬁw
#1050 BHHEHENO LI R Ve LEIAEBE2 S 75 0 X7 siom, Bk
ORERB Y I 955, HIMAF T % x ) TARLRAG - BRAI L, ABER
ORYBRL BT I 00, ABRPEF B Boh 70 L FONOEKERES o
“%Mﬁg_rﬂﬂ‘y’btubﬂ(bfibsbrc'fgt-ﬁ 5 B,

FB e, BAASECZA UL kIR, FIEmDEZTL 2V, L R
SiHllz o MBS Y pR(Xe I TAR 3 x 0%t 25pm, (85 %107 £0.54 e\‘ Ag B
pn BEL Foalp-p IR KBEAT, REMFIH AL i 0880 285, e
PEBE» S BEY LX< ToPREBUH g m +8 5. g81¢ BEIF I kB
Ez5ky 2434 v, BASHESEA e - P e AR L K, :
HEBS wAK  EBA SevoRBOXTTRE, FroXt 74 PUEBLHD. E' L7
HRE BB/ s BORAL, P oXstMao 24 V2 X ¢ 750k 3. EBICEoB#E, < LA 385
ORI 2 et kBRI EE 5, thSOIANARZ B X2 <, O%H ‘r'
AR -F2R3vipsd 0. ARAMRB,TaBIC 9FESR 0 @ftL v VT
19y TLEABL, O-BodARNTULA) K2 ), DLz WY, KT
K77 2R, 3RO deformation toin REXRRE0BIDZEAT v, 20, |
EBIC Bt rpn B8 A LI ArS B BERRErB S L FTREA LR
BRBB TS5BS, AFEIC oL~ LREvAERTBI-LEH), KLT7 0%
) TERBBREEL IO, €L ERARITE 0B CHRIR I D,
M%nmmzmﬁwvzvu /ﬁl.a a—muwnbnnwm

Fischer ot al, IEEE Trans. on ces, £5-24, mmm - Byd ﬁ‘ﬁu&éﬁ!ﬂmﬂ«)ﬁﬁl'ﬂ.
zgﬁ 6, 2245 R RASTA KR BATARE 17 : C Y ) EBICR, (©) K6 e BICIASRAYY

L.M. Terman, Solid-St¢ate ﬂcetnmcs 2, 1€1967),

18a-X-10 S8 SR MABER(XY) 98B vio LERID
snm B % Bobki, HEHK, VAR i &

A %&A%amsmm—wmsmw—z«m, WA s R 59, ,mmw»m oBxErA

BAERE0 LBAUAD LER) o ARBAI 2 22&R 5. AL BESIen - IFBTH S X 5 <(2?ul), DR
$526. 2oBeXBARNMEIGHEReLadVEFW rIoiERETo TSR,

~RER - RBA B Zatiled), BikLke iﬁfﬁmsﬁﬁﬁzﬁﬁﬁﬁyz/~4/ﬁ&f%ﬁﬂ%n—-

Lrkavt EnhiBEar- 7 it ,&&nm Neb-§" L UTEbhKBNT ho.

ERAVT 2 abh et KHEK. 0 i 8, TBERAPREDRELBEL T pp. 377 (/976),

_EB  #rtafiSilyy 3 /aczzz—suufryag,, i) EESE

VeNIEMLLY, cVDA ¢ pR(xe17RE 30002, B

¥ 25m), n/%(.?sx/o'zu-s 054un) L BHL k KEBERT

o, &b%@%ﬂﬁ#ﬁ‘?vpn nlL - AFy} & £L

;i;mﬁﬁu LERRY EY 779 Y L O REHMLT
Hi

_BE5IuAR e GotERAH(BEREBL

g i) kR Y, XOPBn94 A3 v /(B rit§. B

nRENNE RS 3B RLERNAIrBETS. o kEd

H ‘ ~{3us08

EALT9A P2 kR ¥ Y 2 BKIE 20005 20m o

2, 17 Pw IS e s0pm, T 7 7k B 120008 & (romasm

Bh. - 7 (265ch) AEER0.23AWr B L, 2oocust SepEeal 42 $RENAReLflR
Bl o flab BRI LLBES 0RBEAATS, ﬁ.h‘; r” | LERDG (LERERTIR)

HEV, hoottmaerdod y2veskie) »
e tde- grant LRAVT Y IRIFLR -
5o, HELH# 2RV 98 fagn2 @y - 79-50«1?&@& B! §éaSi5ReiniRIDY




29a—P—4 P8 SEBEAGT ) BSOS 0HRS L2 Ot
B¢t Tk %, BwgR, LK 8, shux, BL &

1. B %8%0RArKEE AP o T Po-4L L THBE nw6"&»::4’43:%&&7»%%&)

382 3 5 YR ARRE X < BBIRT SR k0B N b 14REL P 2 iR gy ; .

521343 79 L% K ePBROABRNG-Sitr 5 B H3) Lif kb S o F 4], %pa = :

XHas & wBESHER A T B, ) 17 AN

_2. Rk PEoMG-SIHEBER) LY - 2 LL, 014~1.2mmin 03]k BEXEROTE AL St

R <8950 mmPd B £ (RBL £, EEBFHADE L T 2% - 781 1 S REEAVE LENCIENN

Kk & 5TIBH, Sirtl 2o41cs S RIEERS & e HollBIE 2475 - fo REFGY : '
3 BELAR (@B MG-Sivosl LR, B1 o Sitl1ysg _

rmﬂ’)k YHET H5. HB IR0 B E, ruryofdEcErL T EE

KBTS, R il nlex, Aﬁﬁtﬁ:ﬂnwaﬁmﬁﬁziﬁﬁfé m @}v&ﬁﬁ\ﬁ%fhﬁ’%ﬂns‘rﬂhﬂ&

(L94E9)) TH5, b Rkxv4e9t 3 FIREBAL v ds0r 5, RErcd

Y2k E 2 505, 3 A 2891 Tmm/nin R Loy sBdy #5adic BB AL S5 ETREAAAFL (PPm)

Wrlkl k. 2 opbiliaki L sh:8e ﬁfarﬁt—ﬁié 2eour=al (TR ¥ CZ3E S
ToBR AP oo MBI LM 8478 REER, 0TulS: T8 - 7] 08 -3
ARz, ChRBCoTHWIAT LoD k. FHW: Rk 2 T | 80 19
oI E, Me-Sobed A, N, o, T £ C v YHh<Panzvery, cztheas, &, 2 5 3% _
Cu, Relil pf~it pom, P itidppm T LB » L5, Sl LA s U‘% :: B ore b0
*ﬁ%ﬁ?lldﬁl kBLAavEE s ove. (c) BRVIEY : 3“15“?;15 ze 600 0.6 - €0
oBH L 0.080-am, * EILHE 1x 10Tem 32, R e Réelrc & ) Hdblns 5 ik _ mn 83 ' 0.04 - 0.4 .
Fodchatws, G5, AT B’ Y yved M 800 - BLLIATDHE. g‘ ¥ §:t,:2:§
-30 .

'
_4 BEIK ) H Ficher oo, TEEE Trrs. Electron Duvices, ED:24; 438(1177); 1560
, P Hunt otol., Con?. Rec. 12¢h TEEE PY.S ¥ 125
Dk wmbeeako et al. Proc. Conflon Solid-Sta muu:.mw 15 be piblished.

29a—P—5  %&EaSABEARES XI) SESARY G SEEREE
i st THIAR Rlxe, TR & 105 & 7edh, Se i

1.B _ TIRABES (LR 8% ur) 6 CZRT 0./~ omimin 9BE TH LIF. 3 e
m%mam r/N')An’ﬁEs&&ur m%@&m&oi&ﬂ?ss/zfsr
R0,/ ~ mm nTRET. ruaqno 08acmnPRERLE, I0BMEZS4 L
YT UERIVLET o4 71T TRIRE L. SHO.ERWT /700 t 0B T30~
500 PR %97 RE 105 1003), 0.5, aNR (1,9 7 3K 52 10%3) £ ¥H
FARBRE LT eIl e FE LEs.
3. BR et BREFISEBABAY 16~18 mAkm FINGE R 040 ~0.5/V,
BRNEF S ~58%4THY. JirikB s 32 Eonin :. urt. &®&  o.17 o.s0 o.51 o.28
EHShuux BEAIL L rke 3 S B, RuBSBRORLRRAGN TN 000 0.25 0.3¢ a.40
BEBEERT 1R8I N3 Cu © Fe BEEARNX 3 W REFREARP 1 B0 P
FEBANT LS. BB tAR LTI R« VP54 774 AL AT IO IR
Befs 1Y, FE&BrE < nfia L Bad ueEnbfnlMNun kRS » Vi El 34774 AaBR (FS)
%irn FXEENATLA3 L LLoN3. FANMREOR ARREBLLT ; . .

FY L TESTRF. FHABEwemT - TTAI kAt nRIBA 2
w. B PESRET 074 754 LR LRER Y. 0.1~ 0.5 /5
OELRURE., ZER A SHARLRATVI RafiRE 3630
53, B2RARLZEZBAERESHH o4 L YLREIaT. ERge
wEEBOR, AR BREE DR TIA/CE « ) FIEE Ao Rk
REEEy 5 PN BRI ] AT

BE, ARIBEELER 9o v 4 Vﬁ-ﬁ., a—-%e llﬁ‘i’N\F ‘

%0‘12"& 3. B2 enotifoSell To4%

0.33 0,27 0.45 0.13




FREEOHNREEAKRISDERHFODUHTEEMRE D

FRIZRTTT S0,




