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(57) ABSTRACT 

An improved polycrystalline or polysilicon ?lm having large 
grain size, such as 1 pm to 2 pm in diameter or greater, is 
obtained over the methods of the prior art by initially 
forming a silicon ?lm, Which may be comprised of amor 
phous silicon or micro-crystalline silicon or contains micro 
crystal regions in the amorphous phase, at a low temperature 
via a chemical vapor deposition (CVD) method, such as by 
plasma chemical vapor deposition (PCVD) With silane gas 
diluted With, for example, hydrogen, argon or helium at a 
temperature, for example, in the range of room temperature 
to 600° C. This is followed by solid phase recrystallization 
of the ?lm to form a polycrystalline ?lm Which is conducted 
at a relatively loW temperature in the range of about 550° C. 
to 650° C. in an inert atmosphere, e.g., N or Ar, for a period 
of about several hours to 40 or more hours Wherein the 
temperature is gradually increased, e.g., at a temperature rise 
rate beloW 20° C./min, preferably about 5° C./min, to a 
prescribed recrystallization temperature Within the range 
about 550° C. to 650° C. Further, betWeen the step of ?lm 
formation and the step of solid phase recrystallization, the 
?lm may be thermally treated at a relatively loW tempera 
ture, e.g., over 300° C. and preferably betWeen approxi 
mately 400° C. to 500° C. for a period of several minutes, 
such as 30 minutes, to remove hydrogen from the ?lm prior 
to solid phase recrystallization. 
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SEMICONDUCTOR DEVICE AND METHOD OF 
MANUFACTURING THE SAME 

CONTINUING APPLICATION DATA 

[0001] This application is a divisional of US. patent 
application Ser. No. 09/568,917, ?led May 10, 2000, Which 
is a Divisional of US. patent application Ser. No. 07/790, 
107, ?led Nov. 7, 1991, issued as US. Pat. No. 6,235,563 on 
May 22, 2001, Which is a continuation of Ser. No. 07/479, 
396, ?led Feb. 13, 1990, noW abandoned, each of Which is 
incorporated herein in its entirety by reference. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] This invention relates generally to a semiconductor 
device and a method of manufacturing the same and, in 
particular, to a method of manufacturing semiconductor 
devices having a thin ?lm formed on an insulating support, 
such as a substrate or support layer, and, further, to the 
formation of thin ?lm transistors (TFTs) on insulating sup 
ports for large area image arrays, such as liquid crystal 
display panels. 

DESCRIPTION OF THE RELATED ART 

[0004] Studies and experiments have been performed to 
form a high quality semiconductor ?lms, devices, and IC 
structures on insulating supports, such as, insulating sub 
strates, for example, glass, quartz, or the like and on amor 
phous layers, for example, SiO2, Si3N4, and the like. 

[0005] In recent years, expectations and desires for 
improved high quality semiconductor silicon devices and IC 
structures formed on these insulating supports has continu 
ally increased. Examples of applications are large area, high 
resolution liquid crystal display panels and devices; high 
speed, high resolution contact type image sensors; three 
dimensional ICs, and other IC structures. Therefore, the 
development of a method that Will consistently and reliably 
form high quality silicon thin ?lms on an insulating support 
is under intensive research and development. 

[0006] Relative to semiconductor materials, a polycrystal 
line or polysilicon silicon TFT device has a higher ?eld 
effect mobility than an amorphous silicon TFT device and 
the amount of ON current of a polysilicon TFT is much 
greater than that of an amorphous TFT. HoWever, the 
mobility of present polysilicon TFTs is still loWer than that 
of monocrystalline TFT devices because of many barriers 
around the boundaries of crystal gains in the polysilicon 
material. In the case of the above mentioned applications, it 
is highly desirable to increase the level of mobility of 
polysilicon TFT devices to approach that of monocrystalline 
silicon. In order to obtain such higher levels of mobility in 
polysilicon TFT devices, the grain size diameter of the 
polysilicon should be increased from around 500 A to 
several 1,000 A, Which is in the range of reproducibility in 
the present state of the art, to about 1 pm or greater. 

[0007] Relative to the formation of thin ?lm transistors 
(TFTs) on insulating structures, the folloWing general meth 
ods have been studied and developed: (1) The formation of 
TFTs employing amorphous silicon as the semiconductor 
material fabricated by plasma CVD or loW pressure chemi 
cal vapor deposition (LPCVD) or a similar process, (2) TFTs 
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employing polycrystalline silicon as the semiconductor 
material fabricated by chemical vapor deposition (CVD), 
LPCVD, plasma enhanced chemical vapor deposition 
(PECVD) or similar process, and (3) TFTs employing single 
crystal or monocrystallized silicon as the semiconductor 
material fabricated by melting recrystallization or such 
similar process. HoWever, the realization of high quality 
TFTs has been very dif?cult because the ?eld effect mobility 
of TFTs comprising amorphous silicon or polycrystalline 
silicon is substantially loWer than that of TFTs comprising 
single crystal silicon. For example, relative the conventional 
methods of (1) and (2), the ?eld effect mobility for amor 
phous silicon TFTs is typically beloW 1 cm2/V~sec and for 
conventional polycrystalline silicon TFT is approximately or 
less than 10 cm2/V~sec. Thus, high speed operational char 
acteristics have not been realized by the employment of 
these methods. On the other hand, in the case of the method 
(3), melting recrystallization, Wherein a laser beam is uti 
lized to bring about recrystallization, higher mobilities have 
been achieved, such as in the hundreds of cm2/V~sec. 
HoWever, there are problems associated With this technique 
due to the use of very high temperatures in processing and, 
furthermore, the technique has not been suf?ciently devel 
oped to lend itself to mass production of semiconductor 
devices, particularly, the mass production of hundreds to 
thousands of active elements on a large area insulating 
supports, such as glass substrates for large area image 
devices, e.g., liquid crystal display panels. 
[0008] Recently, the method of forming large grain poly 
crystalline silicon layers or ?lms by solid phase recrystalli 
zation has been pursued and research employing this method 
has been proceeding in recent years. One of the principal 
reasons for the interest in solid phase recrystallization is the 
advantage in using loWer processing temperatures compared 
to melting recrystallization. Examples of studies relating to 
solid phase recrystallization processing are found in the 
articles of R Quizzer et al., “Annealing Behavior of Thin 
Polycrystalline Silicon Films Damaged by Silicon Ion 
Implantation in the Critical Amorphous Range”, Thin Solid 
Films, Vol. 100(3), p. 227-233, (1983), and T. Noguchi et al., 
“Low Temperature Polysilicon Super-Thin-Film Transistor 
(LSFT), Japanese Journal ofApplied Physics, Vol. 25(2), p. 
L121L123, February, 1986 and in US. Pat. No. 4,693,759. 

[0009] Generally, the conventional method of solid phase 
recrystallization relative to the formation of TFTs and other 
such active elements is that, ?rst, a polycrystalline silicon 
?lm is formed by LPCVD or PECVD employing SiCI4, 
SiH4 or the like. Next, the polycrystalline silicon ?lm is 
amorphized by a Si+ ion implantation. Then, the converted 
amorphous ?lm is heat treated, for example, at approxi 
mately 600° C. in an nitrogen atmosphere in excess of 30 
hours and, preferably nearly 100 hours to produce large gain 
polysilicon. Finally, the polysilicon ?lm is patterned into a 
TFT device using conventional photolithography tech 
niques. HoWever, the practice of this method has the fol 
loWing disadvantages: (1) The process is complicated by the 
requirement that the formed polycrystalline silicon layer 
must be amorphized before further treatment, Which natu 
rally increases manufacturing costs. (2) This amorphization 
is accomplished With expensive ion implantation system, 
Which is necessary to perform the implantation operation. 
(3) The required heat treatment period is comparatively a 
very long period of time, in many cases as long as nearly 100 
hours to achieve the largest grain size possible. (4) It is very 
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dif?cult to handle large insulating substrates, such as, for 
example, 30 cm><30 cm, and obtain uniform results across a 
deposited and heat treated thin ?lm on such a substrate. (5) 
The crystalliZed volume fraction, i.e., the crystal to overall 
volume ratio in the recrystallized ?lm, is loW after perform 
ing solid phase recrystalliZation. Therefore, it is very diffi 
cult to fabricate a high quality active elements on large area 
substrates employing conventional methods of solid phase 
recrystallization. 

OBJECTS OF THE INVENTION 

[0010] It is an object of this invention to provide a loW 
temperature method of forming polycrystalline thin ?lms on 
an insulating support having high polycrystalline quality, 
larger crystal grains and good crystal grain orientation. 

[0011] It is another object of the present invention to 
provide semiconductor devices, such as TFTs, having high 
speed operational characteristics and higher ?eld effect 
mobility compared With such devices made by conventional 
methods. 

[0012] It another object of this invention to provide a 
semiconductor device Which comprises a polycrystalline 
silicon thin ?lm formed on an insulating support character 
iZed by large grains, high crystalliZed volume fraction and 
reduction of the Si/SiO2 interface state density. 

[0013] It is another object of this invention to provide a 
method for the manufacture of a thin ?lm polysilicon 
semiconductor that is simpler in implementation With result 
ing higher manufacturing reproducibility and yields com 
pared to prior conventional methods. 

[0014] It is still a further object of this invention to provide 
a polysilicon thin ?lm on an insulating medium having high 
?eld effect mobility suitable for large are IC applications, 
such as large area TFT arrays for LCD panels. 

SUMMARY OF THE INVENTION 

[0015] According to this invention, an improved polycrys 
talline or polysilicon ?lm having large grain siZe, such as, 1 
pm to 2 pm in diameter or greater, is obtained over the 
methods of the prior art by initially forming a silicon ?lm, 
Which may be comprised of amorphous silicon, or micro 
crystalline silicon, or contains micro-crystal regions in the 
amorphous phase (hereinafter also referred to as “noncrys 
talline”), at a loW temperature via a chemical vapor depo 
sition (CVD) method, such as by plasma chemical vapor 
deposition (PCVD) With silane gas diluted With, for 
example, hydrogen, argon or helium at a temperature, for 
example, in the temperature range from temperature to 600° 
C. This is folloWed by solid phase recrystalliZation of the 
?lm to form a polycrystalline ?lm Which is conducted at a 
relatively loW temperature in the range of about 550° C. to 
650° C. in an inert atmosphere, e.g., N or Ar, for a period of 
about several hours to 40 or more hours preferably the 
temperature is gradually increased, e.g., at a temperature rise 
rate beloW 20° C./min, preferably about 50° C./min, to a 
prescribed recrystalliZation temperature Within the range 
about 550° C. to 650° C. 

[0016] Further, betWeen the step of forming the ?lm and 
the step of solid phase recrystallization, the ?lm may be 
thermally treated at a relatively loW temperature, e.g., over 
300° C. and preferably betWeen approximately 400° C. to 
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500° C. for a period of several minutes, such as 30 minutes, 
to remove most of the hydrogen from the ?lm prior to 
recrystalliZation, since hydrogen included in the silicon ?lm 
disturbs and suppresses the formation of large crystal grain 
siZes during subsequent solid phase recrystalliZation treat 
ment to form a polycrystalline ?lm. Also, if the formation of 
the noncrystalline ?lm by CVD deposition is carried at a 
substrate temperature in the range of about 150° C. to 200° 
C. Which is particularly desirable, during the process of solid 
phase recrystalliZation, larger crystal grains Will be formed 
and the possibility of release of the ?lm from the substrate 
is less likely to occur. The prepared polycrystalline ?lm may 
them be utiliZed for TFT gate electrodes. After formation of 
the gate oxidation layer, the gate electrode may be formed, 
folloWed by formation of de?ned source and drain regions to 
complete the manufacture of a TFT device. The resultant 
?eld effect mobility of an n channel, polycrystalline silicon 
TFT formed in accordance With the method of this invention 
is 150 cm2/V~sec to 200 cm2/V~sec and greater. 

[0017] Further, the method of this invention comprises the 
thermal oxidation of a polysilicon ?lm to form a gate 
oxidation layer or ?lm on it surface Wherein the temperature 
is increased gradually, e.g., beloW about 20° C./min, pref 
erably at about 5° C./min, to the thermal oxidation tempera 
ture in the range of about 1,000° C. to 1,200° C. 

[0018] Thus, polycrystalline silicon ?lms With large grains 
and high crystalliZed volume fraction can be produced by 
employing a simpler manufacturing process. As a result, it is 
possible to form high quality semiconductor active elements 
on insulating materials, thereby making it possible to pro 
duce large siZe, high resolution liquid crystal display panel; 
high speed, high resolution contact type image sensors; three 
dimensional ICs; and the like. 

[0019] Also, according to the method of this invention, 
there are folloWing additional attributes. In the case of an 
undoped channel region in the past, it Was necessary to dope 
the impurity, for example, boron, in the channel region via 
ion implantation, since the characteristics of the active 
region of an n channel polycrystalline silicon TFT tend to 
shift to the depletion side, and of a p channel polycrystalline 
silicon TFT to the enhancement side. On the other hand, 
according to this invention, since a doped polycrystalline 
silicon layer can be obtained by doping impurities, such as 
boron or the like, at the time of ?lm groWth and, then, 
thereafter solid phase recrystalliZation performed on the 
doped ?lm, employment of expensive equipment, such as an 
ion implantation system, is not necessary and, further, there 
is no necessity to increase the number of processing steps, 
Which is a cost effective advantage. For example, if an 
impurity in the concentration range of about 1015/cm3 to 
10 /cm3 are doped at the channel region prior to formation 
of the gate electrode of TFT device, this shift in Vth can be 
suppressed so that impurities in channel region can be 
employed to control threshold voltage, Vth and minimiZe cut 
off current. Alternatively, by doping impurities during the 
?lm groWth prior to solid phase recrystalliZation in order to 
control Vth, an increased ON current for p channel TFT’s 
can be obtained beside minimiZed cut off current. 

[0020] Also, according to the method of this invention, 
reduction of gate interconnect resistance can be easily 
achieved With a simple treatment process. High gate inter 
connect resistance has been a problem in active TFT, large 
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LCD panels and this resistance can be reduced by the 
practice of this invention more easily enabling the fabrica 
tion of liquid crystal display panels With applicability also to 
HDTV panels. Further, this invention is also effective as 
applied to a contact type image sensors Wherein the scanning 
circuit and electro-optic transducer are integrated on a single 
substrate achieving higher read scan rates and higher reso 
lution. It is possible to make a Wider contact type image 
sensor because of the reduction of the gate interconnect 
resistance enabling larger siZe image sensors. For example, 
a high speed scanner With a contact type image sensor 
having an electro-optic transducer and scanning circuit 
integrated in a single chip manufactured according to this 
invention can have a scanning rate equal to or in eXcess of 

1 ms/line, in the case of an A4 siZe scanned medium, and 
having a resolution of 400 DPI or greater. Also, this circuit 
can be operated at loWer source voltage levels of about 5 V 
to 10 V compared to previous levels of about 16 V. By the 
same token, application of this invention are also easily 
applicable to TFT driven liquid crystal shutter arrays, TFT 
driven thermal heads, three dimensional ICs or the like. 

[0021] Further, polycrystalline silicon ?lms With large 
grains can be formed by employing shorter thermal treat 
ment periods by a combination of ?lms Wherein one ?lm 
crystalline seeds are easily generated by solid phase recrys 
talliZation and in another ?lm crystalline seeds are dif?cult 
to generate by solid phase recrystalliZation. Further, by 
forming a ?lm Wherein crystalline seeds are easily generated 
by the employment of a relatively high temperature plasma 
CVD process, polycrystalline silicon With large grains With 
uniform direction of orientation, such as <110>, or silicon 
With small crystalline grains in the amorphous phase can be 
achieved With a thermal treatment of a relatively short 
duration. As a result, improvements in ?eld effect mobility 
and reduction of Si/SiO2 interface state density are realiZed 
in the employment of this invention. In particular, tWo 
different silicon ?lms are formed by plasma CVD method on 
the same support Wherein one ?lm is formed at a relatively 
higher temperature, e.g., in the range of about 400° C. to 
800° C. in order to possess a relatively high polycrystalline 
seed generation rate, and another ?lm is formed at a rela 
tively loWer temperature, e.g., in the range of about 150° C. 
to 300° C., in order to possess a relatively loW polycrystal 
line seed generation rate. Thus, the polycrystalline seed 
generation ratio of the latter ?lm is loWer than that of the 
former ?lm. This enables a polycrystalline ?lm to be formed 
by solid phase recrystalliZation in a relatively short thermal 
treatment period that has large crystal grain siZes. The role 
of the crystalline seeds is to loWer activation energy of 
transforming amorphous to crystalline silicon thereby ren 
dering a shorter annealing time and to control crystal ori 
entation of the formed polycrystalline silicon ?lm. The ?eld 
effect mobility of a high temperature processed n channel 
TFT manufactured according to the method of this invention 
is greater than about 200 cm2/V~sec, thereby providing for a 
high quality TFT. 

[0022] Other objects and attainments together With a fuller 
understanding of the invention Will become apparent and 
appreciated by referring to the folloWing description and 
claims taken in conjunction With the accompanying draW 
mgs. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0023] In the draWings, Wherein like reference symbols 
refer to like parts: 

[0024] FIGS. 1A-1D illustrate a series of manufacturing 
steps in the manufacture of a semiconductor device in 
carrying out one embodiment of the method comprising this 
invention. 

[0025] FIGS. 2A-2D are graphic illustrations of the tem 
perature rise over time relative to one embodiment of this 
invention. 

[0026] FIGS. 3A-3E are graphic illustrations of the tem 
perature rise over time relative to another embodiment of 
this invention. 

[0027] FIGS. 4A-4H illustrate a series of manufacturing 
steps in the manufacture of a semiconductor device in 
carrying out another embodiment of the method comprising 
this invention. 

[0028] FIGS. 5A-5F illustrate a series of manufacturing 
steps in the manufacture of a semiconductor device in 
carrying out still another embodiment of the method com 
prising this invention. 

[0029] FIGS. 6A-6D illustrate a series of manufacturing 
steps in the manufacture of a semiconductor device in 
carrying out a further embodiment of the method comprising 
this invention. 

[0030] FIG. 7 is graphical illustration of the characteris 
tics of the gate voltage versus the drain current of a n channel 
TFT comprising this invention. 

[0031] FIG. 8 is graphical illustration of the characteris 
tics of the gate voltage versus the drain current of a p channel 
TFT comprising this invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0032] Various speci?c embodiments Will noW be 
described relative to the method of this invention relative to 
active semiconductor devices in the form of TFTs as shoWn 
in FIGS. 1, 4, 5 and 6. HoWever, the method of this 
invention is equally applicable to other active semiconductor 
elements, such as bipolar transistors, static induction type 
transistors, electro-optic transducers, e.g., solar cells and 
optical sensor devices and arrays. 

[0033] Reference is noW made to FIGS. 1A-1D Which 
illustrate one eXample of the manufacturing process of a 
semiconductor device employed in a ?rst embodiment of 
this invention comprising the formation of a thin ?lm 
transistor (TFT) shoWn in FIG. 1. 

[0034] As shoWn in FIG. 1A, a silicon layer or ?lm 102 
is formed on insulating support 101, such as an insulating 
substrate, for eXample, glass, quartZ or the like or an 
amorphous layer, for eXample, SiO2, Si3N4 or the like. Also, 
other insulating crystalline supports may be employed, such 
as a sapphire substrate (A1203) or substrates of MgO~A1203, 
CaF2 or the like. Film 102, for the most part, is amorphous 
silicon or micro-crystalline silicon or contains micro-crystal 
regions in the amorphous phase, Which is generally referred 
to in the disclosure as a noncrystalline ?lm. 
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[0035] One example of the growth of noncrystalline ?lm 
102 is by plasma CVD (PCVD) discharge. Substrate 101 is 
placed in the reactor of the CVD system and the temperature 
of substrate 101 is maintained in the range from about room 
temperature to 600° C. Silane gas, e.g., SiH4, is diluted With, 
for example, hydrogen, argon or helium, is introduced into 
the reactive chamber and rf poWer is applied to dissociate the 
gas and a silicon layer is formed on substrate 101 having a 
thickness in the range of about 100 A to 2,000 

[0036] An amorphous silicon ?lm formed by plasma CVD 
contains less contaminants, e.g., oxygen, nitrogen or carbon, 
compared to the amorphous silicon ?lm formed by electron 
beam evaporation or LPCVD. Thus, a polycrystalline ?lm 
With high purity has been obtained by performing solid 
phase recrystalliZation on an amorphous silicon ?lm formed 
by plasma CVD. 

[0037] Also, less contaminants in an amorphous silicon 
?lm makes it easy to promote solid phase recrystalliZation, 
Which results in obtaining a polycrystalline silicon ?lm With 
a large grain siZe. In particular, the amorphous silicon 
deposited in the temperature range of about 150° C. to 350° 
C. contains the loWest amount of contaminants, Which are 
derived from an insulating support and the PCVD reaction 
chamber. On the other hand, the amorphous silicon depos 
ited in the temperature range of about room temperature to 
150° C. easily releases hydrogen via thermal treatment so 
that the thermal treatment time may be short. 

[0038] The amount of carbon and oxygen in an amorphous 
silicon ?lm formed by PCVD may be reduced to the order 
of ION/cm‘3 to 1018/cm_3. In particular, the amount of 
carbon and oxygen may be reduced to less than 1016 cm'3 
by improving the purity of the gas source and suppressing 
the generation of contaminants from the inner Walls of the 
PCVD reaction chamber. 

[0039] It should be noted that other methods may be 
employed for forming ?lm 102. In any case, the optimum 
parameters of the thermal treatment applied after ?lm for 
mation for solid phase recrystalliZation may be dictated by 
What method of ?lm formation is employed. 

[0040] Next, thermal treatment is performed on noncrys 
talline silicon ?lm 102 to convert the ?lm to a polycrystal 
line silicon ?lm 103 by means of solid phase recrystalliZa 
tion, illustrated in connection With FIG. 3. As previously 
indicated, the best conditions for thermal treatment differ 
depending upon the method of forming and the nature of 
silicon ?lm 102. For example, depending upon the substrate 
temperature When ?lm 102 is groWn by plasma CVD, there 
are the folloWing differences: 

[0041] (1) A noncrystalline silicon ?lm 102 formed While 
the substrate temperature is in the range betWeen room 
temperature and 150° C., Which is a relatively loW tempera 
ture range, is deposited as amorphous silicon containing a 
large amounts of hydrogen. HoWever, hydrogen in ?lm 102 
can be removed by a subsequent thermal treatment at a 
temperature beloW that necessary for removal in the case of 
a ?lm formed While the substrate temperature in the range 
betWeen approximately 200° C. to 300° C. One example of 
such a thermal treatment is the annealing of the amorphous 
silicon ?lm before vacuum is broken in the ?lm forming 
system. Since an amorphous ?lm formed at these loW 
temperatures is porous in nature, oxygen and other contami 
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nants Will enter into the ?lm upon removal of the structure 
from the reactor system resulting in a loW quality ?lm. 
HoWever, if the ?lm is given proper thermal treatment before 
it is taken out of the reactor, then the ?lm Will become dense 
in nature preventing oxygen and other contaminants from 
entering into the ?lm. The desirable thermal treatment 
temperature for this purpose is over 300° C. and, if the 
temperature is increased betWeen approximately 400° C. to 
500° C., substantially effective results can be achieved. 
HoWever, it should be noted that, even When the thermal 
treatment temperature is beloW 300° C., ?lm densi?cation 
can still be achieved, although not as effectively. 

[0042] In the case Wherein subsequent annealing for the 
purposes of solid phase recrystalliZation is performed in the 
same ?lm forming apparatus Without breaking vacuum, the 
annealing step for purpose of ?lm densi?cation can be 
omitted. 

[0043] Next, the step of solid phase recrystalliZation is 
performed on amorphous silicon ?lm 102 With a relatively 
loW temperature thermal treatment in the range of about 
550° C. to 650° C. for a period of about several hours to 20 
hours. Both hydrogen removal and crystal groWth concur 
rently occur during the treatment and polycrystalline silicon 
is formed comprising large grain siZes of about 1 to 2 pm in 
diameter or greater. It is preferred that the temperature of 
annealing for achieving both enhanced density and solid 
phase recrystalliZation is not increased or elevated rapidly to 
the prescribed temperature for solid phase recrystalliZation. 
This is because hydrogen dissipation from the ?lm begins to 
occur as the temperature rises, especially When the tempera 
ture exceeds 300° C. If the rate of temperature rise to the 
prescribed temperature for solid phase recrystalliZation is 
performed too rapidly, the formation of defects in the ?lm 
Will more easily occur. In some cases pin holes may appear 
and other cases ?lm separations Will appear. We have 
determined that if the temperature is gradually increased by 
a rate beloW 20° C./min., preferably, an increasing tempera 
ture rise rate beloW 5° C./min., particularly Where the 
treatment temperature exceeds 300° C., the formation of 
defects in the ?lm Will be less. A more detailed explanation 
of the method of gradient increase of the treatment tempera 
ture to the annealing period for solid phase recrystalliZation 
Will be described a little later. 

[0044] (2) The amount of hydrogen in ?lm 102 is less if 
the ?lm is formed When the substrate temperature is in the 
range of 150° C. to 300° C. compared to an amorphous 
silicon ?lm formed at a loWer temperature, as just described 
above. HoWever, the temperature at Which the dissipation of 
hydrogen effectively occurs from the ?lm is at a higher 
temperature. Since a ?lm formed at a temperature betWeen 
150° C. to 300° C. is more dense compared to the ?lm 
formed at loWer temperature, the step of annealing to 
achieve densi?cation of the ?lm may be omitted. 

[0045] When solid phase recrystalliZation is next per 
formed at a temperature in the range of approximately 550° 
C. to 650° C. for a period of about several hours to 40 hours 
or more, both hydrogen removal and crystal groWth concur 
rently occur and polycrystalline silicon is formed compris 
ing large grain siZes of about 1 to 2 pm in diameter or 
greater. The amount of annealing time for solid phase 
recrystalliZation lies mainly in the amount of time necessary 
to remove hydrogen from the amorphous silicon ?lm since 
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a ?lm deposited at a lower substrate temperature, such as in 
the range of about 150° C. to 300° C., releases hydrogen in 
a shorter annealing time. 

[0046] As previously indicated in (1) above, if the treat 
ment temperature is gradually increased by a rate beloW 20° 
C./min., preferably, an increasing temperature rise rate 
beloW 5° C./min., particularly When the annealing tempera 
ture is over 300° C., the formation of defects in the ?lm Will 
be less. Also, if the noncrystalline ?lm is formed With a 
substrate temperature of about 150° C. to 200° C., Which is 
particularly desirable during the solid phase recrystalliZation 
process, large crystal grains Will be formed and the possi 
bility of release of the ?lm from the substrate is less likely 
to occur, Which ?lm release may possibly occur during the 
gradual increase temperature rise process employed in the 
solid phase recrystalliZation of this invention if accom 
plished too rapidly. 

[0047] (3) Although hydrogen incorporated into the ?lm 
decreases further as the substrate temperature eXceeds 300° 
C., hydrogen removal is less likely to occur during solid 
phase recrystalliZation at temperature in the range of 550° C. 
to 650° C. Therefore, in some cases it becomes important to 
perform this thermal treatment at temperature above this 
particular temperature range. A description concerning such 
a particular case and the method of treatment appears later 
in connection With FIG. 2D. 

[0048] In summary, an amorphous silicon ?lm formed by 
Plasma CVD contains about 10 atomic % hydrogen in the 
form of Si—H, H—Si—H and the like. When solid phase 
recrystalliZation is directly performed on an amorphous 
silicon ?lm containing hydrogen, hydrogen atoms are rap 
idly released from the ?lm, causing ?lm damage and ?lm 
release from a substrate. Therefore, the amorphous silicon 
?lm should be annealed at about 450° C., for eXample, prior 
to solid phase recrystalliZation in order to remove hydrogen 
from the ?lm and increase the ?lm density. Further, the 
preferred substrate temperature in the FIG. 1 embodiment is 
in the range of about 150° C. to 300° C. because large grain 
siZes of 1 pm to 2 pm or greater are achieved and ?lm release 
from the substrate and damage is less likely to occur 
compared to ?lms deposited With a substrate temperature in 
the range of about room temperature to 150° C. 

[0049] Attention is noW turned to the particular thermal 
treatment process of this invention employing a gradual 
increasing temperature to a prescribed temperature for 
achieving solid phase recrystalliZation. FIG. 2 are graphic 
illustrations of examples of several embodiments of this 
treatment process. As shoWn in FIG. 2A, the treatment 
temperature is gradually increased from room temperature, 
To, to a prescribed annealing temperature, T1, uniformly at 
a predetermined temperature rise rate folloWed by annealing 
at the prescribed annealing temperature, T1, for a predeter 
mined period of time. As mentioned previously the preferred 
temperature rise rate is beloW 20° C./min, preferably at 
about 5° C./min, so that the occurrence of defects, associated 
With hydrogen dissipation, is suppressed. Although the rate 
of temperature rise is shoWn in FIG. 2A to comprise a 
uniform, ascending slop, this is not an absolute requirement, 
as the rate can be varied monotonically over time as an 

ascending nonuniform slop or curve Within the temperature 
range betWeen T=0 and T1. 

[0050] Also, the temperature rise rate can be gradually 
increased to T1 at tWo or more consecutively different 
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temperature rates. FIG. 2B graphically illustrates such a 
case Wherein, ?rst, the temperature is gradually increased to 
a ?rst predetermined temperature, T2, at a ?rst predeter 
mined temperature rise rate, then; secondly, the temperature 
is further increased to the prescribed annealing temperature, 
T1, employing a sloWer, second predetermined temperature 
rise rate. The reason for the change of temperature rise rate 
around the temperature, T2, is because, as indicated previ 
ously, removal of hydrogen from the ?lm commences at 
higher temperature above around 300° C. Therefore, after 
hydrogen removal has begun, e.g., at about T2=300° C., the 
temperature rise rate is reduced to a rate less than 20° 
C./min., preferably at about 5° C./min, in order to suppress 
the occurrence of defects in the ?lm. Also, this tWo step 
temperature rise rate contributes to a shorten period of 
temperature rise. The preferred temperature range for T2 is 
about 250° C. to 400° C. Also, as in the case of FIG. 2A, the 
temperature rise rate need not be uniformly the same, i.e., 
the rate can be varied With an ascending nonuniform slop 
Within the temperature range betWeen T=TO and T1, as Well 
as betWeen T1 and T2, e.g., a monotonically decreasing 
temperature rate per unit time betWeen T=TO and T1. Further, 
When the temperature rise rate is changed at about T2, the 
rate of change can be gradual to a higher temperature rise 
rate betWeen T1 and T2. 

[0051] Also, it is Within the scope of this invention that 
there be one or more T2 levels of predetermined periods of 
time betWeen a series of sequential steps of a given tem 
perature rise rate or different temperature rise rates. FIG. 2C 
shoWs such a case Wherein, ?rst, the temperature is 
increased to a temperature T2 at a given temperature rise rate 
and then, the temperature, T2, is maintained for a given 
period of time. Then, the temperature is further increased at 
the same or another temperature rise rate to the prescribed 
annealing temperature of T1. Large amounts of hydrogen 
present in the ?lm can be removed Without generating 
polycrystalline seeds in the ?lm by initially maintaining a 
temperature beloW the prescribed annealing temperature for 
a predetermined period of time, for eXample, such as for 
about 20 minutes to 2 hours. Thus, even in the case Where 
the temperature is increased rapidly to the prescribed anneal 
ing temperature for solid phase recrystalliZation after main 
taining T2 for a predetermined period of time, the occurrence 
of defects, associated With hydrogen removal process from 
the ?lm, is less likely to occur. The desirable degree of T2 
in the case of FIG. 2C is in the range of about 350° C. to 
550° C. As indicated previously, the rate of increase of the 
temperature from T2 need not be at a uniform ascent. For 
eXample, it is acceptable to sloWly increase the temperature 
by a value beloW 5° C./min, for eXample, 2° C./min, and 
gradually increase in value to a rate of 5° C./min. Further, 
there may be a series of T2 temperature plateaus rather than 
one plateau as illustrated in FIG. 2C. For eXample, there 
may be several T2 points betWeen T=TO and T1 Wherein the 
temperature at each point is maintained for a predetermined 
period of time. 

[0052] Also, the processing temperature may be increased 
immediately above the prescribed annealing temperature for 
a very short duration, folloWed by a return to a prescribed 
annealing temperature, such as around 550° C. to 650° C. By 
doing so, hydrogen present in the ?lm can be more com 
pletely removed While concurrently suppressing the occur 
rence of defects in the ?lm. FIG. 2D shoWs such a case 
Wherein, ?rst, the temperature is raised to the prescribed 
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annealing temperature of T1. Then the temperature is raised 
in a very short period time, such as in several minutes, to a 
higher temperature, T3, above the prescribed annealing 
temperature, after Which the temperature is reduced back to 
T1 in a very short period of time, again, in a matter of several 
minutes. Thereafter, the prescribed annealing is performed at 
T1 By including the initial step of raising the temperature to 
T3 for a short period of time, crystalline groWth can proceed 
With substantially complete removal of hydrogen, compared 
to the case Wherein crystalline groWth is hindered by the 
presence of hydrogen in the ?lm at the time of annealing in 
the range of about 550° C. to 650° C. The preferred 
temperature of T3 is in the range of about 700° C. to 800° C. 
It is necessary to maintain the time period for temperature 
increase to T3 and for temperature decrease from T3 to T1 
short, preferably Within the range of about 1 to 10 minutes, 
in order to suppress the initial formation of polycrystalline 
seeds in the ?lm. In this situation, lamp annealing is an 
effective means to raise the temperature to T3 for a short 
period of time. 

[0053] It is also possible to suppress occurrence of defects 
even further by a combination of the thermal treatment 
methods discussed relative to FIGS. 2A to 2D. Further, 
FIGS. 2A to 2D are just representative examples of thermal 
treatment embodiments for solid phase recrystalliZation 
methods of this invention and, therefore, this invention is not 
limited to the examples of these particular embodiments. 
The important point is the realiZation of a manufacturing 
method, previously considered in the art difficult to achieve, 
for the formation of a polycrystalline silicon ?lm With large 
siZe grains and produced from an initially formed noncrys 
talline or amorphous silicon ?lm, such as by solid phase 
recrystalliZation, employing the thermal treatment steps 
exempli?ed above relative to FIG. 2. Although amorphous 
silicon ?lms can be produced in large quantities by plasma 
CVD With application to large area substrates, the hydrogen 
content in such ?lms is high. Since the hydrogen is knoWn 
to hinder the employment of solid phase recrystalliZation, it 
Was thought by those skilled in the art not to be a desirable 
method for forming amorphous silicon ?lms on Which solid 
phase recrystalliZation is to be subsequently performed. 
[0054] Returning noW to FIG. 1, FIG. 1C is employed to 
illustrate a process for forming a gate insulator ?lm 104 on 
a polysilicon ?lm 103, Which has been formed via solid 
phase recrystalliZation as previously explained. Film 104 is 
formed by oxidiZing polycrystalline silicon layer 103 via 
thermal oxidation. The gate oxidation temperature employed 
is approximately 1,000° C. to 1,200° C. HoWever, the 
crystalliZed volume fraction of polycrystalline silicon layer 
103 is not necessarily very high. This is especially true When 
silicon ?lm 103 is formed by plasma CVD folloWed by solid 
phase recrystalliZation and Wherein initially formed ?lm 102 
is amorphous silicon or microcrystalline silicon or contains 
micro-crystal regions in the amorphous phase. The crystal 
liZed volume fraction in such a case may be in the range of 
approximately 40% to 85%. The resulting fraction varies 
Within this range depending upon the conditions of ?lm 
groWth as Well as solid phase recrystalliZation. Our studies 
con?rmed, hoWever, that in the case of oxidiZing the poly 
crystalline silicon layer by thermal oxidation, if the tem 
perature is rapidly increased to a high temperature of 1,000° 
C. to 1,200° C. in short period of time, crystallinity of 
remaining amorphous regions of the ?lm, Which is about 
15% to 60%, Will be damaged. Presently, the relation of the 
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cause and effect here is not clear, hoWever, some assump 
tions may be considered as folloWs: 

[0055] When the temperature is rapidly increased for the 
purposes of thermal oxidation, (1) many crystal seeds are 
generated in the amorphous regions present in the ?lm 
thereby forming many micro-crystal grains, (2) crystalliZa 
tion does not signi?cantly proceed in the amorphous regions 
during the process of temperature rise and period of thermal 
oxidation, and/or (3) the remaining hydrogen in the ?lm 
suddenly and rapidly dissipates from the ?lm during tem 
perature rise resulting in the formation ?lm defects. In any 
case, in order to resolve this problem, We have discovered an 
approach to substantially improve the crystallinity of the 
polycrystalline silicon ?lms by controlling the temperature 
rise rate and the method of increasing the temperature to the 
thermal oxidation temperature in the range of 1,000° C. to 
1,200° C. In this connection, We have also discovered that 
there is a important relationship betWeen the substrate 
temperature of a noncrystalline silicon ?lm 102 during ?lm 
formation, such as by plasma CVD, and the temperature rise 
method employed at the time of subsequent gate oxidation 
formation. First, the higher the substrate temperature during 
?lm formation, the smaller the amount of hydrogen content 
contained in the ?lm. When the substrate temperature is over 
350° C., preferably over 4000 C., hydrogen content in the 
?lm dramatically decreases. Thus, the occurrence of defects 
associated With hydrogen removal during the temperature 
rise to the solid phase recrystalliZation temperature of 550° 
C. to 650° C. decreases. HoWever, since the temperature at 
Which substantially complete hydrogen removal from the 
silicon ?lm is accomplished occurs at a higher temperature 
compared to the case Where the ?lm is formed at a loW 
temperature, it is very important to optimiZe the temperature 
rise rate and the procedure employed for temperature rise 
When the temperature is to be increased to the gate oxidation 
temperature in the range of 1,000° C. to 1,200° C. Also, in 
the case Where solid phase recrystalliZation is performed on 
a ?lm Which Was formed at the substrate temperature at or 
above about 550° C., polycrystalline silicon or microcrys 
talline silicon can be obtain With a <110> orientation, Which 
is effective in loWering the TFT Si/SiO2 interface state 
density and improving ?eld effect mobility. 

[0056] Secondly, since a large amount of hydrogen is 
contained in a ?lm formed at a substrate temperature at or 
beloW about 350° C., it is important to remove the hydrogen 
from the ?lm in order to avoid the occurrence of a large 
amount of defects in the ?lm before proceeding to solid 
phase recrystalliZation in the temperature range of about 
550° C. to 650° C. When hydrogen removal is performed 
under preferred conditions, there is a tendency that the 
polycrystalline silicon grains Will become larger as the ?lm 
groWth temperature becomes loWer. On the other hand, 
loWer groWth temperatures result in loWer crystalliZed vol 
ume fraction after solid phase recrystalliZation. Thus, it is 
important to optimiZe the temperature rise rate and the 
procedure employed for temperature rise after solid phase 
recrystalliZation. 

[0057] From all the foregoing, it is evident that, based 
upon the method of this invention, performing thermal 
treatment after solid phase recrystalliZation in a temperature 
range of about 550° C. to 650° C., is also effective for a thin 
?lm formed by other ?lm groWth methods, beside plasma 
CVD. Particularly, the method of this invention is very 


















