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Abstract To deposit silicon on borosilicate glass substrates, 18 different substrate combinations
were investigated because of the difficulty of direct deposition of silicon. Successful results were ob-
tained from Al-and Mg-treated glass and furnace annealed sputtered silicon deposited glass sub-
strates. A continuous silicon thin film on a large area substrate was obtained in the temperature
ranges from 420C to 520°C. These thin films might be applied to lower the cost of solar cells and

solar cell modules.
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1. Introduction

Many experimental work has been made to
prepare silicon thin film on foreign substrates
in order to inexpensive thin film solar cells [1 -
6]. The optimal solution to the problem of de-
veloping a low cost photovoltaic option appears
to be to find a way of depositng a high per-
formance photovoltaic material directly onto a
supporting glass superstrate of material could
be deposited directly onto glass to form a sili-
con thin film module as in Fig. 1, this would ul-
timately result in very little additional module
cost above the cost of the glass. The main diffi-
culties are the generally large thermal expan-
sion mismatch between glass and silicon and
the unsuitability of glass for high temperature
deposition processes. However, these problems
may be solved by lowering the silicon deposi-
tion temperature and by selecting an appropri-
ate glass substrate.

Solution growth of silicon has become our
preferred option for depositing silicon film. To

be compatible with direct deposition onto glass

glass superstrate

Fig. 1. Thin film polycrystalline silicon solar

cell deposited directly onto glass substrate.

substrate, deposition temperatures below 600°C
are required. In fact, the lower the deposition
temperature, the better. Lower temperatures
will enhance the refining action of deposition
from solution as well as decreasing stress
arising in the final film from thermal expansion
mismatch effects. Hence, the lower the temper-
ature, the less attention which has to be paid to
contamination effects and the larger the choice
of substrate material onto which the film can
be deposited.

In the present work, solution growth of sili-

con on borosilicate glass substrate is described.

2. Substrate selection

Today, most windows, light bulbs and fluo-
rescent light tubes are made of soda-lime
glass. This usually contains between 8 and 12
welght percent calcium oxide (CaQ) and from
12 to 17 % alkali oxide (mainly sodium oxide).
These glasses have coefficients of expansion
from 8 to 9x10°° per’C, as do many of the
lead alkali silicates [7]. B,O; in quantities up to
10~15 at.% reduces the thermal expansion
coefficient. Consequently, low expansion glass-
es have high silica content and low alkali con-
tent, with boric oxide usually present.

In the current experiment, low expansion bo-
rosilicate glass (Corning Code 7740) was se-
lected as the substrate for solution growth of
silicon. The reasons are (1) these glasses are
available commercially at relatively low cost ;
(2) the thermal expansion coefficient of boro-
silicate glass is relatively well matched with sili-
con (Fig. 2) [8]. This particular borosilicate
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Fig. 2. Linear expansion coefficients as a func-
tion of temperature for several commercial
glass substrates and silicon (Numbers . Corn-

ing code).

glass used for current work is rather simple in
composition, being approximately 80.5 % SiO.,
12.9 % B.O;, 3.8 % Na0, 2.2 % AlLO; 04 %
K.0O, but it i1s widely used for Pyrex brand sci-
entific apparatus because of good durability,
low coefficient of thermal expansion, good

formability, and high deformation temperature

(9]

3. Cleaning procedure

The cleanliness of the substrate surface ex-
erts a decisive influence of film growth and
adhesion. The choice of cleaning thchniques de-
pends on the nature of the substrate the type
of contaminants, and the degree of cleanliness
required. To clean borosilicate glasses, a
prepolish with precipitated calcium carbonate
and a subsequent two-step etch in dilute sodi-
um hydroxide and hydrochloric acid was rec-
ommended [9]. Other authors [10] cleaned a
variety of glass, ceramic and single crystal sub-
strates by first washing them in concentrated
nitric  acid, then in concentrated sodium
hydroxide. The substrates were subsequently
rinsed in water and alcohol and stored in vacu-
um desiccators. Acid cleaning cannot be used
for all types of glass. This 1s especially true for
glasses having a high barium, lead oxide con-
tent such as some optical glasses.

According to a report [11], a cold diluted
mixture 5 % HF, 33 % HNO,, 2 % Teepol and
60 % HO should be an excellent universal
fluid for cleaning glass and silica. Various

cleaning methods for glass can be found in

[12].

4. Experiments and results

The aim was to deposit silicon thin film on
borosilicate glass substrates by using a stan-
dard siliding boat system with gold-60 wt. %
bismuth solvent. Eighteen different substrate
combinations (Table 1) were employed. Be-
cause of the difficulty of direct deposition of sil-
icon, various intermediate layers or surface

texturings were introduced on the glass sub-
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Table 1

Silicon on glass

Silicon deposition on: Result

1. smooth surface glass substrate X
2. surface roughened glass
(by HF + HNO3) X
3. surface sand blasted glass
. sand blasted + scribed glass
. textured (inverted pyramid) SiO,
+Si wafer X
. Al layer + textured SiO, X
. CeO (1800 A ) + sand blasted glass X
. MgF (6100 A ) + sand blasted glass X
]
X

[SLI N
X

© o N o,

ZnS (2200 A ) + sand blasted glass

10. ZnS (1450 A ) +textured SiO, + Si wafer

11. MgF (3000 A ) +ZnS(1850 A ) + sand
blasted glass X

12. Allayer (7900 A ) + sand blasted glass A

13. sputtered silicon (5000 A ) + sand

blasted glass X
14. sputtered silicon (5000 A ) + sand
blasted glass X

15. Al(3000 A ) + sputtered Si + sand

blasted glass annealed at 400°C

for 30 mins. X
16. Mg (3000 A ) + sand blasted A
17. Mg (3000 A ) + sand blasted glass-

sinter (550°C, 2 hrs.) -etch in

diluted acid- LPE Q
18. sputtered silicon (7000 A ) + sand

blasted glass - sinter- LPE O

: No silicon deposition at all.
: Some possibility for application.
> Big possibility for application.

OO b x

: No obvious way for application currently.
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Fig. 3. EDX-analysis plot of surface layer on

ZnS coated glass substrate.

strate.

In the present work, all of the intermediate
layers were prepared by the vacuum evapora-
tion method except sputtered Si and SiO, lay-
ers. The results of these experiments are shown
in  Table 1. Some positive and successful
results came from these experiments, although
most of the cases gave negative results.

The solution growth of silicon on the ZnS
coated substrate produced quite thin (<1 zm)
and smooth surface layers. However, this thin
layer was completely etched away when the
sample was dipped into aqua regia (1 HNO;
+3 HCI) to remove the remnant solvent on
the thin film. Thus, another sample’s surface
layer was investigated by the EDX-analysis
without chemical treatment. The result is
shown in Fig. 3. The constituents of this sur-
face layer on the ZnS -coated substrate are Zn,
S, Si, Au and Bi as might be expected. In this
condition, there is no obvious way for the appli-

cation of this layer.

4.1. Deposition on Al- coated substrate
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The purpose of this experiment is to explore
the possibility of making a silicon layer on a
glass substrate by using an Al intermediate
layer as an oxygen reducing agent.

A 790 nm thick layer of Al was deposited by
vacuum evaporation onto glass substrates, the
surfaces of which had been roughened by sand-
blasting or scribing with a diamond scriber.
The apparent colour of this evaporated
aluminium on the glass substrate was shiny tin
-white. The role of Al in this experniments 1S to
deplete oxygen from the surface of the glass
substrate, thus making a silicon rich surface
for improving wettability between the melt and
the substrate. Al is one of the elements which
has a higher affinity for oxygen than silicon.
Its oxide formation energy (-1045 kJ/1 mol
oxygen at 273 K) is much lower than that of
silicon (-836 kJ/1 mol oxygen at 273 K)
(131

The Al-coated glass substrate was sintered
at the growth temperature (550°C) for 2~3
hours before moving under the melt. The sur-
face colour of this sintered Al coated layer was
almost the same as the evaporated layer, but it
was no longer reflective. During this sintering
process, the Al layer was expected to become
AlLOs Next, this sintered Al-coated substrate
was moved under the melt and was left for 10
~ 20 minutes at the growth temperature. Sub-
sequently the temperature of the furnace was
increased (5 ~ 15°C above the growth tempera-
ture-550°C) in order to induce melt-back.

This melt back process i1s necessary to dis-
solve the thin aluminium oxide layer and other
surface contaminants from the glass surface,
and to let them float to the top of the melt. The

growth was started by cooling down the fur-
nace. The growth temperature was from 550 ~
400°C with the cooling rate above 3°C/min.
After crystal growth of silicon, it was observed
that the initially Al coated layer had almost
vanished from the glass surface. The sample
was dipped into aqua regia solution to remove
the remaining solvent. However, during this
chemical process, most of the silicon crystallites
were removed from the glass substrate. This in-
dicates that the adhesion of silicon to glass
seems poor.

As an alternative, another sample was pre-
pared by repeating the same experimental
method as above except that the substrate was
not dipped Into aqua regia to remove the re-
maining solvent. This substrate, on which sili-
con crystallites were deposited, was sintered at
810 ~ 820°C for 30 ~60 minutes. Only after
this sintering process were the samples dipped
into the aqua regla solution to remove the re-
maining solvent. This method prevented the sil-
lcon crystallites from being removed by the
aqua regia solution. These crystallites would
have attached to the soft substrate surface
more strongly when the glass substrate was
sintered near its softening point. The nuclea-
tion pattern of silicon crystallites on the borosil-
lcate glass 1s shown in Fig. 4. Some crystals
are beginning to impinge on their neighbours to
make a continuous layer. The crystal size var-
ies from about 60 zm to 130 zm. These grain
sizes are almost the same as obtained on appro-
priately coated quartz substrates in previous
work [3]. In this work, which used a solution
growth method, typical grain sizes ranging

from 25~150 um were reported. However, no
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Fig. 4. Silicon nucleation pattern on Al-coated

borosilicate glass Mag. x 59 (Growth tempe-
rature ; 550 - 400C).

other details of the coating materials was pro-
vided. The crystallographic orientation of sili-
con on this borosilicate glass 1s predominantly
(111) as determined by crystal shape. This
technique may be useful when highly doped p-
type layer is required.

4.2. Deposition on Si- coated substrate

This substrate was prepared by initially sput-
tering 700 nm of silicon onto the glass sub-
strate, the surfaces of which had been rough-
ened by sandblasting or scribing with a dia-
mond scriber. Samples were furnace annealed
at 820°C for 2 hours. After this annealing proc-
ess, the samples were used as substrates for so-
lution growth. The purpose of the annealing
process is to make fine grain polycrystalline sil-
icon from the amorphous silicon prepard by
sputtering. The aggregated polycrystalline sili-
con on the sand blasted glass substrate after

annealing was observed by Scanning Electron

Microscope. This polycrystalline silicon was
used as seeds to make continuous layers. The
growth temperature was from 550~ 420°C
with the cooling rate above 3°C /min. The melt-
back step was employed as in the previous sec-
tion.

The above thin film was orginally bonded to
the substrate but separated when the substrate
was subjected to mechanical shock. This 1s pri-
marily due to the contraction of the remnant
solvent on the thin film when the furnace cools
down. Since the thermal expansion coefficient
of the solvent is 3 times larger than that of sili-
con, the solvent contraction force exceeded the
thin film adhesive force to the substrate when
the furnace was cooled down and the film was
jolted.

The surface morphology of these layers is
shown in Fig. 5. This morphology is very simi-
lar to typical Si deposition on a (111) silicon
substrate (Fig. 6). The crystal type has nearly
hexagonal symmetry which shows the (111)

Fig. 5. The surface morphology of Si layer on

the borosilicate glass substrate. Mag. %59
(Growth temperature : 550 - 4207C).
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Fig. 6. The surface morphology of silicon layer
on the (111) silicon substrate Mag. x59.

preferred orientation. All the crystal facets
seem to be aligned. Some of this growth (A in
Fig. 5) would occur after the slider moved
(420C-R.T.) because some remnant melt still
covered this area. No grain boundaries could be
discerned after etching in Sirtl etch [14].

The entire growth morphology appears to be
terrace growth. This growth may be due to the
roughened surface of the glass substrates.

The circular area (B in Fig. 5) was probably
due to the presence of depressions or other im-
purities on the substrate which seem to disturb
the crystal growth front.

Even though the surface was treated as a sil-
icon rich surface, the borosilicate glass sub-
strate is composed of many compounds (e.g.,
B.0,, Na,0O, ALO;, K.0).

The crystal size 18 much larger than the
result reported in reference [3] and also larger
than that of the Al-coated substrate. No influ-
ence from the original silicon coating of the
substrate could be observed. It might be con-

cluded that the polycrystalline silicon which

was supposed to act as a seed merely contrib-
uted to the formation of the silicon rich layer of
the galss substrate similar to a pure silicon sub-
strate. If the polycrystalline silicon acted as a
seed, the surface morphology of the thin film
should be influenced by it. However, no evi-
dence could be found for this seeding effect in
Fig. 5. This silicon rich layer may act merely to
improve wettablility between the melt and sub-
strate.

Furthermore, the surface colour where sin-
tered polycrystalline Si was deposited was
almost the same as Mg-treated glass substrate
described below. This indicates that the aggre-
gated polycrystalline silicon was oxidized. By
employing the melt back step, the silicon oxide
layer might have been largely removed bofore

crystal growth.

4.3. Deposition on Mg- ireated subsirate

The affinity of magnesium for oxygen
(-1162 kJ/1 mol oxygen at 273 K) [13] has
been used in several applications. These include
the de-oxidizing of metals, such as Cu and
brass, and as an oxygen “getter” in thermionic
valves. A number of metals such as thorium, ti-
tanium, uranium and zirconium are prepared
by thermal oxidizing reaction with magnesium
[15, 167. This affinity could be used for reduc-
ing the oxide at the glass surface, thus making
a silicon rich layer.

The Mg (300 nm thickness) was deposited
on the sand blasted or scratched surface of a
borosilicate glass substrate followed by anneal-
ing the sample at about 500°C for two hours.

After cooling the furnace, the samples were
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taken out. After this annealing step, the colour
of the surface of the sample where Mg was de-
posited was dark brown. After dipping the
samples in diluted nitric acid for a few seconds,
the surface colour changed to almost yellow.
Judging from the EDX analysis result (Fig. 7),
and the measurement of the layer refractive
index by ellipsometry, this yellow coloured
layer appears to be a silicon rich oxide layer
(SiO,). The growth temperature was from 550
~420°C with a cooling rate above 3°C/min.
The melt-back step was employed. Fig. 8 shows
the surface morphology of the silicon layer
grown on Mg-treated borosilicate glass sub-
strate. This is very similar to the morphology
of Si grown on Si-coated substrate.

The surface undulation is very obvious.
Roughened glass surface would be one of the
reasons for this rough surface morphology. The
semi-circle area was formed probably with the
same reason as described for the previous sili-
con-coated substrate. The crystal growth habit
of the film shows mainly the (111) preferred
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Fig. 7. EDX-analysis plot at 6 keV of Mg-

treated glass surface.

orientation confirmed by X-ray diffraction.

5. Discussion of results on glass

The surface morphology of layers grown on
Mg-treated glass substrate is almost the same
as that of the Si-coated substrate. These
results seem to come from the following fac-
tors:

1. The same amorphous glass substrates, sol-
vent and growth conditions are used in both
cases. The surface of these two substrates was
roughened by sandblasting or by scribing with
a diamond scriber.

2. These amorphous glass substrates would
be expected to exhibit only weak interactions
with the deposit and exert little influence on
the crystallographic structure of the deposited
films;

3. Both these two substrates have similar sil-
icon rich surfaces. One 1s made by employing a
powerful oxygen reducing metal (Mg), and the
other is made by depositing amorphous silicon
and subsequently sintering to make polycrystal-
line Si crystals. The crystal grain size would be
expected to be very small (few hundred A ).

Figs. 5 and 8 show that (111) orientation is
the preferred orientation on the glass sub-
strates, confirmed by X-ray diffraction, Sever-
al different seed planes are expected to be pres-
ent on the surface treated glass substrates.
This solution growth of Si on the glass sub-
strates may be treated as the same as conven-
tional Czochralski (CZ) growth. The (111)
planes are most closely packed in silicon lattice.

In general, the crystal planes that grow most
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slowly are those with the closest packing [17].
The closest packing plane would be the planes
to expand laterally along interfaces.

Even though there were some (110), (100)
planes on the surface treated glass substrates
as Si seed area, these planes were etched quick-
ly compared to (111) planes during the melt-
back. Eventually, only nucleation sites of (111)
orientation would be distributed over the sur-
face. This may be attributable to faster etch
rate of (100) and (110) plane, as previously
noted. For example, a commonly used orienta-
tion-dependent etch for silicon consists of a
mixture of KOH in water and isopropy! alco-
hol. In this solution at 80°C, the ratio of etch
rates for (100), (110) and (111) planes 1s
100 :16 : 1 [18].

Some factors that influence nucleation of sili-
con of glass substrates are as follows.

Firstly, supersaturation and high silicon con-
tent are important in encouraging nucleation
on glass.

In the present work, the cooling rate was
above 3'C/min. This fast cooling rate is suffi-
clent to induce supersaturation of the solvent
and encourage silicon nucleation on the glass
substrate.

As an alternative, the supercooling method
was also employed to induce supersaturation of
the solvent. In the work described here, the sol-
vent was cooled by 20°C to 30°C before con-
tacting the glass substrate. No melt-back was
employed In this experiment. This inital super-
cooling places the solvent in a supersaturated
state. Following this, the substrate was moved
under the solvent and subsequently the cooling

rate was above 3°C /min. after contact with the

substrate. The surface morphology of these de-
posited layers is the same as Fig. 8.

The silicon solubility in Au-60 wt% Bi sol-
vent is about 2.2 at% at 414°C, 4.5 at% at 513
C and 5.9 at% at 613°C. Compared to tin sol-
vent (2 at% at 950°C), this alloy has a high
content of silicon at even much lower tempera-
ture.

Secondly, surface treatments probably just
improved wettablility between the melt and the
substrate. Good wetting is a prerequisite condi-
tion for fabricating continuous layers.

In the present work, it was found that both
Mg - treatment and Si-coating on the surface of
the glass substrates was a more effective meth-
od than an Al-coating treatment to fabricate
large Si crystals. The surface preparation
needs to produce a silicon rich condition as
much as possible in order to ensure the growth
of a continuous silicon crystal layer on the

glass substrates.

Fig. 8. The surface morphology of Si layer on

the Mg-treated borosilicate glass substrate
(Growth Temperature : 550-420°C) sample #
EG-37.
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In conclusion, continuous silicon thin films on
glass substrates were successfully deposited in
these experiments. However, better bonding be-
tween thin film and substrate would be desir-
able, The main reasons for the separation of
the thin film from the substrate observed in
this work are due to the remnant solvent on
the thin film. The contraction force of the sol-
vent exceeded the thin film adhesive force and
the films separated from the glass substrate on
cooling. This i1s because the thermal expansion
coefficient of solvent is more than 3 times that
of silicon and the solid solvent layer i1s quite
thick.

6. Comments on growth apparatus

One problem was found to occur throughout
the whole of this work. The wiping action of
the shider in the graphite boat was not satisfac-
though  elaborate

adjustments of the shder bar to prevent leak-

tory even clearance
age of molten melt were made.

This phenomenon was present, to varying
degrees, for silicon deposition on silicon sub-
strate, sapphire substrate and glass substrate.
In the case of other work [19,21], remnant sol-
vent was reported. These groups removed this
excess metallic solvent (Sn) by dipping the
samples in the aqua regia (1 HNO, +3 HCD).
In the present work, this single chemical proc-
ess for the removal of remnant solvent (Au-
60wt % Bi) usually takes 2 ~ 3 hours. Also, in
other techniques such as dipping [20] and tip-
ping [22] methods, remnant solvent could be

found.

Among the many techniques investigated to
date, the only apparatus which can remove
remnant solvent completely from the substrate
1s a centrifugal technique which utilizes centrif-
ugal forces for the transport of the solution
[23]. This centrifugal LPE growth technique
has proven to be a convenient way for produc-
ing layers with planar interfaces. However, this
technique needs a more complicated system in
comparison with the above three techniques.
As described above, all the techniques for LPE
growth have some advantages and disadvan-
tages. For the preparation of single layers, dip-
ping and tipping methods are suitable.

For silicon single layer deposition on glass
substrate, probably the dipping method is the
most effective way even though some remnant
solvent would probably be found in the bottom
edge of the substrate as reported elsewhere
[20]. Dawson [ 24 ] reported that smooth GaAs
films from which the melt drained completely
as the substrate was withdrawn were grown
by using the dipping technique. The greatest
use is made of gravity and surface tension for
complete drainage when the melt and substrate
are separated after growth by withdrawing the
substrate through the top surface of the melt
[24]. Baliga [25] also indicated that one of the
advantages of this technique is the avoidance
of the mechanical problem of a sliding boat
arrangement. Judging from the above situa-
tion, a dipping system may be more suitable
for investigating the growth of silicon layers on

glass substrates.

7. Conclusion
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To deposit silicon on borosilicate glass sub-
strates, 18 different substrate combinations
were investigated because of the difficulty of
direct deposition of Si. Successful results were
obtained from Al-and Mg-treated glass and
glass onto which furnace annealed sputtered
silicon has been deposited. Continuous large
area silicon thin films were obtained at lower
temperature. The role of the deposited Al and
Mg layers was to reduce oxide from the glass
surface to produce silicon rich layers at this
surface.

However, these thin films were easily sepa-
rated from the glass by physical shock. This is
primarily because of the remnant solvent con
traction on the thin film when the furnace
cools down because the thermal expansion co-
efficient of solvent is larger than 3 times than
that of silicon. The contraction force of the sol-
vent exceeded the thin film’s adhesive force
causing separation upon jolting. Better bonding
between thin film and substrate would be desir-
able. The results of this research could contrib-:
ute significantly to the development of low cost
photovoltaic cells and also silicon-on-insulator
(SOI) technology.
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