A SEMICONDUCTOR DEVICE
AND ITS MANUFACTURING METHOD

This invention relates to a semiconductor device and its
manufacturing method, in particular, a semiconductor device

on an insulating material and its manufacturing method.

Experimenté have been performed to form high quality semi-
conductor elements on insulating materials, such as insu-
lating amorphous substrates, for example, glass, quartz or
. the like, insulating amorphous layers, for example SiOz,
SizN4 and the like, and so forth.

In rebent years, exhectations for improved high gquality se-
miconductor elements formed on the foregoing insulating
amorphous materials have been substantial as the needs for
large, high resolution liquid crystal display panels, high
speed, high resolution contact type image sensors, three

dimensional ICs, and the like have increased.

In the case of, for example, forming a thin film tramnsistor
(TFT) on an isulating amorphous material, the following me-
thods have been studied: (1) TFT comprising amorphous si-
licon formed by plasma CVD or the like as an element mate-
'rial, (2) TFT comprising polycrystalline silicon formed by
CVD or the like as an element material, (3) TFT comprising
single crystalline silicon formed by fusion recrystalliza-

tion or the like as an element material, and the like.
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Howéver, realization of high quality TFTs has been. very

- difficult because the field effect mobility of TFTs compri-

sing amorphous silicon or polycrystalline silicon is sub-
stantially lower than that of TFTs comprising single cry-
stalline silicon (amorphous silicon TFTs < 1 cm?/V.sec, po-
lycrystalline silicon TFT about 10cm?/V.sec). '

on the other hand, the fusion recrystallization technique
employing a laser beam has not been quite complete yet, and
many technical difficulties are encountered when elements
are to be formed on a large area, such as liquid crystal

display panel.

Thus, the method of forming large grain polygrystalline si-
licon by solid phase recrystallization was noticed, and the
research has been proceeded. [Thin Solid Films Vol. 100 No.
3 (1983) P.227, JJAP Vol. 25 No. 2 (1986) p. L1l2l1}

However, the conventional method of the prior art is that,
first polycrystalline silicon is formed by CVD, and after
said polycrystalline silicon is amorphized by Si* ion im-
plantation, heat treatment is performed at approximately
600°C for nearly 100 hours. Because of that, there are such
problems as: (1) since polycrystalline silicon is amorphi-
zed after if has once been formed, the process is compli-
cated causing a cost up, (2) an expensive ion implantation
system is necessary, (3) the heat treatment is extremely
long, (4) it is very hard to handle a large substrate (for
example, 30 cm x 30 cm), (5) the crystallized volume frac-
tion after solid phase recrystallization is low and, there-
fore, it is very difficult to fabricate a high quality se-

miconductor device, and the like.

Now, this invention is to provide means to realize a high

quality semiconductor device by producing polycrystalline
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silicon with large grains and high crystallized volume

fraction by employing easier and more practical methods.

This object is achieved with a semiconductor device and a

manufacturing method as claimed.

Specific embodiments of the invention are subject of de-

pendent claims.

Specific embodiments of the invention will be described be-

low with reference to the drawings, in which:

Fig. 1(a) to (d) show a manufacturing process of a semicon-
ductor device according to a first embodiment of

this invention.

Fig. 2(a) to (d) show graphic illustrations of the tempera-
ture rise in a thermal treatment process according

to an embodiment of this invention.

Fig. 3(a) to (e) show graphic illustrations of temperature
rise in a thermal treatment process according to

another embodiment of this invention.

Fig. 4(a) to (h) show a manufacturing process of a semicon-
ductor device according to a second embodiment of

this invention.

Fig. 5(a) to (f) show a manufacturing process of a semicon-
ductor device according to a third embodiment of

this invention.

Fig. 6{a) to (d) show a manufacturing process of a semicon-
ductor device according to a fourth embodiment of

this invention.
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Fig. 7 shows gate voltage - drain current characteristics

of an n channel TFT of this invention.

Fig. 8 shows gate voltage - drain current characteristics
of a p channel TFT of this invention.

Fid. 1 shows one example of the manufacturing process of a
semiconductor device employed in an embodiment of this in-
vention. The case wherein a thin film transistor (TFT) is
formed as a semiconductor element is shown as an example in
Fig. 1.

Fig. 1{(a) shows a process of forming a silicon layer 102
over an insulating maéerial 101, such as an insulating
amorphous substrate, for example, glass, quartz and the
like, an insulating amorphous material layer, for example,
Si0z , SisNs and the like, and so forth. Other insulating
crystalline substrates, such as a sapphire substrate
(Al203), MgO.Al20:, BP, CaFz, and the like can also be em-—
ployed as a substrate instead of quartz and glass. One
example of the film growth condition is described hereinaf-
ter. When the substrate temperature is maintained approxi-
mately in the range of room temperature up to 600°C, mono-
silane or monosilane gas diluted with hydrogen, argon, he-
lium, or the like is introduced to a reactive chamber and
RF power is applied to dissociate the gas, then a silicon
layer is formed at a thickness of about 0.01 - 0.2 pm on a
desired substrate by plasma CVD. However, the method of
forming the film is not limited to the foregoing.

Fig. 1(b) shows a process of forming a polycrystalline si-
licon layer 103 via crystal growth by performing a thermal
treatment or the like on said silicon layer 102. The best
condition of the thermal treatment differs depending upon

—



' the method of forming the silicon layer in process (a). For
example, depending upon the substrate temperature diffe-
rence at the time of forming the silicon layer, there are

differences as follows:

(1) A film formed while the substrate temperature is in the
range of room temperature up to 150°C, which is relatively
low, becomes amorphous silicon containing a large amount of -
hydrogen in the film, however, hydrogen in the film can be
removed by a thermal treatment at a lower temperature com-
pared to a film formed in the temperature range of approxi-
mately 200 to 300°C. One example of a thermal treatment
condition is described hereinafter. After an amorphous si-
licon film has been formed by plasma CVD, the film is an-
nealed before vacuum is broken. Since an amorphous film
formed at low temperature becomes porous, if it is taken
out to the air as is after the film growth, then oxygen and
the like will enter into the film rendering a low quality
film. However, if the film is given proper thermal treat-
ment before it is taken out to the air, then the film beco-
mes dense, thereby preventing oxygen from entering in the
film. The desirable thermal treatment temperature is over
300°C, and if the temperature is raised to approximately
400 to 500°C, substantially effective results can be achie-
ved. Also, even when the thermal treatment temperature is
lower than 300°C, film densification can be achieved. How-
ever, when annealing for solid phase recrystallization is
continuously performed without breaking vacuum, the above

annealing can be omitted.

Next, said amorphous silicon film undergoes a thermal
treatment or the like for solid.phase recrystallization.
When thermal treatment of about 550°C to 650°C is performed
for about several hours to 20 hours on an amorphous silicon

film which was formed at low temperature, hydrogen removal



and crystal growth occur, and polycrystalline silicon con-
taining large grains of about 2(1 to 2 um) is formed. It is
not desirable to raise the temperature of annealing for
both achieving density and solid phase recrystallization to
the'prescribed degree suddenly in short time. The reason
‘for this is that hydrogen removal in the film starts to oc-
cur as the temperature rises (especially over 300°C), and
{f the temperature rise speed is too high, defects in the
film will occur more easily. In some cases pin holes may
appear, and in other cases film separations may occur. If
the temperature is gradually raised by less than 20°C/min
{particularly, a rising temperature speed of less than
5°C/min is desirable.) at least when the annealing tempe-
rature is over 300°C, defects in the film will be less 1li-
kely. The detailed exﬁlanation of the method of raising the

temperature is described later in this text.

(2) The amount of hydrogen in a film is less if the film
'is formed when the substrate temperature is in the range of
150°C to 300°C compared to an amorphous silicon film formed
at low temperature as described above:; however, the tempe-
rature shifts to a higher degree when hydrogen removal
starts. Since the film is more dense compared to the film
formed at lower temperature, the annealing for achieving
density can be omitted. When solid phase recrystallization
is performed under the thermal treatment temperature of
550°C to 650°C for about several hours to 40 hours, then
hydrogen removal and crystal growth occur, and polycrystal-
line silicon containing large grains of about 1 to 2 um is
formed. Although the detailed explanation of the method of
raising the temperature to 550°C to 650°C is described la-
ter in this text, if the temperature is gradually raised by
less than 20°C/min {particularly. a rising temperature
speed of 5°C/min is desirable) when the annealing tempera-
ture is over 300°C, defects in the film will be less likely-



as was described in (1). Also, the substrate temperature of
150°C to 200°C is particularly desirable because large
grains can be formed and £ilm separation, which may occur
during temperature rise to the prescribed degree for solid

phase recrystallization does not occur easily.

(3) Although hydrogen in the film decreases even more when
the substrate temperature exceeds 300°C, hydrogen removal
is less 1ikeiy to occur by annealing at the temperature of
approximately 550°C to 650°C. Therefore, in some cases it
becomes important to perform thermal treatment at a higher
temperature than said temperature,'éha the description con—
cerning this method will appear later in this text using
Fig. 2{(d4).

The thermal treatment condition, particularly, the method
of raising the temperature to the prescribed degree is des-
cribed hereinafter. Fig. 2.shows graphic illustrations of
examples of the method of raising the temperature in an em-
bodiment of this invention. Fig. 2(a) shows the case where-
in, first, the temperature is raised to the prescribed le-
vel (Ti) at the specified temperature rise speed and then
annealing is performed at this prescribed level (Ti). As it
was mentioned previously, the desirable temperature rise
speed is less than 20°C/min (preferably it is 5°C/min) so
that occurrence of defects associated with hydrogen removal
is suppressed. Also, the temperature rise speed need not be
constantly the same, but it can fluctuate within the fore-
going range. Fig. 2(b) shows the case wherein, first, the
temperafure is raised to the prescribed level (Tz) at the
specified temperature rise speed. then the temperature is
further raised to the annealing temperature of Ti by a lo-
wer temperature rise speed. The reason for the change of
the temperature rise speed around Tz is that, as it was

mentioned previously, hydrogen removal in the film starts



at a temperature higher than about 300°C. Therefore, aiter
hydrogen removal has started, the temperature rise speed is
slowed down to less than 20°C/min (preferably 5°C/min) so
as to suppress the occurrence of defects (it also contri-
butes to shorten the temperature rise time.) The desirable
level of T: is about 250°C to 400°C. Also, as in the case
of Fig. 2(a), the temperature rise speed need not be con-
stantly the same. Further, when the temperature rise speed"'
is changed around T:. this does not have to be sudden, but
it can be changed gradually. Also, there may be a stepwise
change with a plurality of intermediate temperatures like
T, . Fig. 2(c) shows the case wherein, first, the tempera-
ture is raised to T:, then T2 is maintained for a certain
time and then the tempefature is further raised to the an-
nealing temperature of Ty . A large amount of hydrogen in
the film can be removed without generating polycrystalline
nuclei by maintaining a temperature lower than the annea-
ling temperature for a certain time (for example, about 20
| minutes to 2 hours). Thus, even when the temperature is
raised fast to the annealing temperature for solid phase
recrystallization after maintaining T: for a certain time,
the occurence of defects associated with hydrogen removal
is less likely to occur. The desirable value of T: is about
350°C to 550°C. T: need not be constantly the same. For
example, it is alright to slowly raise the temperaturé by
less than 5°C/min. There may be a stepwise change with a
plurality of intermediate temperatures like T: also. For
example, after maintaining the temperature at about 350°C,
the temperature can be again maintained around 500°C. By
doing so, hydrogen in the film can be removed more comple-
tely suppressing the occurence of defects in the fiim at
the same time. Fig. 2(d) shows the case wherein, first, the
temperature is raised to the annealing temperature of Ti,
then the temperature is raised in a period of several minu-

tes to Tz, which is higher than the annealing temperature,



then the temperature is cooled down to T: in a period of
several minutes and then annealing is performed at Ti. By
having the step of'raisiné the”Eemperature to Tz, crystal-
line growth can be progressed with complete hydrogen remo-
val, compared to the time when crystalline growth is hinde-
red by hydrogen in the f£ilm at the time of annealing at
about 550°C to 650°C. The desirable value of Ts: is about
700°C to 800°C. It is necessary to keep the time for rai-
sing the temperature to and cooling down from Ts: short
(preferably within the range of 1 to 10 minutes) in order
to suppress generation of polycrystalline nuclei. There-
fore, lamp annealing ié effective to raise the temperature
to Tz in short time. Tt is also possible to suppress occur-—
rence of defects even more by combining a plurality of the
methods in Fig. 2(a) - (d). Further, Fig. 2(a) - (d) are
just examples and this invention is not limited to those
embodiments. The important point is the realization of a
manufacturing method of forming polycrystalline silicon by
solid phase recrystallization with large size grains from
amorphous silicon formed by plasma CVD, which was consi-

- dered difficult previously. (Although amorphous silicon
films can be produced in quantities by plasma CVD and they
can be applied in a large area, since the hydrogen content
in the film is lafge and the hydrogen hinders solid phase
recrystallization, it was thought that thus was not a de-
sirable method for forming an amorphous silicon film on
which solid phase recrystallization is to be performed.)

Fig. 1(c) shows a process of forming a gate insulation £film
104 by oxidizing said polycrystalline silicon layer 103 by
thermal oxidation. The gate oxidation temperature is appro-
ximately 1,000°C to 1,200°C. Polycrystalline silicon layer
103 was formed by solid phase recrystallization described
in the process (b), however, the crystallized volume frac-

tion is not necessarily high. Especially, when a silicon
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film formed by plasma CVD (amorphous silicon or micro-cry-
stalline silicon, whichlhas minute crystal regions in the
amorphous phase were generated) is formed by solid phase
recrystallization, the crystallized volﬁme fraction is low
at approximately 40% to 85% (it varies depending upon the
film growth condition and solid phase recrystallization).
Our study confirmed, therefore, that in the case of oxidi-
zing said polycrystalline silicon layer by thermal oxida-
tion, if the temperature is raised to a high value of
1,000°C to 1,200°C suddenly in short time, crystallinitj of”’
the remaining (60% to 15%) amorphous regions is damaged.
Presently, the relation of the cause and effect is not

clear, however, some assumptions made are as follows:

When the temperature is raised suddenly, (1) many crystal
nuclei are generated in the amorphous region, thereby for-
ming many minute crystal grains, (2) crystallization in the
amorphous region during_the process of temperature rise and
thermal oxidation does not progress very much, (3) remai-
ning hydrogen in the film suddenly removes during tempera-
ture rise causing defects, or the like. In order to solve
these problems, we have.invented means to substanfially im-
prove crystallinity of polycrystalline silicon layers by
controlling the temperaﬁure.rise speed and the method of
raising the temperature to the thermal oxidation tempera-
ture of 1,000°C - 1,200°C. |

"Also, it was confirmed that the substrate temperature of a

film formed by plasma CVD and the method of temperature
rise at the time of gate oxidation have a profound rela-
tionship. That is, (1) the higher the substrate temperature
is, the smaller the amount of hydrogen content in the film.
When the substrate temperature is over 350°C, preferably
over 400°C, hydrogen content in the film decreases extre-

mely. Thus, the occurrence of defects associated with hy-
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drogen removal during the temperature rise to the -solid
phase recrystallization temperature of 550°C to 650°C de-
creases. However, since the temperature at which hydrogen
removes almost completely from the film shifts to a higher
temperature combared to the case when a film is formed at
low temperature, as it will be mentioned later in the text;
it is very important to optimize the température rise
speed, the method of temperature rise, and the like when
the temperature is raised to the gate oxidation temperature
of 1,000°C to 1,200°C. Also, since in the case of solid
phase recrystallization performed on a film which was for-
med at the substrate temperature of over about 550°C, poly-
crystalline silicon or micro-crystalline silicon whose
orientation is <110> can be obtained, it is effective in
lowering TFT Si/SiO: interface state density and improving
field effect mobility, and the like. (2} Since a large
amount of hydrogen is contained in a filé-formed at the
substrate temperature lower than around 350°C, it is, _
therefore, important to remove hvdrogen in the film in or-
der to avoid occurrence of many defects in the film before
solid phase recrystallization at about 550°C to 650°C is
performed. When hvdrogen removal is performed under a de-
sirable condition, there is a tendency that the lower the
film growth temperature is, the larger the polycrystalline
silicon grains will become. However, since the lower the
temperature is, the lower the crystallized volume fraction
"after the solid phase recrystallization becomes, as it is
described later in the text, it is important to optimize
the temperature rise speed, the method of temperature rise,
and so forth aftér the solid phase recrystallization. It
became evident that performing thermal treatment after so-
1lid phase recrystallization at about 550°C to 650°C based
on this invention is effective for a thin film formed by
other film growth methods besides plasma CVD. Particularly,

this invention is very effective for the film with low po-
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lycrystalline nucleus generation density at the time of so-
1id phase recrystallization (i.e., polycrystalline silicon
with large grains can be easily obtained by solid phase

recrystallization).

An amorphous silicon film formed by plasma CVD contains
less contaminants, e.g. oxygen (0), nitrogen (N), or carbon
(C)., compared to the amorphous silicon film formed by elec—-
tron beam evaporation or LPCVD. Thus, a polycrystalline si-
licon film with high purity has been obtained by solid
phase recrystallization on the amorphous silicon film by

plasma CVD.

Also, less contaminants in an amorphous silicon film makes
it éasy to promote soiid phase recrystallization, which re-
sults in obtaining a polycrystalline silicon film with a
large grain size. In particular, the amorphous silicon de-
vosited at a temperature range of about 150°C to 350°C con-
tains the lowest amount of contaminants which is derived
from an insulating support. and a feactor chamber of PCVD.
On the other hand, the amorphous silicon deposited at a
temperature range of about room temﬁerature to 150°C re-
leases hydrogen easily by heat treatment, which makes heat

treatment time short.

The amount of C and O in an amorphous silicon formed by
PCVD can be reduced to the order of 10E17 to 10E18 cmE-3.
Particularly., it is also possible to reduce the amount of C
and O to less than 10El1l6 by improving purity of gas source,
and suppressing generation of contaminants for inner wall

if the reactor chamber.

As an example, a very important relationship between the
film growth temperature of a film formed by LPCVD and the

method of temperature rise at the time of gate oxidation is-
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described hereinafter. When comparing a silicon layer for-
med at high temperature (for example, about 580°C to 610°C)
"to a silicon layer formed at low temperature (for example,
about 500°C to 550°C), if the temperature rise to the gate
oxidation temperature is sudden, the crystallized volume
fraction of the silicon ‘layer formed at low temperature is.
lower, and TFT field effect mobility is smaller. However,
when the method of temperature rise of this invention is
‘amployed, inversely, a silicon layer formed at low tempera-
ture formed larger grains and achieved higher crystallized -
volume fraction and higher field effect mobility.

The suspected reasons are (1) a film formed at a low tempe-
‘rature of 500°C to 550°C by PCVD became amorphous silicon
or micro-crystalline silicon containing minute crystalline
regions in the amorphbus vhase. Therefore, compared to a
film formed at high temperature, polycrystalline nucleus
generation density at the time of solid phase recrystalli-
zation is lower and, therefore, polycrystalline silicon
with large grains can be obtained by solid phase recrystal-
lization, (2) however, crystalline quality was damaged in
the film formed at low temperature when the temperature was
raised suddenly at the time of gate oxidation because of
the large amorphous phase ratio after the solid phase re-

crystallization.

Therefore, this invention is effective in the following
cases besides for a film formed by LPCVD and CVD: (1) in
the case wherein amorphous silicon or micro-crystalline si-
licon is formed by vapor deposition, EB vapor deposition,
MBE, sputtering, BCR-PCVD, or the like, (2) after micro-
crystalline silicon, polycrystalline silicon, or the like
is formed by plasma CVD, CVD, ECR-PCVD, vapor deposition,
EB vapor deposition, MBE, sputtering, or the like and then

ion implantion of Si, Ar, or the like is performed to form
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complete amorphous silicon or partially amorphous silicon
from said micro-crystalline silicon or polycrystalline si-
licon. Especially, this invention is effective for a film
whose amorphous phase ratio of as-deposited film is high
and polycrystalline nucleus generation dehsity is low
(i.e., polycrystalline silicon with large grains can easily
be obtained by solid phase recrystallization).

Next, thermal treatment conditions of this invention, in
particular, the method of raising the temperature to a
prescribed degree (for example, gate oxidation temperature)
is described hereinafter. Fig. 3 shows graphic illustra-
tions of examples of a temperature rise in one embodiment
of this invention. Fig. 3{(a) shows, as it was shown in Fig.
1(b), the case wherein annealing is performed in an inert
gas atmosphere, such as argon, nitrogen, or the like at a
prescribed temperature (Ti) to perform solid phase recry-
stallization on silicon layer 102 to form polycrystalline
silicon layer 103, then gate oxidation is performed after
the temperature is raised at a specified speed to the pres-
cribed gate oxidation temperature (T2). When the tempera-
ture rise speed from T: to T: is lower than about 20°C/min
(preferably 5°C/min), it is desirable because the crystal-
lized volume fraction after gate oxidation is high. There
is another method wherein while the temperature is raised,
the atmosphere is changed from an inert gas atmosphere,
such as argon, nitrogen, or the like to the atmosphere con-
taining at least one or more gas from oxygen, water vapor,
hydrogen chloride, or the like to promote oxidation. (This
method can be applied to the method described hereinafter.)
The temperature rise speed need not be constantly the same,
but it can fluctuate within the foregoing range. Also,
there is another method wherein the sample is taken out af-
ter thermal treatment has been performed at T: and then

again the temperature is raised to T: at a specified speed.
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For example, after solid phase recrystallization a sample
is taken out once then placed into an oxidation chamber
which is maintained at a prescribed temperature of 600°C to
900°C (preferably 600°C to 750°C). Then, the temperature is
raised slower than by about 20°C/min (preferably 5°C/min).,
to the gate oxidation temperature. However, when thermal
treatment was performed continuously without taking the
sample out, crystalline quality was better because less im--

purity was introduced to the film.

Fig. 3(b) shows. as it was shown in Fig. 1(b), the case
wherein annealing is performed on silicon layer 102 for so-
1id phase recrystallization at the prescribed temperature
(T:y) in order to form polycrystalline silicon layer 103.
Then, the temperature is raised to the gate oxidation tem-
perature {T2) at a speed becoming lower as the temperature
beconmes higher, and gate oxidation is performed. Especial-
ly, when the temperature exceeds the range of about 800°C
to 1,000°C, the desirable temperature rise speed is lower
than 5°C/min. On the other hand, when the temperature is
lower than about 700°C, temperature rise can be faster than

10°C/min.

Fig. 3(c¢) shows, as it was shown in Fig. 1(b), the case
wherein annealing is performed at the prescribed tempera-
ture (T1) on silicon layer 102 by solid.phase recrystalli-
zation, and polycrystalline silicon layer 103 is formed.
Then the temperature is raised to a prescribed wvalue ({Tz)
at a prescribed temperature rise speed, and after it has
been maintaihed for a certain time, the temperature is rai-
sed to the prescribed gate oxidation temperature (Ts). By
maintaining the temperature T: lower than the gate oxida-
tion temperature {Ts) for a certain time (for example, 10
min to 1 hour) the crystallization ratio can be raised

without damaging the crystalline quality. Therefore. in the
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case when the temperature is raised to the gate oxidation
temperature at a fast temperature rise speed after the tem-
perature maintained at T: for a certain time, defects occur
less likely. The desirable value of T2 is in the range of
about 700°C to 900°C. The prescribed temperature (Tz2) need
not be constantly the same. For example, the temperature
can be raised slower than 5°C/min. Also, there may be step-
wise change with a plurality of intermediate temperatures '
like T:. For example, after the temperature was maintained
at about 700°C, it can be maintained again around 800°C.
This is effective to lessen defects in the film.

Fig. 3(d) shows the case wherein gate oxidation is perfor-
med after the temperature has been raised to the gate oxi-
dation temperature (T:) at a specified temperature rise
speed. It contributes to shorten the process time because
it does not need a special stage for solid phase recrystél-
lization wherein the temperature need to be maintained at a
specified level because solid vhase recrystallization pro-
gresses while the temperature is raised. The desirable
temperature rise speed is less than 5 to 10°C/min (prefer-
ably 2°C/min) to achieve a high crystallization ratio be-
cause solid phase recrystallization progresses while the
temperature is rising. The temperature rise speed need not

be fixed, but it can fluctuate within the foregoing range.

Fig. 3(e) shows the case wherein gate oxidation is perfor-
med after the temperature has been raised to the gate oxi-
dation temperature (T:) at a speed becoming lower as the
temperature becomes higher. Especially., when the tempera-
ture exceeds the range of about 700°C to 1,000°C, the de-
sirable temperature rise speed is lower than 5°C/min (pre-
ferably 2°C/min), because the crystalline quality of poly-
crystalline silicon improves. On the other hand, when the

temparature is lower than about 250°C, even if the tempera-
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ture rise speed is faster than 40°C/min, there is -almost no
effect on the crystalline quality of polycrystalline sili-
con, therefore, it contributes to shorten the process time.
Since in the range of about 300°C to 500°C hydrogen removal
progresses, the desirable temperature rise speed is lower
than 5 to 10°C/min (preferably 2°C to 4°C/min). Since in
the range of about 500°C to 700°C solid phase recrystalli-
zation progresses, the desirable temperature rise speed is

lower than 5°C/min {(preferably 2°C/min).

Also, it is possible to suppress occurrehce of defects by
combining a plurality of the Fig. 3(a) to (e) methods and
improve crystalline quality and crystallization ratio. Fig.
3(a) to (e) are just examples of this invention and this

invention is not limited to those embodiments.

Fig. 1(d) shows a process of forming a semiconductor de-
vice. With reference to Fig. 1(d), the case wherein a TFT
is formed as a semiconductor element is described as an
example. In the figure. 104 is a gate insulator film, 105
is a gate electrode, 106 is a source/drain region, 107 is
an interlevel insulator, 108 is a contact hole, and 109 is
an interconnection. One example of forming a TFT is as fol-
lows: After a gate electrode has been formed, a
source/drain region is formed by ion implantation, thermal
diffusion, plasma doping, or the like, and an interlevel

. insulator is formed by'CVD, sputtering, plasma CVD, or the
like. Further, contact holes are made in said interlevel

insulator, and interconnections are formed.

In this embodiment, the case of performing gate oxidation
is employed as an example of a high temperature thermal
treatment, however this invention is not limited to that.
For example, it is sufficient to perform only a thermal

treatment at a prescribed temperature (for example, about
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700°C to 1,200°C) after raising the temperature at a speci-
fied temperature rise speed. In this case, the method of
forming a gate insulation film is not limited to thermal
oxidation, but CVD, sputtering, plasma CVD, ECR-PCVD, and
the like are also good. However, in the case when a gate
insulation film of an irisulated gate type semiconductor
element is formed by thermal oxidation, performing said
thermal treatment also works as a thermal oxidation process-

contributing to shorten the process time.

Further, by including a process of exposing a semiconductor
element to a plasma atmosphere containing at least hydrogen
gas or ammonia gas, in said TFT manufacturing process, and
said TFT is hydrogenated. the defect density existing in
grain boundaries decréases, and said field effect mobility.

improves even more.

The field effect wmobility ratio of a polvecrystalline sili-
con TFT (N channel) formed based.on the manufacturing me-
thod of this invention is 150 to 200cm? /V-sec, and high
quality polycrystalline silicon TFTs can be manufactured by

an easy process.

The pdlycfystalline silicon film formed by this invention
is not limited to insulating gate type field effect transi-
stors in its application, but it is also applicable to bi-
polar transistors, static induction transistors, and opto-
electric transducers such as solar cells or the like. This
invention produces a high quality polycrystalline silicon

film having a carrier mobility in excess of 150°cm? /V.sec.

Tt is also extremely effective to dope imﬁurities in the
channel region to control the threshold voltage Vth. In a
polycrystalline silicon TFT formed by solid phase recry-

stallization, there is a tendencyv for Vth of an N channel
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transistor to shift to the depletion direction, and a P
channel transistor to the enhancement direction. Also, when
- said TFT becomes hydrogenated the tendency becomes even
more conspicuous. Now, if impurities of about 10!3% to

1013 /cm® are doped at the channel region, the shift of Vth
can be suppressed. For example, in Fig. 1(d), there is a
method of implanting impurities containing boron by an
amount of approximately 10ttt to 10!3/cm2 by ion implanta-
tion before the gate electrode is formed. Especially, when
the doping is performed by the above mentioned amount. Vth
can be controlled to minimize OFF current in both P channel
transistors and N channel transistors. Therefore, in the
case of forming a CMOS type TFT element, the entire channel
can be doped in a single process without selectively doping
P channel and N channel. Further, besides the method of do-
ping impurities in the channel region by the foregoing ion
implantation, there is another effective method of doping,
which is mentioned later, wherein impurities are doped du-
ring film growth and the film is formed by solid phase re-
crystallization. This manufacturing method is described

hereinafter using Fig. 4.

Fig. 4(a) shows a process of forming a boron doped amor;
phous silicon laver 402 on an insulating material 401, such
as an insulating substrate of glass, quartz or the like. an
insulating material laver of SiQOz . Sia:Ns4 or the like, and

so forth. -

In order to form said boron doped amorphous silicon laver,
denosition is performed by dissociating silane gas (SiH4)
diluted with helium gas {(He) or hvdrogen gas (Hz) to make
appropriate concentration and applying RF power fo promote
the dissociation. In the case of forming boron doped amor-
phous silicon layers, diborane gas (BzHes) is added to said

gas and RF power is applied to promote gas dissociation. By
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controlling the boron doping amount approximately -within
the range of 1 x 1013 to 1 x 10!®/cm® by changing the mix-
ture ratio of silane gas and diborane gas, Vth can be con-
trolled.

Fig. 4(b) is a process of performing solid phase recrystal-
lization on said boron doped amorphous silicon layer. The
method of solid phase recrystallization is the same as that
of in the embodiment shown in Fig. 1. In Fig. 4(b), 403 re-
presents the boron doped silicon layer which was formed by
solid phase recrystallization, and 404 represents grain
boundaries. Amorphous silicon layers containing impurities,
such as boron or the like are more easily recrystallized
compared to undoped silicon layers, and they contain grains

of 2 2um, and there are aven grains of > 4dum.

Fig. 4(c) shows a process wherein the boron doped silicon
layer 403 formed by solid phase recrystallization is made
to an insular shape by photolithography patferning. Fig.
4(d) shows a process of forming a gate insulation film 405.
The description of the method of forming the gate insula-
tion film is omitted here since it is the same as that of

the embodiment shown in Fig. 1.

Fig. 4(e) shows a process of forming a gate electrode 406.
A polycrystalline silicon thin film, a molybdenum silicide,
a metal film, such as aluminum, chrome, or the like, or a
transparent conductive film, such as ITO, SnOz2, or the like
can be employed as said gate electrode material. Some me-
thods of forming the film are CVD, sputtering, vacuum eva-

poration, and the like.

Fig. 4(f) shows a process of forming a source region 407
and a drain region 408 by self-alignment via ion implanta-

tion employing said gate electrode 406 as a mask. When fa-
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bricating an N channel transistor, P* or As*, and -for a P
channel transistor, B* or the like can be used as impuri-
ties. The methods of adding impurities besides ion implan-
tation are laser doping, plasma doping, and the like. The
arrows represented by 409 show ion beams of impurities. A
thermal diffusion method can be employed when a quartz sub-
strate is used as said insulating substrate 401.

Fig. 4(g) shows a process of forming an interlevel insula-
tor 410. An oxide film or a nitride film can be emploved as’
said interlevel insulating material. The film thickness can
be of any value if the insulation quality is good, however,
the conventional thickness is in the range of approximately
several hundred nm to several um. Easy methods for forming
a nitride film are LPCVD. plasma CVD., and the like. A nix-
ture of ammonia gas (NH3 ), silane gas, and nitrogen gas or
a mixture of silane gas and nitrogen gas is used for reac-—

tion.

Now, when hjdrogen is introduced by a hydrogen plasma me-
thod, hydrogen ion implantation, a hydrogen diffusion me-
thod from a plasma nitride film, or the like, then defects
existing around the Si/Si0O: interface and grain boundaries,
such as dangling bonds or the like, can be inactivated.
This kind of hydrogenation process can be performed before

forming plural layers of interlevel insulator 410.

Fig. 4(h) shows a process wherein contact holes are formed
in said interlevel insulator 410 and gate insulation film,
and a contact electrode is formed to make source electrode
411 and drain electrode 412. Said source electrode and
drain electrode comprise a metallic material, such as alu-
minum or the like. This is how a thin film transistor is

fabricated.
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There are the following merits in controllihg Vth by solid
phase recrystallization by doping impurities during the

film growth.

(1) Since there is no need for an expensive equipment, such
as an ion implantation system, it is advantageously inex-
pensive. Also. there is absolutely no increase in the num-

ber of processes.

(2) Since a boron doped amorphous silicon thin film is for-’
med by solid phase recrystallization compared to the prior
art case when a non-doped amorphous silicon thin film is
formed by solid phase recrystallization, a silicon thin
' film containing larger grains can be obtained. As a result,
the larger the grain size becomes, the greater the increase

in ON current of the thin film transistor is.

As described above, when a thin film transistor is manufac-
tured emploving a polycrystalline silicon thin film with
large grains made of a boron doped amorphous silicon thin
film by solid phase recrystallization, controlling the
threshold voltage is realized by an easy process. The me-—
thod of forming a doped polycrystalline silicon thin £ilm
with large grains by solid phese recrystallization during
the film growth is also advantageous as a means to form wma-
terials for gate electrodes and interconnections. Based on
Fig. 5, the description of an embodiment follows hereinaf-
ter emploving a manufacturing method of a semiconductor de-
vice of this invention. In this embodiment, amorphous si-
licon is employved for a description purpose as an example
of an amorphous semiconductor, however, amorphous Ge, amor-

phous SiGe, and the like can also be applied.

Fig. 5(a) shows a process wherein an amorphous or polycry-

stalline silicon layer 502 is formed at a thickness of
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about 0.01 to 0.2 um by plasma chemical vapor deposition
{PCVD) %ow pressure chemical vapor deposition, (LPCVD), or
the like over an insulating amorphous material 501. Then,
etching is performed on this silicon layer to form a pres-
cribed ﬁattern, and if it is required solid phase vecry-
stallization, laser annealing, or the like is performed to.
obtain larger grains either before or after forming the
pattern. Next, an insulating film 503 comprising an SiO2
layer is formed over the silicon layer at a thickness of
about 0.03 to 0.15 'um by thermal oxidation, sputtering, or
the like.

Fig. 5(b) shows a process wherein an amorphous silicon
laver 504 is formed over said SiO: layer at a thickness of
about 0.3 to 0.7 um by PCVD, ECR-PCVD, sputtering. Si ion
implantation on a polycrystalline silicon thin £film, or the
like. PCVD 1is employved aé an example for a description pur-
pose in this embodiment. SiHs and Hz gas are employed as
the film growth gas in PCVD, and PH: gas or B:Hs gas is em-
nloyed as the doping gas. In the case PH: is emploved, N¢¥
nolvcorystalline silicon can be formed. and in the case BzHs
is employed, P* polycrystalline silicon can be formed. The
substrate temperature was 180 to 250°C, the internal pres-
sure was 0.8 Torr (107 Pa), and 13,56 MHz RF power was em-
ployed. The flux ratio of PHs or BzHe and SiH« was set so

that the P or B concentration would be 1 x 101% to 1 x 1022

cm- 3,

Fig. 5(c) shows a process wherein the previously formed
amorphous silicon laver 504 is formed to have the pattern
of gate electrode 505, and then solid phase recrystalliza-
‘tion is performed. The solid phase recrystallization can be
performed before the pattern forming. The substrate under
this condition is preannealed at 450°C for 30 minutes in N2

to remove hydrogen contained in the amorphous silicon
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layer. The purpose of this step is to avoid producing a po-
rous film because if solid phase recrystallization an-
nealing is performed while the amorphous silicon contains
hydrogen, the parts where hydrogen is removed become void.
Also, thére are various other types of thermal treatment
before the solid phase recrystallization as shown in Fig. 2
besides the foregoing method. PCVD has a merit in that if
the gas for film growth is diluted with He gas, the amount
of hydrogen which will be introduced into the amorphous si-
licon layer can be reduced. After this step, solid phase
recrystallization annealing is performed. The annealing is
vperformed in N2 gas at 550 to 650°C for several hours to 40
hours. The amorphous silicon layer becomes polycrystallized
bv this solid phase recrystallization annealing, and the
average grain size of_silicon in the gate electrode becomes
about 1 to 3um containing manyv of 2 5um in size. Laser beam
annealing. halogen lamp annealing, and the like are also
good besides N2 annealing. In the case laser beam or halo-
gen lamp annealing is emploved, the annealing time cah be
shortened compared to N: annealing. The P or B element,
which was introduced during the film growth is activated in.
the annealing process concurrently. As a result, the resi-
stivity of polycrystalline gate electrode 105 in both N*¥
polycrystalline silicon and P*'polycrystalline silicon be-
comes 1 to 3 x 10-3 Q.cm, and when it is compared to the
resistivity of 2.5 x 10-? Q.cm which is that of an N type
doped gate electrode employing polycrystaliine silicon for-
med by conventional LPCVD with an average grain size of
<0.3 um and not containing grains of > 1uym at all, approxi-

mately the same level of resistivity can be obtained.

Fig. 5(d) shows a process wherein a source region 508 and a
drain region 507 are formed by implanting P* ions in the
case of an N chanunel TFT and B* ions in the case of a P

channel TFT, eﬁploying the gate electrode 505 as a mask.
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After this step., ¥z annealing is performed at about 800°C
to 1,000°C so that the source and drain regions are activa-
ted. As a result of this annealing, B or P in gate elec-
trode 105 is completely activated and an increase in cry-
stallized volume fraction is achieved at the same time, and
the resistivity of N* polycrystalline silicon and P* poly-.
crystalline silicon lowers to approximately 1 x 10-% Q-.cm.

ECR PCVD is also suitable for forming an amorphous silicon
film for the gate electrode. The hydrogen content in an
amorphous silicon layer formed by ECR-PCVD can be reduced,
therefore, it has the advantage of omitting the preannea-
1ing process for hydrogen removal. It is also good to form
the amorphous silicon layer by remote plasma CVD at a sub-
strate temperature of over 370°C as is described in Journal
of Noncrystalline Solids Vol. 107, P. 295 (1989) and the
like. By following this method., hydrogen contained in an
amorphous.silicon laver can be removed almost completely,

so it is more suitable for s0lid phase deposition.

Fig. 5(e) shows a process of forﬁing an interlevel insula-
tor comprising an S$iO: iayer 509 b? CVD, PCVD, sputtering,
or the like. A silicon nitride film can also be employed as
an interlevel insulator. At this stage, if hydrogen is in-
troduced into the polvecrystalline laver 502 by a hydrogen
nlasma method, hydrogen ion implantation, a hydrogen diffu-
sion method from a plasma nitride film, or the like, then
dangling bonds at Si/SiO: interface, grain boundaries, or
the like, can be terminated by hydrogen atoms, providing
the effect to decrease trap state density. This hydrogena-
tion process can be performed before depositing the inter-

level insulator.

Fig. 5(f) shows a process wherein source and drain contact

holes are made, and a metal film, for example, Al for in-
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terconnections is deposited bv sputtering or the like at a
thickness of about 0.8 um to form source electrode 511 and

drain electrode 510.

Although an amorphous substrate. such as a quartz substrate
was used in the foregoing description, the substrateée could

be crystalline, such as sapphire, CaF2, or the like.

Fig. 7 and Fig. 8 show the characteristics of the TFT in
the case p* polycrvstalline silicon is emploved for the
gate electrode. Fig. 7 shows the characteristics of drain
current versus gate voltage of an n channel TFT, and Fig.
8. that of a p channel TFT. In the case wherein p type po-
lycrystalline silicon is-employed for the gate electrode,
the voltage for forming a flat band condition in the struc-
ture of gate electrode/insulator film/semiconductor becomes
about 1V higher than in the case an n type polycrystalline
silicon gate is emploved. On the other hand. it is known
that conventional hydrogenated non-doped polycrvstalline
silicon shows slightly n type characteristics. For this
reason, when an n type polyvcrystalline silicon gate elec-
trode was emploved in an n channel TFT. the gate voltage
which would cause the drain current to be minimum was about
-1V (Fig. 7, 700). On the other hand, when a p type poly-
crystalline silicon gate electrode was employed, Vth shif—
ted to a positive Vélue, and the gate voltage which caused
the drain current to be minimum was close to OV (Fig. 7,
701). In a p channel TFT, when n type polycrystalline sili-
con is emploved as the gate electrode, the gate voltage
which causes the drain current to be minimum is about
-0.5V, however, even when a n type polycrystalline silicon
gate is ewployved, the shift of Vth does not occur to the
degree that the OFF current increases, thevrefore, good cha-
racteristics can be obtained (Fig. 8, 800). Thus, when a p

tvoe polvcrystalline silicon gate electrode is emploved,
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good TFT characteristics can be obtained in both p channel
and n channel without increasing the number of processes.
Therefore, channel doping which is inevitable when nt
polycrystalline silicon is employed as a gate electrode be-

comes unnecessary.

According to'the manufacturing method described above, de-
creasing interconnect resistance which was difficult with a
polycrystalline silicon formed by the prior art LPCVD can
be achieved by an extremely easv pnrocess. Therefore,_de-
creasing the gate interconnect resistance, which was a pro-
blem of an active TFT tvpe large liquid crystal display
panel of the prior art, can be easily achieved, giving the
possibility of an easy application to HDTV with a liquid

crystal display panel.

Also, in the case this invention is applied to a contact
type imagé sensor wherein a scanning circuit and an opto-—-
electric transducer are integrated on the same substrate,
it subsfantially contributes to achieve faster read speed,
higher resolution, and a wider gray-scale. Further, decrea-
sing the resistance of gate interconnections made it possi-
ble to enlarge a contact type image sensor, contributing to
achieve a larger size image sensor. In the same manner, ap-
plications on a TFT driven liquid crystal shutter array,
TFT driven thermal head, and the like have also become pos-
sible. Still further, not only on TFTs, but also applica-
tions on three dimensional SOT elements and the like are

possible.

Next, Fig. & shows another example of a manufacturing pro-
cess of a semiconductor device of this invention. Fig. 6
shows an.example case wherein a TFT is formed as a semicoﬁ-
ductor device. Fig. 6{(a) shows a process wherein a first

silicon layer 602 is formed over insulating material 601
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comprising an insulating substrate, such as glass or quartz
or the like, an insulating material layer., such as $i0z or
the like, or others. The effective means of forming the '
first silicon layer is, for example, forming a silicon f£ilm
of about 5 nm to 0.1 um at a fairly high temperature of
about 400°C to BOO?C by plasma CVD or by a similar means. A
thus formed silicon film has a higher crystalline nucleus
generation rate by thermal treatment compared to an amor-
phoué silicon film. used for a solar cell and the like,
which was formed by plasma CVD at a temperature of less
than about 350°C. Particularly, if the temperature of for-
ming a film becomes over about 550°C, grains with orienta-
tion of <1105 start to exist, and said grains become nuclei
by thermal treatment,_thus creating polycrystalline silicon

with orientation of <110>.

Aléo, the means of forming the said film is not limited to
this method, but the important thing is that it forms a si-
licon film whose polverystalline nucleus generation rate by
a thermal treatment at about 550°C to 650°C is higher than
that of a second silicon laver (preferably less than one
crvstalline nucleus in 1lum2). Fig. 6 (b) shows a process of
forming said second silicon laver 603 over said first sili-
con layer 602. An effective method of forming the second
silicon layer is. for axample, forming a £ilm of about 10
nm to 0.3 um at a relatively low temperature of about 150°C
to 300°C by plasma CVD. However, the means of forming the
film is not limited to that. The important thing is to form
silicon whose polverystalline nucleus generation rate is
lower than that of the first silicon film (preferably poly-
crystalline nuclei will not be generated if thermal treat-
ment at about 550°C to 650°C is performed fof several tens
of hours). Fig. 6{c) shows a process of performing thermal
treatment on the first and second silicon layers for cry-

stal growth. The best temperature for the thermal treatment
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differs depending upon how the first and the second silicon
lavers were formed, however, polycrystalline silicon layer
604 is formed by performing thermal treatment in an inert
gas atmosphere of nitrogen, argon, or the like at 550°C to
650°C for about 1 to 10 hours. Also, thermal treatment in
an atmosphere containing hydrogen contributes to decrease
the defect density in the film.

Further. in the case a silicon layer is formed by plasma
CVD, the film contains a large amount of hydrogen. If ap-
propriate thermal treatment is performed to remove hydrogen
before said thermal treatment at about 550°C to 650°C, the
crystalline quality of the formed polycrystalline lafer im-
proves. For example. (1) performing thermal treatment at
about 400°C to 500°C for 10 minuntes to one hour, {(2) con-
trolling the speed of the ﬁemperature rise when raising the
temperature to the thermal treatment temperature of 550°C
to 650°C (for example. slow down the temperature riée speed
to leass than.20°C/min) and the like are effective. Further,
the means of raising the temperature are not limited to
those mentioned above, but the various methods shown in

Fig. 2 are also effective.

The supposed mechanism of crystal growth is as follows:
First, by shorf thermal treatment, crystalline nuclei are
generated in the first silicon layer. Next, both the first
and the second silicon lavers are crystallized from these
crystal nuclei. and the polycrystalline silicon layer 604
with large grains is formed. Fspecially. in the case the
first silicon laver is formed by plasma CVD at a relatively
high temperature (over about 550°C), then since the orien-
tation of the grains which will become crystalline nuclei
is <¢110> a volycrystalline silicon film with large grains
wifh the orientation of <110> can be obtained by thermal

treatmnent.
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Fig. 6(d) shows the process of forming a semiconductor de-
vice on the silicon layer after crystal growth. Fig. 6(d)
shows an example of forming a TFT as a semiconductor de-
vice. In this figure., 605 is a gate electroéé, 606 are
source and drain regions, 607 is a gate insulation film,
608 is an interlevel insulator, 609 are contact holes, and
610 are interconnections. One example of forming a TFT is
to delineare the polvcrvstalline silicon layer 604 and to
form a gate insulation film. The means of formwming said gate’
insulation film is thermal oxidation (high temperature pfo—
cess) and CVD, or plasma CVD or the like wherein the pro-
cessing temperature is below about 600°C (low temperature
process). In the low temperature process, since an inexpen-
sive glass substrate éan be emploved as a substrate, semi-
conductor devices. such as large liguid crystal display
panels, contact type image sensors, and the like can be ma-
nufactured at low cost. Also, in the case of forming a
three dimensional IC, a semiconductor element can be formed
on the top layer without giving bad effects, (for example,

diffusion of impurities) to the elements on a lower layer.

Next, after the gate electrode has been formed, the source
and drain regions are formed by ion implantation, thermal
diffusion, plasma doping, or the like, and the interlevel
insulator is formed by LPCVD, sputtering, plasma CVD, or
the like. Further. the contact holes are made in said in-
terlevel insulator, and interconnections are formed to com-
plete the TFT.

The field effect mobility of a high temperature processed
TFT (N channel) manufactured by the method according to
this invention is more than about 200cm? /Vsec, i.e. a high
aquality TFT is achieved. Also, the field effect mobility of

a low temperature processed TFT (N channel) has been reali-
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zed at about 100 to 150cm2 /Vsec, and compared to the case
the orientation is not controlled (relatively many grains
with <¢111> orientation). the field effect mobility has im-
proved in both cases. Further, the $i/Si0: interface state
density decreased to half. This realization is a result of
being able to form large grain polycrystalline silicon
films with good reproducibility and being able to control
the orientation by following the manufacturing method of

this invention.

Also, this invention is a very effective manufacturing me-
thod when it is applied to insulating gate type semiconduc-
tor elements in general, bipolar transistors, static induc-
tion transistors. optoelectro transducers, such as solar
cells, optical sensors., and the l1ike besides the TFT shown

in the embodiment in Fig. 6.

Next; technological background which led to this invention
is described. The method of forming a film and the thermal
treatment conditions at the time of solid phase recrystal- .
lization are adiusted to the best in order to form polycry-
stalline silicon with larger grains and high orientation.
As a result, the following became evident. (1) Polycrystal-
lihe nucleus generation density by thermal treatment and
the time until the generation of polycrvstalline nuclei
vary depending upon how amorphous silicon was formed. (2) A
silicon film formed by plasma CVD becomes a micro-crystal-
line silicon wherein crystalline regions exist in amorphous
phase when RF power, film growth temperature, and the like
are optimized. Especially, when the film growth temperature
is over 400°C, preferably over 550°C, and RF power is opti-
mized, the orientation of said crystalline region becomes
<¢110>. (3) Even if the film agrowth conditions are the same,
if the film thickness is thinnevr. then there is a tendency

for polycrystalline nucleus generation density to become
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low. (4) The crvstal nucleus generation rate of an amor-—
phous silicon film formed by vacuum vapor deposition or
plasma CVD (film agrowth temperature lower than 400°C)_is
low. When vacuum vapor deposition is taken as an example.
an amorphous silicon film formed under the vacuum level of
lower than 10-6Pa, at the substrate temperature of about
100°C, hardly any crystalline nucleus is generated after a
thermal treatment at about 550°C to 650°C for about only 10
hours. Also., in the case of plasma CVD, when the film depo-
sition conditions are adjusted to the best, such as, the
film deposition temperature to lower than about 400°C (pre-
ferably lower than 200°C) and the RF power, hardly any cry-
stalline nuclei are generated by a thermal treatment at
about 550°C to 650°C for only about 10 hours.

Based on the result mentioned above, Fig. 6 illustrates a
manufacturing process of this invention, which is the re-
sult of studies in order to form polvervstalline silicon
with large gfains. Tts technological key point is enabling
to produce a polverystalline silicon film with large grains
via a short thermal treatment by solid phase recrystalliza-
tion combining a silicon layer which has a small polycry-
stalline nucleus generation rate and a silicon laver whose

polvcrystalline nucleus generation rate is relatively high.

Also, it became evident that if a natural oxide film exi-
sting on a first silicon laver is removed when depositing a
second silicon laver, then the film quality and the cry-
stalline quality improve. The oxide film on a first silicon
layer can be removed if thermal treatment in hydrogen gas
atmosphere. hydrogen pnlasma atmosphere, or the like is per-
formed before a second silicon layer is placed over the
first silicon laver. The method of forming a first silicon
layer and a second silicon layer continuously without

breaking vacmum is also effective. Especially, in the case
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both a first and a second silicon layer are formed by
plasma CVD, by just using reactive "multiple in-line" cham-
bers, a continuous film forming equipment with high mass
productivity can be made easily. It is effective to have a
cooling chamber between the reactive chambers for forming
the first silicon layer. and the reactive chamber for for-
ming the second silicon layer to increase throughput. (Be-
cause the film growth temperature of the first silicon

layer is higher.)

Next, the distinctive_characteristics of this invention are
described by comparing the cases wherein only either a
first or second silicon layer is formed by solid phase re-~

crystallization.

The purpose of this invention is to produce large grain po-—
lycrystalline silicon by a short thermal treatment using an
easy manufacturing process. There is a drawback because a
long thermal'treatment is necessary in the case only a se-—
cond silicon laver is formed by so0lid nhase recrystalliza-
tion. If the temperature of the thermal treatment is raised
to, for example, over 800°C in order to shorten the time of
thermal treatment. polycrystalline nucleus generation den-—
sity becomes high abruptly, therefore, only polycrystalline
silicon with a grain size of 0.02 to 0.03 um at the largest

can be obtained.

Also, when solid phase recrystallization is performed only
on a first layer, the film thickness cannot be controlled
freely because it would lower the polycrystalline nucleus
generation density. However, when the combined structure of
a first silicon layer and a second silicon layer is em-—
ploved, it has an advantage of enabling the control of the
thickness of the first silicon layer, which generates cry-

stalline nuclei.. In other words, as it was mentioned be-



fore, when the film growth conditions are the same, the
thinner the film thickness is. the smaller the polycrystal-
1ine nucleus generation density becomes. For example, if a
first silicon layer is formed thin at about 5 nm to 10 nm,
it is possible to produce the remaining film thickness by a
second silicon layer, thus enabling to obtain large grain

polycrystalline silicon.

" Further, Fig. 6 shows an example wherein a silicon layer
whose crystalline nucleus generation rate is low is combi-
ned over a silicon layer whose crystalline nucleus genera-
tion rate is relatively fast. However, the order of layers
can be reversed. In other words, a silicon layer whose cry-
stalline nucleus geneyation rate is relatively fast can be
nlaced over a silicon laver whose crystalline nucleus gene-

ration rate is low.

Also, in Fig. 6 after a first silicon layer and a second
silicon layef are combined. solid phase recrystallization
by thermal treatment is performed. however, the manufactu-
ring process is not limited to that. Another method is, for
example, after performing solid phase recrystallization by
thermal treatment after a first silicon layer has been for-
med, to place a second silicon layer over the first silicon
layer, then again to perform a thermal treatment for solid

phase recrystallization.

This invention is a Qery effective manufacturing method in
the case insulated gate type semiconductor elements in ge-—
neral, other semiconductor elements, such as bipolar tran-
sistors, static induction type transistors, optoelectric
transducers, such as solar cells, optical sensors, and the
like are formed emplovina polyverystalline semiconductors as
element materials., besides the TFTs shown in the embodi-

ments in Figs. 1, 4 .5 and 6.
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As described before, by following this invention, polycry-
stalline silicon.films with large grains and a high cry-
stallized volume fraction can be produced by an easy manu-
facturing process. As a result, it became possible to form
high quality semiconductor elements on insulating mate-
rials, thereby making it possible to produce large size,
high resolution liguid crystal display panels, high speed,
high resolution contact type image sensors, three dimen-

sional ICs and the like.

For example, in the case this invention is applied to a
contact type image sensor wherein an optoelectric transdu-
cer and a scanning circuit are integrated in one chip, a
fast scan speed (<1 msec/line for Ad-size paper), and a
higher resolution (2500 DPTI)} will be achieved. Also, there
are other merits, such that the device can be operated by a
lower source voltage (previously. about 16V were necessary
which could be reduced to about SV to 10V).

Also, according to the manufacturing method of a semicon-
ductor device of this invention, there are the following
effects. In the case of the channel region‘being non—-doped,
since the characteristics of an N channel polycrystalline
silicon TFT tends to shift to the depletion side, and of a
P channel to the enhancement side., it was previously ne-
cessary to dope boron in the channel region by ion implan-
tation. On the other hand, according to this invention,
since a doped polvcerystalline silicon 1a§er can be obtained
by doving impurities, such as boron or the like at the time
of film growth and then perform solid phase recrystalliza-
tion, (1) an expensive equipment., such as an ion imnlanta-
tion system is not necessary and (2) there is no increase
in the number of nrocesses. therefore, it is very advanta-

geous as to the costs.
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Also, according to the manufacturing method of a semicon-~
ductor device of this invention, reduction 6f gate inter-
connect resistance, which is difficult with polycrystalline
silicon formed by the prior art LPCVD, can be achieved
'easily by an extremely easy process. Therefore, gate inter-
connect resistanée, which has been a problem of an active
TFT large liquid crystal displav panel, can be reduced,
thereby enabling the application to a liguid crystal dis-
play panel for HDTV and the like easyily. Other than what
was mentioned above, this invention is also effective when
it is applied to a contact type image sensor wherein a
scanning circuit and an optoelectric transducer are inte-
grated on one substrate, thereby achiewing faster read
speed, higher resolu£ion, and the like. Also, it is now
possible to make a wider contact type image sensor because
of the reduction of the resistance of the gate interconnec-
tions, rendering larger size image sensors. In the same
manner, applications to.TFT driven liquid crystal shutter
arravs, TFT driven thermal heads. three dimensional ICs or

the like are also possible.

Also, polycrystalline silicon layers with large grains can
be formed by a short time thermal treatment by combining a
layer wherein crystalline nuclei are generated easily and a
layer wherein crystalline nuclei are hard to be generated
by solid phase recrystallization. Further, by forming a
layer wherein crystalline nuclei are generated easily by
relatively high temperature plasma CVD, polycrystalline si-
licon with large grains with particular direction of orien-
tation, such as <110> or the like can be obtained by short
time thermal treatment. As a result, an improvement of the
field effect mobility, reduction of Si/SiO. interface.state

density, and the like have been realized.
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This inveﬁtion is a'very effective manufacturing method for
the application on insulated gate type semiconductor ele-
ments in general and also other semiconductor elements,
such as bipolar transistors, static jnduction transistors,
optoelectric transducers, such as solar cells, optical sen-
sors and the like which are formed employing polycrystal- .
line semiconductors as element materials, besides the TFTs
shown in the embodiments in Figs. 1, 4, 5 and 6.
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WHAT IS CLAIMED IS:

i. A semi-condﬁctor device formed on an insulating ma-
terial comprising a semiconductor layer (106) of polycry-
stalline silicon containing impurities, such as boron in at
least one active region of 1 x 1015 to 1 x 1012 cm~3, and
including grains of a size of = 2um.

- 2. The semiconductor device according to claim 1 in the
form of an insulated gate type semiconductor device wherein
said active region is a channel region.

3. A semiconductor device characterized by having a
conductive layer of polycrystalline silicon containing grains

of a size of = 1lum.

4. The semiconductor device according to claim 3 cha-
racterized in that said conductive layer is the gate'el_ectrode

of a field effect transistor.

5. The semiconductor device according to claim 4 cha-.
racterized in that said conductive layer is of P type poly-

crystalline silicon.

6. The semiconductor device according to claim 4 cha-
racterized in that said conductive layer is of N type poly-

crystalline silicon.

7. A method of forming a semiconductor device having a
.polyci'ys_talline film comprising the steps of:

(a) forming a noncrystalline semiconductor £ilm whose
main éomposition is silicon on an insulating support, em-

ploying plasma CVD, and

* [ L M s *
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(b) thermally treating the noncrystalline semiconductor
film to provide for solid phase recrystallization.

8. The method of claim 7 wherein said step (a) comprises
the forming a noncrystalline semiconductor by plasma CVD at a
temperature range of about room temperature to 150°C.

9. The method of claim 7 wherein said step (a) comprises
the forming a noncrystalline semiconductor by plasma CVD at a
temperature range of about 150°C to 350°C. ‘

10. A semiconductor device formed by any manufactui‘ing
methods of claims 1 to 3, containing polycrystalline grains of
a size equal to or greater than 1 micron.

11. A method of manufacturing a semiconductor device
characterized by the inclusion of at least

(a) a process of forming a non-crystalline semiconductor
layer (102) wmainly composed of | gilicon on an insulating
material (101), '

(b) a process of performing a thermal treatment for a
"solid phase recrystallization on said non-crystalline semi-
conductor layexr, and

{(c) a process of performing a thermal treatment on said
semiconductor layer after the temperature has been raised for
" a certain time to a prescribed temperature higher than the

thermal treatment temperature in the process (b).

12. The method according to claim 11 characterized by
said process (c) being a part of forming a gate insulation
film by thermal oxidation.

NN O R
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13. The method according to claim 11 or 12 characterized
in that the temperature in said process (c) is raised at a

speed lower than 20°C/min.

14. The method according to any of claims 11 to 13 cha-
racterized in that the prescribed temperature in said process
(c) 700°C to 1,200°C.

15. The method according to any of claims 11 to 14
characterized by forming said non-crystalline semiconductor
layer on an insulating amorphous material in said process (a)

by plasma CVD.

16. A wmethod of manufacturing a semiconductor device
characterized by the inclusion of a process wherein a non-
crystalline semiconductor layer mainly composed of silicon
containing impurities, such as boron of 1 x 1016 to 1 x 1019
cm~3 is formed by plasma CVD on an insulating amorphous
material and a thermal treatment for solid phase re-
crystallization is then performed on said non-crystalline

.semiconductor layer.

'17. The method according to claim 16 characterized by
forming an active region of the semiconductor device in at
least a part of said thermally treated semiconductor layer.

18. The method according to claim 17 characterized by
forming a channel region for insulated gate type semiconductor

device in said active region.

19. The method of manufacturing a semiconductor device
characterized by forming a conductive layer by, first, forming
a non-crystalline semiconductor 1layer mainly composed of
silicon containing impurities, such as phosphorous or boron of
1 x 1016 to 1 x 1022 cm~3 by plasma CVD and then performing a

T
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thermal treatment for solid phase recrystallization on saJ.d

non-crystalline semiconductor layer.

20. The method according to claim 19 characterized by
said conductive layer being a gate electrode of an insulated
gate type semiconductor device.

21. A method of manufacturing a semiconductor device
characterized by the inclusion of

(a) a process of forming a first silicon'layer on an
insulating material, ' _

(b) a process of forming a second silicon layer on said
first silicon layer,

(c) a process of performing crystal growth on said first
silicon layer and second silicon layer by a thermal treatment,

(d) a pfocess of forming a semicenductor element on the
silicon layer which was formed by crystal growth.

22. The method according to claim 21 characterized by

| forming said first silicon layer by plasma CVD.

23. The method according to claim 22 characterized by
forming said first silicon layer by plasma CVD at the tem-

perature of over 550°C.

24. The method according to any of claims 21 to 23
characterized in that the film thickness of said first silicon

layer is 5 to 10 nm.

25. The method according to any of claims 21 to 24
characterized in that said first silicon layer is composed of
non-crystalline silicon containing crystalline regions with

orientation.of <110>.

|
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26. The method according to any of claims 21 to 25
characterized by forming said second silicon layer by plasma
CVD.

27. The method according to claim 26 characterized by
forming said second silicon layer by plasma CVD at a tempe-
rature of lower than 400°C.

28. The method according to claim 21 characterized by
forming said first silicon layer and said second silicon layer
by plasma CVD in a continuous manner.
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