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In situ measurement of the optical constant of ultra thin films using optical (iber sensor.
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ABSTRACT

We use an optical fiber sensor whose part of clad is removed for the optical constant of ultra thin il measurement. The
sensitivity of the sensor is increased by decreasing the diameter of the optical fiber and / or increasing the length of the film
deposited part. The result of the in sifu measurement method of change of a-Si:H ultra thin films by oxidation with passage of
time by leaking from vacuum to atmospheric air is shown. We use an optical fiber sensor whose length of the film deposited part
is 100 mm, diameter of the core is 110 wun and the core material is silica. a-Si:H film with approximately 10 nm in thickness is
deposited on the core of the optical fiber sensor. The oxidation saturates in approximately 600 s. The larger attenuation of
transmitted light at the long wavelengths from 685 to 800 nm is observed. This phenomenon is maybe due to the change of
defects by relaxation

Keywords; Fiber Sensor, Waveguide Sensor, In Situ Measurement, Oxidation, Ultra Thin Film, a-Si:H
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1. INTRODUCTION

We have studied a method to measure the dependence of the light tmnslmuamc on the plasma chemical vapor deposition
(CVD) film thickness for the measurement of the optical constants of thin films!:2:3. The films are deposited on an optical fiber
whose part of the clad is removed or on a slab optical waveguide as a sensor. Dmmg the deposition of films in the plasma CVD
system, the transmitted light which goes through the sensor decreases exponentially with periodic oscillation corresponding (o
the increase of film thickness. The reason is that the clectric field sircnglh concentrates periodically in the film. By removing the
oscillation mathematically, we determined the optical encrgy g,dp Then, we also determined the refractive index from the value
of the first valley in the oscillation or the period of the 0501113110112’3‘ In our new method, we have been able to measure the
optical energy gap of the ultra thin a-Si:H film with approximately 20 nm in thickness which is about 1/40 comparing with what
in the conventional method and the refractive index of the ultra thin film with approximately 10 nm in thickness!:2. A film
thickness of approximately 1 um was need to obtain sufficient interaction between a film and light in the conventional 11101110(1]4].
As compared with this, the measurement of the ultra thin films mentioned above is possible in our method because the length of
interaction takes long sufliciently toward the propagation direction of light. The same thing is able to correspond in the
measurement using the optical fiber whose part of clad is removed as a sensor. By increasing the sensitivity of these optical
waveguided type sensors, the change of many physical quantities which have not been measured before could be measured i sifu.

On the other hand in thin {ilm [abrication, the change of the films just after a leak by atmospheric air was not measured
when fabrications were finished. The measurement of the surface oxidation layer of thin films was usually obtained by executing the
elching of the surface and measurement of the X-ray photoelectron spectroscopy alternatively afler leaking by atmospheric air and
putting the films out of a fabrication chamber. Therefore, the film surface oxidation progress measurcment of change in elapsed time
afler the leak from vacuum to atmospheric air is not completed.

In this report, using the high sensitivity optical fiber sensor obtained from resulls of investigation by increasing the
sensitivity of the optical fiber sensor, we show an in situ measurement method of change of a film quality with passage of time
Just after leaking a-Si:H ultra thin films to atmospheric air.



2. INVESTIGATION OF HIGH SENSITIVITY OF THE OPTICAL WAVEGUIDE SENSOR IN
SIMULATION

Conditions of increasing the sensitivity of the optical waveguide sensor are clarified in the four-layer slab waveguide
simulation. The four-layer slab waveguide consists of air, film, waveguide and air. The length of the part on which the film is
deposited is / [mm], and the thickness of the optical waveguide is ¢ [un]. Transmittance dependence on deposited film thickness
of the four-layer slab waveguide is obtained from solutions of an cigenvalue emmlion“. A wavelength A is 632.8 ni, the
refractive index ol air n) is 1 - jO, the refractive index of deposited a filn npis 2.88 - j0.029 and the refractive index of an optical

waveguide ny, is 1.457 - jO. The value of np is a typical value of a-Si:H, and the value of ny, is that of fused silica. The
waveguided mode is the TE mode, and the mode number is 100.

Figure 1 and 2 show the calculation results using the values mentioned above.
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Fig. 1. Transmittance dependence on deposited film thickness at / = 50, 100 and 200 mm when f = 100 .
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Fig. 2. Transmittance dependence on deposiled film thickness at /= 100, 150 and 200 wm when 7 = 100 mm .

Figure 1 shows the results at / = 50, 100 and 200 mun when 1 = 100 pumn, and Fig, 2. shows the results at 7 = 100, 150 and
200 pm when / = 100 mm . It is clarified that transmittance has periodic oscillation. The reason of the oscillation is that the
electric field concentrates periodically in the film layer which has large absorption coel ficient). It is clarified that transmittance
decreases when the value of / increases from Fig. 1. Also, it is clarified that transmittance decreases when the value of f decreases
from Fig. 2. Absorption increases when / increases. Ratio of light without interaction with a deposited film and the whole
waveguided light decreases when ¢ decreases. From these phenomena, the equivalent absorption coefficient of the entire four-
layer slab waveguide increases. Consequently, even if the absorption coefficient of the deposited filin is small the: sufficient
absorption for measuring can be obtained and the sensitivity of the sensor increases. The same conclusion is derived for the
another mode numbers, another wavelengths and the TM mode. The same (endency was confirmed in experimenlsl, Therefore.
lo increase the sensitivity of the slab waveguide sensor, we need increase / and / .or decrease 1. However, the waveguided light is
absorbed (oo much when / increases or { decreases too much. Therclore, the upper limit of [ and the lower limit of / exist
depending on the absorption coefficient of deposited films, the sensitivity of a detector and the proceedings of the noise reduction.

3. INVESTIGATION OF HIGH SENSITIVITY OF OPTICAL FIBER SENSOR IN EXPERIMENT

Conditions of increasing the sensitivity of the optical waveguide sensor are clarified in experiment. The optical fiber
sensor and its setup in fabrication chamber are shown.

Fig. 3. Details of the optical fiber sensor.

Figure 3 shows the optical fiber sensor structure. This is a step inclex type optical fiber with silica core and polymer clad. The clad is
removed for deposition of a-Si:H films. The length of the clad removed part is / {nun] and its diameler of the core is ¢ [l

Our expetimental setup - the double-tubed coaxial-line-type microwave plasma CVD system is shown in Fig. 45 Asshown in Fig. 4, a-
Si:H is fabricated fiom SiH by using Ar plasma Qowing from the bottom side of the system.

Fig. 4. Experimental setup, with our optical fiber sensor.

The optical fiber sensor is set on the substraic table in this chamber. The input port of the optical fiber is connected with a halogen lamp



light source and (he output port is connected with a spectrum analyzer.
Fig. 5. Transmittance dependence on deposited a-Si:H film thickness at A =650 nm using the optical fiber sensors.

Figure 5 shows transmittance dependence on deposited a-Si:H film thickness at 2 = 650 nm using the optical fiber sensors. By
comparing the data of the /=50 mmand ¢ = 110 wm scnsor with the data of the /= 100 mm and ¢ = 110 unt sensor. it is clarified that
transtittance decreases when / is large in Fig. 5. Also, by comparing the data of the /= 100 mm and ¢ = 200 pn sensor with the data of the /
=100 mmand ¢ = 110 pm sensor, it is clarified (hat transmittance decreases when ¢ is small. The values of the film thickness where the
peaks of the periodic oscillations of transmitiance appear are different among the sensors because we consider that the refractive indexes of the
deposited filim are diflerent as depositions are not at same time. Especially, the different filin thickness of the peaks between the sensors of ¢ =
1O panand 200 pun course that the refractive indexes of core are different as the makers of the fibers are different, we consider. The same
conclusion was derived for 400 through 800 nm in wavelength in our measurement.

Increasing / corresponds to increasing / of the optical waveguide sensor. It is considered that decreasing ¢ cortesponds lo decreasing ¢

of the optical waveguide sensor. Therefore, it is clarified that to increase the sensitivity ol the optical fiber sensor, we need increase /
and / or decrease @ .

4. CHANGE OF LIGHT TRANSMITTANCE AFTER LEAK

Transinilted light is measured in about 10 minutes afler the fabrication. Using the optical fiber sensor, whose length of the film
deposited part / is 100 mm and diameter of the core ¢ is 110 pm, a-Si:H film with approximately 10 nm in thickness is
fabricated on the optical fiber sensor. The film change by oxidation is measured in sifu. The period (o take the leak of the CVD
chamber from vacuum to atinospheric air is approximately 20 s. :

Fig. 6. Transmiltance spectra in experiment using the optical fiber sensor.

Figure 6 shows transmitted light spectra. In Fig. 6, (he upper data is the spectrum of the sensor without the filin. The
middle data is the spectrum after depositing a-Si:H of approximately 10 nm in thickness and letting it stand in approximately 30
minutes in vacuum, namely, the spectrum before the leak. The lower data is the spectrum at 680 s after leaking the chamber. The
attenuation between the upper spectrum and the middle spectrum means the absorption by a-Si:H, the interference and the
scattering of transmitted light . The attenuation between the middle spectrum and the lower spectrum means the change of
transmittance by the leak.

Fig. 7. Transmittance change with passage of time.

Figure 7 shows the change of light transmittance through the optical fiber sensor with passage of time at wavelengths of
800, 750, 700 and 685 nm. From Fig. 7, it is clarified that the transmittance at every wavelength decreases after leaking the
CVD system and it saturates in approximalely 600 s.

It is considered that the film is changed by oxidation and the oxidation saturates around 600 s from Fig. 7. By comparing
the rate of the change of transmittance among the wavelengths, it is clarified (hat (he large rate of the change occurs at long
wavelengths. It was reported that defects are changed by relaxation by the bias light in the region of 0.8 eV <hv <1.8eV( A
=690 nm ~ 1.55 pm ) for a-Si:H because of the shift of the quasi-Fermi-level to the conduction band or an increase in the
concentration of dangling-bond centers D~ %7 The result in this experiment. in Fig. 6 shows the similar tendency to the
dependence of the absorption coefficient on energy owing (o the change of defects described in above references. We consider
that the similar phenomena occur by oxidation in the high energy side of the Urback tail region (1.5eV <hy <18eV
corresponding to 690 nm < A <3800 nm ).

5. CONCLUSIONS

Using the optical waveguide as a sensor, it was shown that the sensitivily increases by increasing / and / or decreasing f in



the four-layer slab optical waveguide simulation. Using the optical fiber as a sensor. we found the experimental results consisted
with the above theoretical analysis of the slab optical waveguide. The in situ measurement of the physics quantity which has not
measured before was shown with the high sensitive sensor. Concretely, the in situ measurement of the change of the film quality due to
the oxidation can be completed with the high scnsitive optical fiber sensor.
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Measurenent. of the veal part of the refractive ndex (ny)
{SOW} is discussed. Upon deposition of thin filns on a SOW, the transmittance decreases witl periodic oscillation
owing to the multiple reflection. 1t is clarified front w simulation of fonr-layer SOW
is rednced when n increases. In Uhis paper, we discuss amethod of determining Lhe
wininnun filin thickness (dy) in which the oscillation valley appears as a caleulalion
Ty mode to dy in an experintent in which the relvactive index and sizes of SOW are known without considering
liigher modes or the TM wode. CGood agrecuent is observed in comparison of the result of the mensurement
with that of the ellipsometer at a wavelength of 632.8 min.
1y of @-Si:lf and SiN thin filns at waveleuglhs from 400 Lo 8001 are oblained in the same manner. In order Lo
achieve higher aceuracy of the measurement, a SOW with a larger refractive index is used.

of silicon thin filins using a slab optical waveguide
Llial: the period of oscillation

np from corvespondence of the
result. of transinittance for Lhe

Therefore, it can be shown that the distributions of

KEYWORDS: optical fiber sensor, refractive index, slab optical waveguide, a-Si:H, SiN, thin film, MPCVD

{. Introduclion

Sensors which use optical lihers such as lemperalure
sensors, ! pressure sensors? and gas sensors,™ have heen
aclively developed, and optical functional devices hy
which a metal or semiconductor film is fabricated on an
oplical waveguide have heen studied.* P ‘Ihe phenome-
non in which the combinations of light with a film on
a waveguide diller between the TE and 'TM modes ac-
cording to the fabricated film thickness is applicd to the
realized waveguide type T'E/TM mode ilters. The ox-
tinction ratio of the transmitted light of the T and ‘1'M
modes is 34dB for metal flm fabrication.® Phe extine-
tion ratio with hydrogenated amorphous silicon (a-5i:11)
is 30dB.Y Phe extinction ratio with silicon nitride (SiN)
is 27dB.Y An optical energy gap (I} measurcment of
«SEIE with approximately 20mn has heen performed
with the dependence of transimittance on the deposited
lilm thickness by depositing semiconductor films on a
slaly oplical waveguide (SOW) used as a sensor.® In this
study, il was clavificd that the lranusmitiance
wilth periodic oscillation.

decreases
We propose a new moasure-
went method for the veal part of the relvactive index
(1) of silicon thin films such as «Si:1T and SiN on SOV
from the minimum film thickness (dy) at which the val-
ley of the oscillation appears. ‘The refractive index of
thin filhms can be measured using interference fringes by
perpendicularly irvadiating light onto a film or by using
cllipsometry. In the method using interference [ringes,
the vefvactive index is obtained from the interval of the
[ringes appearing in the dependence of transmillance on

method becanse light goes through plasmay there is an
advantage in this method in that absorption by plasma
does not exist using light, which goes through the SOW.,

In this veport, it is shown by a simulation of a four-
layer SOW that the value of the film thickness at a peak
i the dependence of the ellective absorption coellicient
{(ev,,) for the mode number moon the film thickness {(d) is
changed by n). ‘The peaks mateh the valleys appearing
in the dependence of transmittance on d. A method fo
obtain »; from the correspondence of dy, of a ealculated
resull to dy of an experimental result, by changing nj in
the simalation for the ‘TF, mode is shown. Distributions
of ng from 100 to 800 nm in wavelength for three films
with different 0y are shown.

2. Dependence of g, on d in the Four-layer SOW Sim-

ulation

Figare | shows the structare of the fowr-laver SOW,
The SOW consists of air, lilm, oplical waveguide and air,
The thickness of the deposited il is defined as dnm, the
length of the part oncwhich the filin is deposited is defined
as L, and the thickness of the SOW is defined as Lypem,
The refractive index of air ny is 1 — jU, the refractive
index of ilm ng is ny — jny, and the refractive index of
optical waveguide ny, is 0!, — jn’. The guided light is in
the divection of z. The effeclive refractive index of the
four-layer SOW N,, which is N, — iN! and the profile
of the electric field distribution for the guided mode of
the mode nunmiber m are obtained from solutions of an

the wavelength.? Tu the ellipsometry method, the re- J 7 Air w0 %
[ractive index is oblained from the reflection cocllicient s ,/l = 7y ///
and the relative phases of the poand s waves. "™ A lilin B S e
thickness of approximately 1 is needed to oblain suf- 'I! ) Deposited Film_ne=n Moy | -
ficiently narrow interval fringes for the melhod using the v
interference fringes. On the other hand, in our method, l Optical Waveguide
the refractive index can be determined below 20mm in ’! n=n e /
thickness, Furthermore, this method is not influenced hy . o _ .
the atmosphere because lihms ave deposited on a SOW \

. .. . R . . . . Air - ngel-jo
sensor which is in a fabrication chamber. While light is v
absorbed and seattered in plasma for (he clipsomelry Fig. 1. Structure of the fonr-layer SOW,

]

¢

+;
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cigenvalue equalion for a transverscly guided mode ')
We oblain the dependence ol o, on o in the four-
layer SOW at a wavelength of 632.8um. N/ and N7

are oblained by the four-layer SOW simulation. o
ubtained with N/ using

o, = Adw A

is

"

/\,II

m? (‘)
where Ais the wavelength,

The material of the SOW s [used silica and that of
the films is- a-Si:H in the simulation, The constant val-
ues used in the simulation are as lfollows. 1y is 1.0 — 0.1
at 6328 nm. The value of n} is almost the highest one
measured by the conventional ellipsometer for a-Si:ll
films with a thickness of 1 which arve fabricated by a
double-tubed coaxial-line type microwave plasma chem-
ical vapor depesition (MPCVD) systen.™ ‘The value of

ny is almost the highest one calculated with the absorp-

tion cocllicient oblained from Lhe ultravielet-visible spec-
troscopy spectrumfor the same «Si:fl filins, "T'he valne
of nl,is LAST. al 632.8 nm when the material is fused
silica,, and . nZ s null bhecanse ©is short enough. 1 is
100 om. The maximum mode number of the fowr-layer
SOW s 335 for hoth the T mode and the 'I'M mode
with the values set in this scction.

I Dependence of o,y ond for the T'Ey mode and the
TMy mode

Figure 2 shows the dependences of o

m

L.

on d for the
Ty and I'My modes.. I is clarified that o, has periodic
peaks in both the T, mode and the 'I'N, mode. The
ficld strength is enlarged when the number ol antinodes

of the ficld increases one by onc al cach constant filin,

thickness from the calculation of the fickl distribution.
At this momenl, «,, exhibits a peak because the ficld
distribution concentrates in the film.®
2.2 Dependence of v, on d with n)

For the T'Iy mode, Fig. 3 shows the dependence of o,
on o with nj 2.0, 3.0 and L0, TLis clavilied that the
period ol the «v, peaks increases when iy hecomues small,

Figure 4 shows the profile of the field distribution avound
the film at d = 300 nm with n) = 2.0, 3.0 aud 1.0 for the
Ty mode. The wave veclor k; in a malerial with the

¥ ¥ M T v T
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Fig. 2. Dependence of o, on d for the Ty and T'M g modes,
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real part of the relractive index 1 is expressed as

i) = 27 /Nl (2)

Becanse ny > 0, the wave vector component (k) in
the divection of @ in the film is smaller than that (k,,,)
in the SOW. Iyom Fig. 4, it is clarified that e period
ol the amplitude of the ficld distribution decreases al the
same value o d. o, reaches peaks willi increasing d when
the number of antinodes in the film inercases. “here-
fore, when the period ol the ficld amplitude decreases,
namely, when np enlarges, Lhe period of «,, peaks be-
comes smaller, The same conclusion is derived for the
TN mode qualitatively.

As mentioned above, by deposiling a silicon film on a
SOW whose relractive index and sizes are known, ny is
measvred from the thickness in which the peaks of o,
are obtained, or, in which the valleys of transmiltance
are obtained in the dependence on d.

2.3 Dependence of ev,, on d for the mode nuwmber m
Iigure 5 shows the dependence ol «v,,, on d when the

nmode numbers m ol the LIS mode are 0, 10 and 100,

[t is clarificd that the values ol d with which «,, peaks

are almost the same even iff m changes. Furthermore,

10724 nf=d.0

nf'=2.4

Lhf=30

.
i
v
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A =632.80n

10077007300
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Fig. 3. Dependence of oy, on d Tor the Tlgg amode at u;. = 2.0,
3.0 und 1.0,
n'=20 nf=344 n'=44)
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g, 4. Field strength distributions for the Ty mode at
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Fig. 7. Field strength distributions for the T, Vg and TS0
modes around a film of 92 mn in hickness and N = 632.8 .

the value of «,, increases for higher m. o, reaches a
second peak al d = 92num. In this case, Fig. 6 shows
the profiles of the field distribution al m of 0, 10 and
100 for the TE mode. The profiles of the ficld distribu-
tion around the film are shown in IYig.: 7, since the filin
is very thin compared with the SOW. From Fig. 6, it

N.'TAREZAWA ¢l al.

is clarilicd that-the maximuam relative ficld strenglli in
the SOW is smaller at the higher value of m. The max-
inmum ficld strength is 35.85 in the T'E, mode, 3.587 in
the 'FEy mode and 0.4584 in Lhe 11500 moode 14 is clar-
ifiedd Lhat the energy distribution in the SOW becomes
staller al a higher value of . On the other hand, it is
clarifiedd thal the ficld distributions are almost the same
in the film cven il s high in Fig. 7. Therclore, the
ralio of absorption increases for higher m. e, increases
when the field distribution is smaller in the SOW and
is almost the samein the llm, because o, means Lhe
equivalent. absorplion coollicient for Lhe entire four-layer
SOW. The sauue conclusion is derived for the T'M mode
qualitatively.

2.4 d al which the first peak of o, is oblained

For the case when »f is 2.0, 3.0 and 4.0 and ny s
0.01, 0.05 and 0.1, the film thicknesses (dy) at which
the first peak appearing in the dependence of ay,, on d
is obltained are shown in Table I for the 'I'E mode of
the mode number 0 and the maxinnim mode number
ol the potential guided light. “I'he ranges of ng and ny
cover - thal of the silicon thin filins fabricaled using our
MPCVD. d, becomes smaller when ng enlarges, [rom 'La-
ble I. Furthermore, dy hardly changes even if ny enlarges
abonp = 3.0 and 4.0: However, when n is 0.1, com-
pared with nf = 0.01 and 0.05 at n} = 2.0, d, becomces
swaller by approximately 0.5 nm. This mcans that the
value of nf must be considered for the film whose 1y is
small coough and ny is approximately 0.1, Next, the
dillerence of d, becomes appreciable as determined by
comparison of the mode nmamber of 335 with: that of 0.
Therelore, cousideralion for the higher mode number is
also needed.

Table H shows the same calculation as ‘Lable I for the
I'™M mode. The same conclusions are derived for the
TM mode as for the TE mode. dy cannot be recognized
al ng = 2.0 and m = 335 because the dependence of
. on d becoses broad and Lthe peaks disappear. 'The
Brewsler angle exists al the bonud between the SOW
amd the film since the T™ mode is the light of the P
polarization. Rellection at the hound is less when the
incident angle of light. approaches the Browster angle. In
this case, Lhe peaks of the dependence of &y on d cannot
be recognized. This result is agreed for the whole 'I'M
mode. In the same way, because the reflection al the
hound between the SOW and the film is less when the
value of the real part of the relractive index of SOW and
that of the filin become the same, such as n, = 2.0, many
modes in which the peaks of the dependence of ay, on d

‘Table 1. dy variation with u; and the TEy mode at n! = 1.457‘,
L= 1000 and A = 632.8 .

""‘ 2.0 3.0 1.0
{
ThEo  TEys TEe  TBas  TEe  TEas
0.01 485 42.0 11.8 11.2 75 7.4
0.05 483 41.9 1.8 14.2 7.5 7.4
0.1 48.0 4.7 1.7 1.2 75 7.4

2l -
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Table . dp variation wilth 11? and the TMg mode at nl! = 1.457,

L= 100 and A = 632.8 mmn,

g
2.0 3.0 4.0
1'”
r
Ty Tlaas Ty Tloyys Ty Tlyas
0.01 92.6 - 50.1 75.3 36.7 52.06
0.05 92.1 e 50.1 75.4 36.7 52.6
0.1 91.7 e 50.1 75.4 36.7 52.6

cannot be recognized exisl aronud Lhe Brewster angle.

3. Measurement of n’r

We consider the first valley appearing in the depen-
dence of transmiltance on d. The SOW is sct as the
sensor in the MPCVD chamber. A double-tubed coaxial-
line type MPCVD system” is used for fabrication on the
SOW sensor. . Figure 8 shows the delail of the sensor.
The material of the SOW is fused silica (1-4040, Toshiba
Ceramics). tis 170 um and [is 15 mm. The width of the
parl of the SOW on which the film is deposited, w, is
18 mm. A halogen lamp light is guided as input beams,
and then output beam spectra are observed. Intensitios
of the spectrum from 400 to 800 nn are measured during
the deposition. During one scan of measurcment of the
spectrum, d is regarded as constanl because Lhe spec-
trum is measured at 0.5s per scan while the deposition
rale of the films is very low al 0.05nm/s. The changes
in o are recorded using a crystal-escillation-type thick-
ness monitor, and then the thickness of the film on a
Si substrate placed closc Lo the SOW is measured using
a needle-tactual-type Lhickness meter after the deposi-
tion.. The change of d during the deposition is olitained
by correcling the values of the crystal-oscillation-type
thickness monitor with 1the value of the needle-tactual-
lype thickness meler. For further details, readers may
refer Lo rvef, 8. a-Sicll, SiyN,; and silicon rich SiN which
has optical characteristics intermediate between those of
the former two nalerials are used as lihns. For details of
the fabrications, readers may rcler to refs. 7, 12, 13, 14,
and 15, Sample #1 is the «-Si:ll filin, #2 is the silicon
rich SiN fihm and #3 is the SizN, liln. For comparison,
the value of n} is obtained from measurement of the filn
on the Si substrate placed close to the sensor by the el
lipsometer. Further, ny is obtained from the ultraviolet
visible spectroscopy spectrum of the lilm on a fused silica
substrate placed close to the sensor.

Optical waveguide

\, I
Input

optical fiber \ M

Ouwput
vpical liber

L)
Back bourd

Fig. 8.

Details of the SOW sensor.
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We pointed oul in §2.4 that the value of nf must be
considered for a film whose n; is smaller such as ap-
proximately 2.0 and whose nj is larger such as approx-
imately 0.1. For SizN,, the absorption caused by the
clectron transition across Lhe energy bhand does not exist
in the visible light region (from 400 Lo 800nm) in which
it is clarified that L, is approximalely 5eV. Therefore,
although the value of ny of SiyN, is approximately 2.0
through the visible light region, n}' is regarded as 0. As
clarified in Tables I and 11, the value of nf does not in-
flnence the value of d, in the region of our discussion,
because the values of np are from approximately 3 to 4
for the other two filims. Therefore, for the three filins
discussed in this report, ny can be any value from 0.01
Lo 0.1. We take the value of 0.029 which is obtained from
the ultraviolel-visible spectroscopy spectrum for Sample
#£2 at 632.8 nm.

3.1  Dependence of lransmillance on d

By the four-layer SOW simulation, the dependences
of a,, on d arc obtained for all the mode numbers of the
potential guided light. The dependence of the transmit-
tance 15, on d {or each mode is calenlated using

T = exp(—ay, - 1). (3)

This procedure is performed for the TE and TM modes.

The incident light is smaller for higher modes accord-

ing to the Gaussian distribution because the incident

light [rom the light source is the Gaussian beam. There-

fore, the coeflicient @7, which is weighted for the mode
number m is given as

G, =exp(—=C -m*/M?), (4)

where M is the mode number of the maximum of the
potential guided light. C is a constant. The value of M
obtained from calculalion is 569 for both the TE mode
and the ‘I'M mode for L = 170 jum.

The transmittance is defined as Ty and T'py to which
the Lransmittance of thie 'TE,, and 'I'M,,, modes are added
as they are weighted for the mode number from 0 to M in

100rs— L ST
'.‘ i JUROSEE
AN
A Texp
&, i \
g 50  iiiM\ v Tolal N
g HH Tre o :'
g i / ;
g i ¥
@ ': : TrM A =632.8nm
é { T ng=2.88-j0.029
) { nw=0457,t=170 1 m
do N ) <o
PR TE:TM=0.5:0.5
" 3 2 " ] . 4
0 50 100

Film thickness [nm}

Fig. 9. Dependence of transmitlance on d. Texp: experimental
values for sample #2; Ty and T transmittance weighted
by the mode nmunber, by associnting the mode munber with the
Gaussian distribution; Ty, total transmittance of Ty and
Tt as 0.5:0.5,
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mittance of T and Ty as 0.5:0.5; Ty mode; Uransmittance
vy st '
for the TEy mode.

Dependence of transmiltance on . 1) + total trans-
total

accordance with the Gaussian distribution. Ly and Ly
are shown as broken curves and the Lotal ransmillance
1\ o s shown as a dash-dotted curve when the existence
ralio between 1y aud Ly is assumed to be 0.5:0.5 for
the addition of 1 and Tn = 1 in Fig. 9. C is 0.5 x
107" by fitting of Ligem to the transmittance Ty, Which
is shown as Lhe solid curve in Fig. 9 as the experimental
result for Sample #£2 al a wavelength of 632.8 nm. The
prolile of the existence ratio of the trapsmittance which
is weighted with the Gaussian distribution for the mode
nuwmber is-shown i Fig. 10.

The first peak of o, (refer Lo Figs. 2 and 5)is Lhe first
valley of 1., al which the value of the thickness is d,,.
It is clarilied that d, is the Lirst. valley of the T mode
from Fig. 9. "Lhe value ol d, in Loy is 16.3 nm,

From Tables Iand I, the chauge of the value of d,
is small through the mode muubers for the TE mode
compared with the T'M mode. lleuce the error by is-
reading is smaller for the TE mode. In addition, d, of
L is smaller than that of Ty namely, Lhesccond val-
ley of U3, in Fig. 9. nf for the thinuer films can also be
determined by considering the 'UE mode. Lherclore, we
obtain 2y from the value of dy for the T'E mode.

Figure 11 shows 1\, and the transmillance for the
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Table 1. 1y from dy for the TRy mode, by the calenlation and
ny by cllipsonictry, ol X = 632.8 nn.

unple 4 Ty folipsomieter
| 345 3.44
2 2.88 2.89

3 1.80 1.81

Ty mode. 1Uis clarilied that d, corresponds fo the first
valley of the LBy mode from Fig. 11. From the ealeula-
tion, it is confirmed that the values of dy of the trans-
mitlance for the T3, mode, Tyg and T correspond
by the digit ol 0.1 . "Therclore, it is clarilied that only
the L5 mode has Lo be taken inlo account withoul con-
sidering higher modes. In this manner, the value of ny is
2.88.

‘Table U shows the values of iy determined using this
method and the ellipsomcter. Uhe values deteriined
using this method agree with those determined using the
cllipsometoer, ’

4. Distribution of the Refractive Index

FFrom correspondence of the value of o, of the caleula-
tion for the VIS, mode Lo the value of dy of Lhe experi-
ment, npis oblained for the wavelength at every 50nm
between 400 - and 800 nni. Figure 12 shows the mica-
stwrement resulls for the three lilms whicli have differ-
enl np. The continvous. values of the refractive index
ol the SOW arc ealculatad by interpolating a quadratic
funclion in the discontinious values of the official refrac-
tive index data of 'I-4040. "The measurement results of
the film on the Si substrate placed close Lo the sensor
with the cllipsomeleor at 632.8 nim. namely, the values in
Table 1, are also shown as -4 plots in Fig. 12.

Frow Fig: 12, it is clarilied that the amount of {lue-
tualion is especially large wuder 5504m in Sample-#1,
while the amount of fluctuation is small in Samples #2
and 43, Figure 13 shows the dependence of dy, on ny
oblained by the four-layer SOW simulation. The solid
curve is the result al a value of ', of 1.457 used for the
experiments in this scction. It is clarilied owr Fig. 13
that the error of 1 becomes large when n) enlarges be-
cause thic accuracy of dy by reading is constant. “In the
experiments; il is considered: thal the amount of fluc-
tuation is large for the shorler wavelengihs in Sample
##1 as shown in FFig. 12 because the significant value of
dy is the digit of 1/10 nanometer. The dependences of
dy on ny are also shown in Fig. 13, when the values of
n, are 1.522 (borosilicate glass) and 1.620 (bisphenol 7
polycabonate’). It is clarilicd thal. the error caused by
misreading al a large ny becomes smaller by using the
smaller difference hetween 2!, and uf. Therelore, in this
situalion, the amount of fluctuation of n} is smaller when
a SOW with a large nl, is applicd.

5. Conclusions

The transmiltance of light guided through the SOW
oscillates periodically with deposition of a silicon film on
the SOW. The period of the oscillation becomes smaller
when ng enlarges. Therefore, it was shown that the value
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of n; can be measured by depositing a silicon thin film
on a SOW whose refractive index and sizes are known.
The peaks of «,, obtained from the calculation by con-
sidering all the modes of the four-layer SOV simulation,
namely, the minimum film thickness d, by which the val-
leys appearing in the dependcence of transmiltance on d
is given, correspond to d, for the TE, mode above a digit
of 0.1 nm. lThcrefm'c, without considering the higher TE

N. TAKEZAWA el al. 925

modes or the TM mode, it was clarified that ng with
a thickness of 16.3nm can be measured from the corre-
spondence of the calculation result of the transmittance
for the TEy mode only to the experimental value of the
first valley appearing in the dependence of transmittance
on d. Good agreement was obtained in comparison of the
result of this method with that of the ellipsometry at a
wavelength of 632.8 min. Moreover, it was shown that the
distributions of n; of silicon films are obtained at wave-
lengths of 400 to 800 nm. It was shown that the error
caused by misreading dy can be reduced by using a SOW
with a larger n),. As a result, the amount of fluctuation
of n; can be reduced.
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A double tubed coaxial Tine type MPGVD (Microwave Plasma Chemical Vapor Deposition) system
with aJongitudinal magnetic ekl has boen developed for high quakity SiN o deposition. e depasition
rate of the film was increased becuse of the confinementand the enhanocment.of the mic row:ive plisma
due (o the clectrical and magoctic interaction. The experimental resalts and discassion e reported

L Introduction

SiN films bave boen widely uaed in integeaied
In
order to deposit. high quality SIN lims with «
reasonable deposition rate undoer

circuits as inter kyer insulator, gate insuldor e,

low  substrade
lemperadure acdouble tubed coaxial Tine type MPCGVD
Microwave  Plasma Chemical Vapor -Deposition)
system with o longitudinal magnetc fiekl has boen
doveloped. U1

The plasma density could be inoeased aud
uniforimed by the electrical and magnetic interaction.
The magoetic field confines the plasma jons and
clecbons, depresees their dilfusion from the oenter
part. o the wall of the discharge b, Then a sbong
uniform and stable plasma could be remained during
the deposition me. Therefore the dissociation of the
souree gas Oil Ly and the deposition rate of SiN - ilm
oould be increased oompariog with those parmmeters
without. the magnetc Gekd.

The exparimental system. conditions results and
discussion are reported.
2J8xperiment,

The experimoental systen isshown asin Fig. 1. The
Silly gas was mixed with Ng plasmiacand disaxdiated
on the end of the nner tulxe, The distwoe fom the
end of the dischanye tulxy (o the end of the inner wbe
is defined as 7 The 7z aoukd be -LOFan in our
oxperitent.

A ongitudinadd magnetic eld was applicd on the
microwave plasia by solling s ooif with acurrent ] on
the eylindrical cavily in this systen, A strong, uniform
and stable plasma blow ol into the  deposition
chamber. The high quality SiN film was deposited on
(he substrate. The distanoe between the substrate wid
© the end of the discharge tube was 10 e,

The experimental condlitions e shown ag in
tuble 1

g1
(%""’
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ShoriCircnif fermination  Coil

Fig. 1. Expaimental Apparatus

Table FBxperimental conditions

MICTOWAVE Inpral. poswer AW
microwave relloction power W

Naggas Mux rate 115 mbmin
Sil L Qux rate Himlmin
chamber pressure 34 mtory
current.in theooil IHA
magnetic ux density at the | 022637 Gauss
oenter of the ooil

pasition of the inner tulxe » 10 Fem
temperature o the substrale RT

The plasma parameters like cloctron density
and tlemporature wore measured by asingle probe
The SiN filnr thickness and the deposition: rate were
measured and caleulated by a0 needle thickness
monitor. The liln relinctive index was measured by
an - clliprometer. Other charncteristios ke the
contents of N-H bonds, SidE Donds saind Si-N - bonds
were measired and caleulived by the dnfrared
abrorption goctrum. The danglivg bond deisity was
measwed by the cection spin resonanoe spectirun,
The optical encry gap was measuved by the UV
absorplion groctram.,
Juxperimental results and discussion

I 2 ghows the dependence of the election
density on the magnetic fickl st z=lem. The cheton
density was increased with increasing of e mayznetic
field vapidly from about. GO0 Gauss o about. 10X0
Gauss: bocause ol the and

cleetriend mapgnetic



interaction. The magnetic fickl confined the plasma
ions and electrons, depressaed their diffusion fom the
cenfer part. fo the wall of the discharge tulxe. Then a
strong uniform and stable plasima could be remained
during the deposition time while the magmetic fickl
kept. around 1000 Gauss. The clecton density
salurated when the magnetic liekd was over 1000
Gauss.

Fig.3 Shows the dissociation of the sowoe s
Silli vs. magnetic fickl. 1t s cear that when the
magnelic ficld was kept around 1000 Gauss, the
source gas wis discociated in the confined and
enhanoed plasma much more than that without. the
magnetic ficld. Therefore the SiN il deposition rate
would be much high as shown in Pig 4 in above
mentioned confined and enhanoed plasma,

Al the characteristics of the film deposited in
this new system with the longitudinal magmetic field,
like refractive index ,the contents of N-T honds, Si-1
bonds and Si-N bonds, the dangling bond density and
the optical energy gap did not change much
comparing with those without. the magnetic fickl, But
the deposition rate could be increased much mone,

The further detail is being investigated and will
he reported lnter,
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I the doable tubed coaxial line type nictowave plasma chemical vapor deposition systen o magnetic

ficld adong the gas ow is applicd 1o the plasia and the cffects of

to the plasima is considered.
measurcd by o single probe method.

applying lougitudinal magnetic ficld

The spatial distributions of clectron density in the discharge area arce
ICis determined that vadial distribution of electron density at the

discharge arca is uniform, and the plasma inside of the discharge area extends keeping he density
constant to the vicinity of the place where plasima blows off into the deposition chamber. Therefore,
uniform and stable plasma which is proper for CVD systenis pencrated by applying a magnetic field,

Lo Introduction

In the double ubad coaxial line type microwave
plasma chemical vapor deposition system, i order to
generate (he stable plasma in o wider range of s
pressurc and with various kinds of gases, a magnetic fickd
along the gas How (longitudinal magnetic fickl) is applicd
to the discharge arca, and the elloets of applying
longitudinal - magnetic ficld 1o plasma have  been
considered by a single probe mothod. The plasnn
parameters of Ny plasma have been measwred in the
deposition cliamber and the clfects of applying a magnetic
ficld have been considerad. And it was determined that the
stability of the plasma is improved”! and clectron density
can be increasod by a few times with magnetic ficld over
about 1000Gauss in the vicinity ol the place plasma
blows oflinto the deposition chanmber™™! T this repont, the
spattal distribution of plasna paramcters in the adial il
axial direction in the discharge arca are measiied by the
single probe method and the clicts of applying such a
magnctic ficld arc considered.

2. Expevimen(

Rectangalss Weveguide Mictaweve 2 110
Meta) Steeve \ , l gronneng Sl Ulronbhinge
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Innes Tube - v Vo Vecuun Puny
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ShortCiecuit Fermimtion  Caif 0 (Nanber

Fig. 1. Experimental Apparatus

Figyre 1 shows experimental sctup: The coil s set
up around the:discharge arca; and a magnetic fickl along
the gas flow is applicd Spatial distiibution of clectron

bl

.l

density i the discharge arca is measured by single probe
mcthod and the efitet of applying such a magnetic filed is
considerad. The axial distanee from the end of the
discharge tube is defined as z and the radial distance from
the center axis of (he discharge tube is defined as . The
details of this system was reported in our previous work!"!

‘The experimental conditions are shown in Table 1.
Anexperimental condition in which a good quality of SiN
thin filinyis fabricatod when magnetic fickd is 0Gauss and
Sitdy gas flows in the inner tube is used. Single probe
method is used in the measurement. The probe is a round
plate which is frmm in diameter, 'The sarface of the probe
s st up perpendicularly to the magnetic filed so that the
mfluence of the magnetic fickl on the probe -V
characternistic is minimized. Points of the measurenment are
every Smm between z = -ESmm and 2 = Smim, and at
cachz =04 S

Table L Experimental Condition

Disclanpe Gas Ny

Ny Gas Flow e S0mb/min
Microwave Input Power 150w
Miciowave Reflective Power 45W

Gias Pressure in Clinnber 4 O Toir

Coil Current 0~06A
Magnctic Field (it the center of the coil) 0~ 1986Causs

Position of Tnner Tube P 7= 20mm

J. Result and Discussion

Figure 2 shows the dependence of the election
density on magnetic fickd at z = S is shown that
clectron density increases with increasing magnetic ficld
from:aboul 600Gauss 1o abont 1000Gauss, Because the
dilfusion of the plasma toward the wall of the discharge
tube is depressad, therelore, the decay of the plasma on
the wall are depressed. e clectron density saturates over



about 1000Gauss. Therelore, by applying a maguctic
field over about 1000Gauss, clectron density can be
increased by a few times in the vicinity of the place the
plasima blows off into the deposition chamber, And it can
be said that those plasma is proper for CVD system
because it is possible to fabricate films at a high rale.
Figure 3 and 4 show the dependences of the clectron
density on magnctic fickl at z = 0-10mm. Figure 2, 3 and
4 show electron density under about 600Gauss al z = ) or
Smm are lower than that at z = -]0mm, but over about

1000Gauss those electron densitics are almost the same,

"The reason is as following. At z=-10mm clection density
is high and stable regardicss of magnetic flux density and
docsn't fluctuate so much(as shown in Figd). On the
contrary, at z = Omim electron density is low and unstable,
and fluctuates when magnctic flux density is under about
600Gauss (as shown in Fig.3), and the same tendeney is
shown at z = Smm. Thosc fluctuation arc suppressad by
applying a magnctic fickd,

Figure 5 shows the dependence of clectron density
on r. The saturated value of the clectron density vs.
magnctic ficld arc averaged when magnetic ficld is over
about 1000Gauss. At each z, radial distribution of
electron density is not the shape like as describod as J
Besscl function but the shape like as trapezoid. Because
the discharge is donc by the microwave that propagales
plasma as the fundamental mode of coaxial line. It mcans
uniform plasma in radial direction can be generatod.

The further details including the tendency  of
electron temperature will be reported Jater,
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Separation of Film Surlace Heating Effect and Ton Implanting Effect
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Generally in a plasma CVD mcthod . a substrate table is placed in the discharge plasma and filins are

fabricated under the ion bombardment.

We have studied influcnces of the jon bombardment on a-Si'll

lilms and clarificd that an ion bombardment has a film surface heating cffect and other ceffects (ion

implanting cffect) in filims {1}, Even if the jon bombardment is increascd | it is impossible to discuss

whether film propertics become pood or not. 1 this paper

- the Gl surface heating effect and the ion

tplanting cfleet of the ion bombardment are separately studicd and discussed |

LIntreduction

We have developed the double tubed coaxial fine
type microwave plasma CVD (MPCVD) system (o
deposite a-Si:H films. In this paper | in order to study
the fon implanting clfects on a-Sill films  the
dependence of the [ilm propertics on sheath vollape
(Vsll)

dependence of the (il propertics on the substrale

without  heating  substrate table and  the

femperature (Ts) without the 1on bombardment are
measurced [2]. The dependence of film properlics on
Ts s cquivalent to that on the film swiface heated by
bombardment  effect

the ion By subtracting  the

dependence of  film propertics on Ts from the

dependence of il properties on Vay  the ion
implanting cffeet is left Vience we lry 1o put two axes
together from the two Nigures of the dependence of S

concentration  on Is and  Va,

>

concentration in the film scems o be inllucnced by

only the film  surface heating ceffect In the
dependence of other film propertics | two axes are put
together in the same way and (he film surface ion
bombardment heating cffeet and the jon mplanting
effect have been separated:

2.Experiment

then the  Si

Figure T shows the configuration of the MPCVD
system. The axial distance from the discharge tube
end is defined as z. The substrate table area is 40 cm?
and s placed at z=10 em. Ar gas flow rate is 110
ml/min and Sills gas flow rate is 30 mi/min. When
DC substrate bias voltage (Vae) is varicd from 140 V
to =80V, Var can be controlled from 0 V (o -95 V.
The dependence of Van on Vae has been measured by

smgle probe method. The probe of 0.05 e in

diamcter and 1 emin length s used. The
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Fig 1. Configuration of the MPCVD system



measurement was performed at z=9 cm, In the case
of the film property dependence measurcment on T
Vs is 0V ((namely Vacis +40 V) and Ty is varied
from R.T. to 250 "C.

J.Result and Discussion

The dependence of it concentration on Te (at
Van=0 V)and the dependence of St concentration on
Vi (at Ts=30"C) are shown in Fig.2 In (his figoie
the Si concentration at Vi = 0V and that at T
30 "C must be the same because they are deposited
at the same condition. Becanse the ion miplanting,
dose not change the Si- concentration of the fibm |
considering only the film surface heating effect | we
can adjust the unit of e axis 1o fit the Si
concentration at Ts = 250 "C o that al Vi, = -95 V.
By this way a lincar relationship between Te and Va,
is obtained as following cxpericnee cquation
Te=-2.3158 Vy,1 30

After two axcs are put together i this way |, the

dependence of two other a-Sitl filn propertics on T
and Vi is shown in Fig.3 and Fig 4. The arrows in
Fig.3 and Fig.4 | namcly the difference of two curves
shows the amount of the ion implanting clfeet. The
dependence of Sill concentration on T, and Va1
shown in Fig.3. From the figure the concentration of
Sit bond increases by the jon mplanting cffeet in the
range of Va, -0V because the hydrogen ions
accelerated by Vi are amplanted in film. The
dependence of dangling bond density on T, and Vi is
shown in Figd. From the figure dangling bond
density increascs by the ion implanting cffeet beeause

the Arions arc implanted and cut bonds in film
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In situ Measurement of Change of Ultra Thin Films
in Elapsed Time Using Optical Fiber Sensors

Naganori Takezawa, Nobuyuki Koshiji and Isamu Kato
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Waseda University, 3-4-1 Ohkubo, Shinjuku-ku, Tokyvo 169, Japan

Anin situ weasurement method of change of ultra thin a-Si 11 films with passage of time by leaking

from vacuum to atmospheric air will be shown.

a-SuH filoy with approximately 10 nm in thickuess is
deposited on the core of an optical fiber sensor whose part of the clad is removed.

The film is changed by

oxidation and the oxidation saturates in approximaltely 600 s, The Lirger attenuation of tanslated light
maybe due to the change of defects by rclaxation at the long wanvclengths from 685 o 800 nm is

obscrved,

1. Introduction

In thin film fabrication, the change of the films
Just afler a leak by atmosphicric air was nol measured
when fabrications were finished. The measurement of
the surface oxidation layer of thin films was usually
obtained by exceuting the etching of the surface and
measurcment of the X-ray photoclectron spectroscopy
alternatively afler leaking by atmospheric air and
putting the films out of a fabrication chamber, In this
case, the  film  surface  oxidation  progress
measurcment of change in clapsed time afler the leak
from vacuum to atmospheric air is not completed.

We have studicd a method 1o measure the
dependence of the light transmittance on the film
thickness with depositing films on an optical fiber
whosc part of the clad is removed as a sensor for the
measurement of the optical constants of ultra thin
films deposited with the Plasma CVD. During the
deposition of films in the plasma CVD system, the
transmitied light which gocs through the  sensor
decreases  exponentially  with  periodic  oscillation
corresponding to the increase of film thickness, The
reason is that the clectric ficld strength concentiates
periodically in the film. By removing the oscillation
mathematically, we determined the optical energy
gapl1]. Then, we also determined the refractive index
from the value of the first valley in the oscillation or

the period of the oscillation] 2,31, 1n our new method.

we have been able to measure the optical Crergy gap
of the ultra thin a-Si:l fihn with approximately 20
nm in thickness which is about 1/40 comparing with
what in the conventional method and the refractive

index  of the ultra  thin - a-Sill - film with
approximately 10 nm. in thickness|1.2]. The
sensitivity  of the sensor is  increased  morce by

decreasing the diamcter of (he optical fiber and / or

mereasing the length of the film deposited part.

In this report, using this optical fiber sensor in
a-Sell fabrication, show an in sitn
measurement method of change of ultra thin films
with - passage  of time  just leak
atmospheric air,

the we

after  the of

2. Experimental Setup and the Optical Fiber Sensor
Our experimental setup - the double-tubed
coaxial-line-type microwave plasma CVI)
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system is shown in Fig. 1[d]. As shown in Fig, 1, a-Si-{1
is fabricated from Sil 1y by using Ar plasima flowing fiom
the bottom side of the system.

The optical fiber sensor is sct on the substrate
table in this chamber. The input poit of the optical fiber is
connected with a halogen Famp light source and the output
port is connected with a spectium analyzer. Transmitted
hght 1s measured in about 10 minutes afler the
fabrication.

[pom] 7

Clad ~

o ];(I\Aﬂ'l/‘ T

Core

Fig. 2. Details of the optical fiber sensor

Figure 2 shows the optical fiber sensor structure.
This is a step index type optical fiber with silica core and
polymer clad. The clad is removed for deposition of a-
Stlfilms. The length of the clad removed part is / jmm)|
and its diameter of the corcis ¢ | 1em).

3. Result and Discussion

Using the optical fiber sensor, whose length of
the film deposited part 7 is 100 mm and diameter of
the core ¢ is 110 70w, a-Sitll film with
approximately 10 nm in thickness is fabricated on the
optical fiber sensor. The film change by oxidation is
measured in situ. The period (o take the leak of the
CVD chamber from vacuum 1o atmospheric air is
approximately 20 s,

Figure 3 shows the  change  of  light
transmittance through the optical fiber sensor with
passage of time at wavcelengths of 800, 750, 700 and
685 nm. Fig. 3, that the
transmittance at cvery wavelength decreases afler
leaking the CVD system and it saturates  in
approximately 600 s, It is considered that the film is
changed by oxidation and the oxidation saturates
around 600's. By comparing the rate of the change of
transmittance among, the wavelengths, it is clarvificd

From s clartfied

that the large vate of the change occurs al long
wavelengths. 1t was reported that defeets are changed
by relaxation by the bias light in the region of 0.8 ¢V

<hv <1.8cV for a-Si:ll because of the shift of the
quasi-Fermi-level to the conduction band or an
increase in the  concentration  of  dangling-bond
centers D7[5,6]. The result in this experiment shows
the similar tendency to the dependence of the
absorption cocfficicnt on energy owing to the change
of defeets deseribed in above references. We consider
that the similar phenomena occur by oxidation in the
high cnergy side of the Urback tail region (1.5 eV <
hvy < 1.8 ¢V ) The more specific discussion will
report at the presentation.
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Fig 3 Transmittance change with passage of time.
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Spatial Distribution of Plasma Parameter in N2/Sill4 Plasma

Type Microwave Plasma CVD System
[samu Kato, Member, Tsuyosi Shimoda, Non -Member,

Toshihiro Yamagishi, Non-Member (¥asada University)

in Double Tubed Coaxial Line

Fe have comfirmed the new method of probe measurement in N2/Sill4 plasma. Using this
method, we have measured the spatial distribution of plasma parameters such as electron

temperature Te, electron density ne, plasma space potential Vs

floating potential Vf

and sheath voltage Vs-Vf with varying the gas flow rate of Sill4 in the chamber of the

double tubed coaxial line type microwave plasma CVD (MPCVD) system.

In this paper, we

report the spatial distribution of these plasma parameters in the chamber of this MPCYD
system. And it is cleared that the plasma is very uniform in the chamber.
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Dependence of Plasma Parameters on Electric Potential = -

of Electrode in Microwave Plasma

Isamu Kato, Toru Matsushita, and Makoto Yamashita

School of Science apd Ungineering, Waseda University, Tokyo, Japan 169

SUMMARY

The authors have been studying the double-tubed
coaxinl line-type microwave plasma chemical vapor
deposition (MPCVD). The discharge tube of the present
MPCVD is a dual-tube structure made of a fused quartz
outer discharge tube and stainless steel inner tube. The
authors have discovered that the ion bombardment energy
can be controlled without varying the electron densities
and temperature by changing the potential of the sub-
strate placed in & spatial after-glow plasma. In the pres-
ent research, it is found that the ion bombardment energy
can also be controlled by changing the potential of the
inner tube placed in the discharge plasma. However, the
electron densities and temperature have exhibited a ten-
dency different from the one when the substrate potential
is varied. Hence, a theoretical calculation has been car-
ried out on the electron densities and temperature based
on Maxwell-Boltzmann_distribution. Tt is found that a
different tendency can be explained from the fact that the
electrons successively vanish on the deposition chamber
wall from the higher-energy side as the plasma spatial
potential is reduced from about 13 V 1o 4 V so that the
electron velocity distribution is modified.

Key words: Substrate potential; inner tube poten-

tial; ion collision; plasma parameters; Maxwell-Boltz-

mann distribution,
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I. Inftroduction

Hydrogenized amorphous silicon (a-Si:H) films are
used as the electronic and photonic materials for thin-film
transislors and solar cells. The plasma chemical vapor
deposition (CVD) method often is used for fabrication of
the n-Si:H film since the method can be used for a large
surface area and is a low-temperature_process. Although
it is necessary to control the plasma in order to control
the film quality, few studies on {he plasma have been
carried out, In the plasma CVD, the problem on the ion
collision cannol be considered separately. We have devel-
oped a double-tube coaxial-line-lype microwave plasma
CVD (MPCVD) with which the film can be grown in a
spatial after-glow plasma with less ion bombardments by
trapping the discharge plasma in a specified region. They
have been engaged in research on the ion bombardments
[ t-5]. In these studies, we have discovered that the ion
bombardment eénergy can be controlled without changing
the ion flux densily incident on the substrate if the dc
bias voltage applied to the substrate placed in the spalial
after-glow plasma is varied [1].

In the present research, the plasma paramelers are
measured by varying the potential of the stainless inner
tube placed in the discharge plasma in the MPCVD
apparatus (o find out if the ion bombardment energy can
be controlled in'the same way as varying the potential of
the substrate placed in the spatial after-glow plasma. As

ISSNB8756-663X/96/0005-0058
© 1996 Scripta Technica, Inc.
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Fig. 1. Schematic diagram of experimental system.

a result, it is found that the ion bombardment energy can
be controlled when the inner tube. potential is varied.
However, there is different tendency in the plasma
parameters if the substrate potentinl is varied or if the
inner tube potential is varied. Therefore, a theoretical
study is carried out to find the reason for the difference.

2. Experiment

Figure 1 shows the schematic of the MPCVD
equipment used in the experiment. The discharge section
of the equipment is a dual-tube configuration made of a
fused quartz outer discharge tube and a stainless inner
tube. Ar gas flows in the outer discharge tube while Sit,
gas flows in the inner tube. The microwave at 2.45 GHz
generated in a magnetron propagating in a rectangular
waveguide is led to the metallic cylindrical cavity. In the
cavily region, Ar gas is discharged by the microwave
power. SiH, gas is guided to the end of the discharge
tube by the stainless inner tube and is mixed with Ar
plasma where it collides with the particles of Ar plasma
and is dissociated. In the present MPCVD equipment, the
microwave power is confined within the cavity. Within
the deposition chamber, a spatial after-glow plasma, in
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which no microwave power is injected, is formed by the
flow and diffusion. For the details of the present equip-
ment, the readers are referred to [2], [3], and [4]. We
have been carrying out research by changing the sub-
strate potential with the inner tube and the deposition
chamber wall grounded [1]. In the present research,
however, the substrate and the deposition chamber wall
are grounded and the inner tube potential is varied. Here,
the inner tube potential is V, . the substrate potential is
V. the current flowing in the inner tube is L the
current in the substrate is Iwb, and the distance along the
axial direction from the end of the discharge tube is z
(sce Fig. 1).

The experimental conditions are described below.
The microwave power is 150 W, The substrate is placed
atz=10cm. If V, exceeds 140 V, the glowing condi-
tion in the spatial after-glow plasma changes. Therefore,
the dc discharge occurs between the inner tube #nd the
deposition chamber wall and the power is injected into
the plasma. Further, when Vinn €xceeds =30 V, the inner
tube is sputtered by Ar ions and the metal atoms ejected
from the stainless inner wall attach to the discharge tube
so that the condition of the microwave discharge chang-
es. Hence, in this research, Vi Was varied in the range
between ~30 V and +40 V where no dc discharge occurs
and the inner tube is not sputtered. Then Vip was O V.
By means of the single-probe method, the measurement
of the plasma parameters was carried out in the pure Ar
plasma (Ar gas flow: 110 ml/min) and in the AR/SiH,
plasma under the conditions identical to the time of
fubrication of the a-Si:H film (Ar gas flow: 110 ml/min,
Si, gas flow: 30 ml/min). A cylindrical probe with a
diameter of 0.05 cm and a length of 0.3 cm was used.
The measurement was carried out at the locations of 7 =
3,5, 7, and 9 along the center axis of the deposition

chamber.

The probe measurement in Ar/Sill, plasma which
is a reactive plasma cannot be carried out in a usual way
because a film deposits on the surface of the probe. We

. have established the probe measurement method that can

also be carried out in Ar/SiH, plasma [5]. In the present
research, this method is used for measurement in Ar/
Sill, plasma.

In this paper, the V_, dependence of the electron
density, electron temperature, plasma spatial potential,
and I, was measured again in order to test repeatabili-
ty. The results agreed well with those reported earlier.
Also, the V_ . dependence of I, was not measured

previously but was measured here for the first time.
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3. Results and Discussions

Figure 2 shows the V.. dependence and Vi, de-
pendence of I, . The electron current is taken posilive.
From the figure, it is found that 1, changes little in the
negalive region of a varying V. and that it decreases
rupidly in the positive region of V, . The reason why
1,1y does not change in the negative region of Vb
the sheath voltage of the nner tube surface does not
change: ‘The reason why I . decreases rupidly in the
positive region: of V.6 is that the sheath voltage of the
inner tube surface increases rupidly. On the other hand,
when V. is varied, L, increases rapidly and then is
saturated . for an increasing Vi The reason why I,
increases rapidly is' that the sheath voltage of the inner
tube surface decreases rapidly and L., is saturated be-
cause the variation of the sheath voltage of the inner tube

surface decreases. From the figure,

is that

it is found that the

Vi dependence and the Viun dependence of I, are
almost symmetric.
Next, let us discuss the reason why I, increases

in both cases us Sitl, gas is mixed. First, it is clear from
the schemaltic of the equipment in Fig. | that the surface
area of the inner tube is smaller than those of the inne¢
wall of the deposition chumber and of the substrate table,
The gas flow is upward in Fig. 1 as is the Ar plasma,
When Sill, gas is mixed, Ar jons are used for the disso-
ciation of Sill, and are decreased due (o the charged
transfer. As a result, the silan ions and hydrogen ions are
increased. These ions, which nre lighter in weight than
the Ar ions, are carried upward by the gas flow and. at
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the same time are more likely to reach the inner wall of
the deposition chamber and the substrate table by diffu-
sion. Hence, the jon current in the inner tube is de-
creased while I, increases. However, if Vipn is varied
to exceed about 15V, the results with a mixed Sill, gas
coincide with those without it. This is because the jon
current decreases so that the electron current is domi-
nant, which does not depend on the type of ions.

Figure 3 shows (he Vet dcpcn(\!ence and the vV,
dependence of L, Similar to the case in Fig. 2, the
electron current s positive in Fig. 3. As Viup IS in-
creased, IJ_“,, Increases slowly for Vmb of less than ~10
V while it incresses rapidly in the region between -10 V
and 20 V and then ig saturated. On the other hand, when
Vin 18 increased I,; decreases rapidly and then is con-
stant. From the figure, it is found that the V..s depen-

dence and the th

dependence of L, are almost sym-
melric:

From Figs. 2 and 3, it is found that the ion bom-
bardment energy can be controlled by varying the inner
tube potential (Vi) as well as by that of the substrate
polential (V). ‘

Next, the resuits of the probe medsurement are

shown. Figure 4 depicts the V,up dependence and the Vin

dependence of the plasma spatial potential (Vatz=3

cm. When Viup 18 increased, V, increases slightly in the

negative region of Viup 80d increases rapidly in the
positive region: of Viup- On the other hand, V, increases
rapidly if Vian 18 increased. Similar results are obtained

at other measurement locations,
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When V_, is negative, the decreasing gradient of

V; becomes smaller and the decrease is only up to about
13 V. On the other hand, if Vi I8 negative, V, continues
decreasing up to sbout 4 V. This is because the inner
tube is placed in the discharge plasma with high electron
density and temperature so that V, - affects V, strongly,
whereas the substrate is in the spatial after-glow plasma
in which the electron density and temperature are low.

The sheath voltage (Vin, sup) on the surface of the
substrate can be oblained by taking the difference be-
tween V_and V. at the edge of the sheath. Since the
sheath thickness is several millimeters, it is necessary to
carry oul the measurement at a location several millime-
ters from the substrate. However, since the gradient of
V, in the z direction is small, the value of Vo at the
sheath edge can be approximated by the value of Voatz
=9 cm [1]. Hence, by taking the dilference between v,
and V_ , at z=9 cm, Vo, sup 18 derived. Figure 5 shows
the results. Since Ve is 0V, the Viun
Veh, sup is identical to the V,  dependence of V.. From
the figure, it is found that Vin, sup decreases as Vs
increased. This result indicates that the ion bombardment
energy decreases as V, , is increased. On the other hand,
Ven, sup decreases as V, - is decreased. This result indi-
cates that the ion bombardment energy decreases as Vi
is decreased..From the above results, itis found that the
ion bombardment energy can be controlled by changing
Vv,

inn:

dependence of

The ion bombardment energy can be reduced to
about 3 eV when Vi is =30 V. When Vi 15 40V,
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the ion bombardment energy can be reduced to about 3
eV. However, the electric field that can repel the ions

cannot be formed by varying Viub OF Vi

Figure 6 shows the Vs dependence and the Vien

dependence of the electron density (ny)atz=13cm. It
is found from the figure that n,, does not change with

Vs On the other hand, if Vi is varied, n_, increases

slightly as 'V, approaches 0 V from a negative value.
There is no change for a positive Vipn- Similar results are
obtained at other measurement locations.
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Figure 7 shows the V,,, dependence and the Vin
dependence of the electron temperature (T)atz=3cm.
From the figure, it is found that T, does not change as
V..p i8 varied. On the other hand, if Viun 18 varied, T,
increases as V,  approaches 0 V from a negative value.
No change is observed for & positive value of Vipn- The
resulls are similar at other measurement locations.

It is found also from the figure that T. of Ar/Sill,
plasina is lower than T, of the pure Ar plasma. This is
due to the increases of nonelastic collision, the dissocia-
tion of SiH, because Ar/SiH, plasma is generated mixing
Ar plasma with Sill; [5].

In the foregoing, it became clear that the potential
(V,,.,,) of the electrode in the discharge plasma and the
potential (V) of the electrode in the spatial after-glow
plasma have similar effects on V.. On the other hand, it
was found experimentally that » o and T, do not change
when V. is varied while they decrease as Vi 18
increased in the negative direction in the negalive region,
The reason for the different tendencies will be discussed.

The velocity distribution of the electrons is, in
general, Maxwell-Boltzmann:

‘ e 2
nelv)=4 lrlleo( Z/.;Z,g[e) Uz exp( . f;.)/!(%’:) M

where k is Boltzmann's constant, m_.is the electron mass,
T, is the electron temperature, v is the electron velocity,
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B is the total electron density, and n(v) is the density
of the electrons with a velocity of v. Since

l 2/
5 Ml = el @)

Eq. (1) becomes

nme \"el/ eV

ne V)=l 5 1 )2V ex i) o
where e is the elementary change and V is the voltage. If
the sheath voltage or V, of the wall surface of the deposi-
tion chamber is sufficiently large, most of the electrons
are repelled back at the wall. As V, is decreased,
the electrons following Maxwell-Boltzmann distribution
reach the wall of the deposition chainber successively in
the order of higher-electron energy and vanish by recom-
bination with jons at the wall surface.

The solid line in Fig. 8 is the velocity distribution
of the electrons obtained by substitution of the experi-
mental data of n_and T, to Eq. (3) when V, is suffi-
ciently large (Vign > 0). The values at z =3 cm were
used as the experimental data. Next, when V, is de-
creased and is V., in the figure, the electrons with kinetic
energy of less than eV, are repelled by the sheath volt-
age whereas other electrons with a larger kinetic energy
can be separated from the sheath voltage and vanish at
the wall of the deposition chamber. Hence, the electron
density n’_ when Vyis ¥V, is the integration of the
hatched region in Fig. 8 and is given by
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Vst
o= f nl( V)V @

The electron group with the distribution of the
hatched region in Fig. 8 is diffused while colliding with
other particles and then becomes another Maxwell-Boltz-
mann distribution indicated by the dotted line in Fig. 8.
Let T, be the electron temperature of the redistribution.
Then, n(V)' is given by

| e Y eV (_cV>
(V) ~-87men< Tk T ) or. EX\ )

Then, the energy of the total electrons in the plasma is
preserved. Hence,

Ve o=
/,, n{Vd)eV (IV:_K n{VYyeV dV (6)

holds. By solving Eq. (5) and Eq. (6) simultaneously, T,
can be obtained as a first-order approximation.

Figure 9 shows the comparison of the electron
density derived from Eq. (4) with the experimental data.
On the other hand, Fig. 10 shows the electron tempera-
ture derived by solving Eq. (5) and Eq. (6) simultaneous-
ly, compared with the experimental data. In both figures,
it is found that the experimental findings that n and T,
become small if V, is small (V,,, < 0) can be explained

by the theory described above.
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In Figs. 9 and 10, the numerical and experimental
results have the identical tendencies that n,, and T, de-
crease as V, is decreased. The results of the theoretical
calculations indicate that the reduction is larger. The
reaction described above takes place only at the wall
surface of the deposition chamber but not in the entire
space of the deposition chamber. In the theoretical calcu-
lations, however, the calculation was under the assump-
tion that the high-energy electrons in the entire space
arrive at the wall of the deposition chamber where it then
vanishes. Therefore, the numerical results are smaller
than the experimental results. From the above resulls,
when V,, is varied, there is little change in n g and T,.
This is because V, decreases only up to about 13 V with
a negative value of V_, (as shown in Fig. 4) and the
extinction of the electrons at the wall of the deposition
chamber is negligible so that the velocity distribution of
the electrons does not change. On the other hand, if V,
is varied, n_, and T, vary. This is because V, decreases
to about 4 V as V, _is negative (as shown in Fig. 4) and
the electrous on the higher-energy side vanish by a large
amount so that the electron densily decreases and the
electron temperature is reduced.

4. Conclusions

In a double-tubed coaxial-line microwave plasma
CVD system, the plasma paramelers were measured

while the substrate potential (V,,,) and the inner tube

Hu



potential (V) are varied. The following results can be

reported.

(1) The plasma spatial potential (V,) increases
slightly as V_, is increased with a negative value and
increases suddenly when V, , is positive. When Vi 15
increased, V_ increases rapidly. When Viup is varied in
the negative region, V, decreases only to about 13 V. If
Vinn i6 varied in the negative region, V, decreases to
about 4 V. ‘

(2) When V_, is increased, the ion bombardment
energy can be reduced. When Vi 18 decreased, the ion
bombardment energy can be reduced.

(3) When V,, is varied, the electron density (n,,)
and the electron temperature (T.) do not change. If Vin
is increased in the negative direction, n__ and T,
decrease. k

0

(4) The variations of n_ and T, in item (3) can be
explained from the fact that, if V, is decreased, the elec-
tron density decreases due to extinction of the electrons
with higher energy. in Maxwell-Boltzmann distribution
successively on the wall of the deposition chamber so
that the average energy of the total electrons in the plas-
ma decreases.

(5). As a method to control the ion bombardment
energy, the one varying the substrate potential generally
is used. When the substrate is grounded, or the substrate

kel
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happens to be grounded, the ion bombardment energy
can still be controlled by varying the potential of another
electrode (inner tube) in the microwave plasma.

Vi 15 varied in the fabrication of the a-Si:H film
and in future V, = will be varied in the fabrication for
comparison.
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Measurement ol the oplical energy gap (J5,) using a slab oplical wavegnide (SOW) hias beeu studied. With
increasing hydrogenated aitorphous silicon (a-Si:l1) lilm thickness, transmitlance was found Lo decrease with pe-
riodic oscillation. It has heen clazified that Uie oscillation js cansed by the change of the fickd strength distribution
of a guided mode in a-Si:H according Lo the increase of a-SizH fihn thickness, using the fow=layer structure SOW
simulation. By removing the oscillation due Lo the dependeiice of transmittance ou a-Si:11 Al thickuess, the
influence of the oscillation on the values of J5, can be eliminated. Asa resull) it has been demonstrated that E,
of a-Si:Il with thickness on the order of 1/40 that of samples used in the conventional method can be measured.
IL has been clarified that sullicient absorption to determine F of a-Si:ll ultrathin lms s oblained because the
sensilivity ol the sensor is incrensed Ly changivg the size of the SOW.,

KEYWORDS: interference fringe, ultrathin film, optical energy gap, band gap, slab optical waveguide, a-5i:H

L. Intreduction

‘The optical energy gap (I2,) is used as one of the
factors in the evaluation of semiconductors. I, is ob-
tained from the dependence of transmiltlance on the
wavelength for semiconductor lilms, by ultraviolel-visible
spectroscopy. - In conventional -methods of meastire-
ment; a transmiticd spectrum is obtained by irradiating
ultraviolel-visible light perpendicularly onlo a fil sur-
face. The spectrum is a curve with interference fringes
due to mulliple refleclion between boundaries of the
semiconductor. Lhe [ringes arc removed by inlerpolal-
ing a curve which goes through the cenler of Lhe fringes.
Using the resultant spectrum without fringes, I2, is ob-
lained using an expression in which [7, is proportional Lo
the square root of the absorption cocflicient.”? [n these
methods, when films are sulliciently thick, it is casy to
determine the curve which goes through the center of
the fringes because there are many fringes and their am-
plitude is small. Absorplion by the semiconductor is
high, so thal crror in the determination of I, is low.
On the other hand, when lilms are Lhin, it is diflicult.
to determine the curve which goes through the center of
the [ringes because there are few [tinges and their ampli-
tude is high. The absorption is also low. Conscquently,
error in the determination of [Z, Lecomes appreciable.
Thereflore, the conventional methods require thick scmi-
conductor films of approximately 1 pum.®

We have developed a measurement. method for I, of
ultrathin hydrogenated amorphous silicon (a-Si:11) semi-
conductor film, using an optical fiber where the clad of a
middle seclion is removed.” In this method, the o-Si:ll
filin is deposited on the core of the optical fiber section
without the clad. In this region, sonie of the guided Jight
is absorbed by lhe a-S:I film. 1t has been found that
cven il the semiconductor film is thin, absorption sufli-
cient to determine 5, can be obtained by increasing the
length of the part from which the clad is removed (the
bare part of the core). llowever, a problem that the semi-
conductor film is deposited nonuniformly on the core of
the optical iber arises in this method.

N

[}

Based on the above, we devised a new measurement.
melhod in which a'staly optical waveguide (SOW) is used
as a sensor inslead of the clad-removed optical fiber. By
deposiling - the semiconducltor only on the surface of the
SOW sensor, the problem of nonuniform deposition of
semiconductor film is overcome.

First, the experimental results show thal with increas-
ing a-Si:ll il thickness, transmillance decreases with
oscillation. T'his phenomenon is analyzed by simulation
ol the Tour-layer structure SOW of air, a-Si:ll, optical
wavepuide and air. The absorplion coeflicient of the four-
Jayer SOW was found to peak periodically since the alee-
tric ficld strenglh distribution of a guided mode around
the a-Sidl Jayer becotes maximum according to the a-
Si:It filin thickness.

Nexl, two curves, one of which is an exponential curve
which goes through each maximum oscillation in the de-
pendence of transmillance on the deposited a-Si:11 filin
thickness and the other of which is an exponcential curve
which goes through each minimum, are determined in or-
der Lo remove the oscillation. The method for obtaining
the exponential funclion withoul the oscillation, which
is Lhe arithmetic mean of the above two curves and goos
through the point al which transmitlance is 1 with de-
posited film thickness of Oum, is described. Using Lhis
method, 7, of ultrathin films can be determined in a
range ol thickness which could not be measured by con-
ventional methods.

Finally, the dependences of 12, on the width of Lhe part,
on which the a-Si:I1 film is deposited, the length, and the
thickness of thie oplical wavegnide are discussed basced on
resulls of experiments in which cach of the parameclors
ol the SOW scusor are changed.

2. Experimental Conditions and the SOW Sensor

Figurc 1 shows our experimental setup. The chan-
ber of the microwave plasma chemical vapor deposition
(MPCVD) system is shown. a-Si:ll is [abricated using
Ar and Sill, plasma flowing [rom the left-hand side of
the system. The SOW sensor is set at the position of the
subslrale Lo be fabricated in this chamber. Guided white
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Fig. 2. Details of the slab oplical waveguide (SOW) sensor.

light is irradiated, and daring the deposition, absorption
spectra which change continuously are measured.

Figure 2 shows the SOW sensor. The material of SOW
is bisphenol Z polycarbonate (PCZ).» The width of the
part of the SOW sensor on which film is deposited is
defined as wmm, its length is defined as [mm, and the
thickness of SOW is defined as ¢ jam. The step index op-
lical fibers with the 400 jum silica core and the polymer
clad are attached Lo the two ends of the SOW sensor to
guide input and output beams. An acrylic resin hoard
is used as the back board to prevent. deposition of semni-
conductor films onto the back of SOW. The color of the
board is black in order to reduce the amount of stray
light guided through the board. Although this is not
shown in Fig. 2, the joinls between SOW and oplical
fibers, and the two remaining sides of SOW are covered
with foil to prevent deposition of semiconductor films. A
balogen lamp is used as a light source.

3. Experiment

To fabricate a-Si:I1, the double-tubed coaxial-line-type
MPCVD system has been used . ® In the chamber, the in-
tensity of the ultraviolet-visible spectrum from 500 to
800 nm through the optical waveguide system is first
measured belore the semiconductor is deposited on the

SOW sensor. Sccond, a-Si:ll film is fabricated on the

SOW sensor.  The intensities of the ultraviolet-visible
spectrum arce measured at fixed time intervals. During
the measurement, the film thickness does not change, be-
cause Lhe inlensity is measured quickly at approximately
0.5s per scan while the deposilion rate of a-Si:I] is very
low at approximalely 0.05nm/s. Third, transmitlance
spectra are obtained from the ratio of the spectrum in-
tensity before the deposition to those measured for each
film thickness. Finally, from the transmillance spectra,
the dependence of (awhv)'/? (where « is the absorplion

N. TakkEzawa and 1. Karo 2827

Transmittance

a-Si:H Film Thickness [nm]

I'ig. 3.
. C g .
o cxperimiental values; upper broken line 7,: upper transinit-
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coellicient, h is Planck’s constant and v is [requency)
is obtained.” Then, I, is determined from the linearity
part of the curve which is expressed as

(chi)? = B(he — ), (1)

where I3 is a constant.

The thickness of the a-Si:ll film on the SOW sensor
is determined in the following manner. At the time of
fabrication, a glass substrale and crystal-oscillation-type
thickness monitor are placed close to the SOW sensor.
During the fabrication, the a-Si:I1 film thickness is mea-
sured, and the change of the deposition rate is recorded.
After the fabrication, the aSi:Al film thickness on the
glass substrate is measured with a needle-tactual-type
thickness meter. The resulls measured using the thick-
ness monitor are correcled relative to the a-Si:ll filin
thickness on the glass substrate, Then, the film thick-
ness al cach measurement of the transmittance spectrum
is delermined.

4. Oscillation in the Dependence of Transmittance on
the Film Thickness

An example of the measured result is shown in Fig. 3.
‘The plot of the experimental values {®) reveals the depen-
dence of transmittance on the a-Si:IT film thickness ob-
tained using the SOW sensor with { = 50 mm, ¢t = 78 jun
and w = 0.8 mm al the wavelength of 632.8 nm. In IMig. 3,
with increasing a-Si:1I filn thickness, transmittance de-
creases exponentially with oscillation.

The reason for the oscillation is investigated in terms
of the dependence of field strength distribution near a-
Si:IT on the film thickness, by the SOW simulation in the
TIS guided mode. Figure 4 shows the profile of the four-
layer structure of SOW of air, a-Si:1I, optical waveguide
and air. The effective complex refractive index and field
strength distribution are obtained from soliitions of an
cigenvalue cquation for a transversely guided mode.®
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The complex refractive index of SOW n, and complex
reflractive index of e-Si:ll m; used in the simulation are
obtained in the [ollowing manner.

First, ultraviolet-visible spectra of two SOW [films
whiclr have different thicknesses are measured. A reflec-
tion cocllicient, and absorption cocllicient are calculated
using

Ty =Tyexp(—auty) (i=1or2) (2)

(L= R)? =1, (3)

where 1 is the transmittance of each SOW film, ¢ is the
sample number, Ty is the transmittance when absorp-
tion of SOW is 0, w,, is the absorption coclficient, {; is
the thickness of each SOW [ilin and I is the reflection
coellicient. The multiple reflection is neglected in the
approximalion here.

The real part of n,, is obtlained using

R=(n, — 1)?/(, + 1), (1)

where ny, is the real part of n,,, and the relractive index
of air is 1.
‘Lhe imaginary part of n,, is obtained using

o= A2 oy, (5)

where 2, is the imaginary part of n,, and A is wave-
length.

"Ihe real part of n, is measured using an cllipsome-
ter. The imaginary part of n, is obtained using cq. (5),
similarly to nl.

M., obtained in the above manner, is 1.62 — j2.09 x
107%, and n, is 2.90 — j0.07.

We next studied the dependence of the absorption co-
cllicient on the a-Si:II film thickness, obtained from the
imaginary part of the ellective complex reflractive index
of the lour-layer structurc SOW.

When the @-Si:II film thickness d is 0 nm, we observe
the TE; mode. The dependence of the absorption co-
ellicient of the four-layer structure SOW on the a-Si:ll
film thickness when the thickness of SOW ( is constant
at 95 pm, is shown in Fig. 5. The absorption coellicient
reaches a peak when the a-Si:ll thickness d is around
20mm, 150 nm.and. 280 nm with a period: of approxi-
malely 130 nm.

Considering the results described above, we examine
the electric field strength distributions observed al the
a-3i:1l film. thicknesses :d-of around 20nm and around
150 nm.

N. TAkEzawAa and 1. KAT0

208

T
'

Absorption Coefficient [1/m]

207

1 J
200 300
Film Thickness [nm]
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Fig. 6. Field strength distributions of 'I'F, mode obtained by the

SOW simulation. d = 0, 15, 20 and 30nm.

‘The ficld strength distributions throughout the entire
optical waveguide at d of 0, 15, 20 and 30 nm are shown
in I'ig. 6. T'he line = 0 un corresponds to the boundary
between the a-Si:H layer and the optical waveguide layer
in Fig. 4. In Iig. 6, although the direction of the electric
field is reversed between d = 15 nm and 20 nm, the ficld
distributions scem Lo be in the TE, mode throughout the
entire waveguide including the o-Si:ll layer. The details
of the field distributions around z = 0 pumn for d = 0, 15,
19 and 20nm arc shown in Fig. 7. d increases in ihe
positive direction along the x axis, and the boundary
belween air and a-Si:Il is shown as the dashed line. The
field distribution is in the TE, mode up to d = 19 nm
according to both Figs..6 and 7. For d = 20nm, the
dircction of the clectric field is reversed in Fig. 6, but
not in Fig. 7. The number of antinodes of the electric
field increases in Fig. 7.

The expanded view of the ficld distributions for thicker
a-Si:ll Tayers with d = 130, 140, 150 and 160 nm is shown
in Fig. 8. A new antinode of the clectric field is observed
between d = 140 nin and d = 150 nm. ITere, the clectric
field in the a-Si:1I layer becomes maximum. Therefore,

oT
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130, 140, 150 and

in Fig. 5, the antinodes of the clectric ficld in the a-
Si:dl layer are generated with a period of approximaltely
130 nm at approximately d = 20, 150, and 280nm, al
which the clectric ficld in the «-Sizll layer bhecomes max-
imum. Because the absorplion cocllicient of a-Si:ll is
very large compared with that of the optical waveguide,
thie absorption must be Jarge when amplitude of the ficld
in the a-Si:I1 is bigh. From Figs. 7 and 8, as the ampli-
tude of the field in the a-Si:Il becomes high at d = 19 nm
and d = 150 nm, the absorptlion of the four-laycr SOW
shows peaks.

When d is O0nm, we obscrve the TE, mode, and inves-
Ligation in the same manner as described above reveals
the same lendency. It has been confirmed that the ab-
sorption coellicient reaches a peak at almost the same
thicknesses as shown in Fig. 5 as the «-Si:ll film thick-
ness increasces.

The slab waveguide simulation of the four-layer struc-
ture clarified the following. As the «Si:l {ilm thickness
increascs from 0nm, the ficld strenglh distribution in the
a-Si:1l film changes to the mode which has antinodes of
the clectric field. With cach increase of the number of
antinodes, the field strength distribution in the a-Si:ll
layer shows a maximum. As a resull, oscillation occurs
in the dependence of transmitiance on the «-Si1 film
thickness, as shown in Fig. 3, because the absorption
coeflicient of the entire oplical waveguide becomes max-

N Taxkezawa and 1. Kato
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imum periodically.
5. Method for Removing the Oscillation of Transmit-

{Lance

The dependence of transmittance on the «-Si:I1 filin
thickness at cach wavelength shows almost the same ten-
dency as in IMig. 3.

The curve from which the oscillation in the depen-
dence of transmittance on the deposited film thickness
was removed al a certain wavelength goes through the
point ol lransmittance of 1 al the thickness of 0nm,
(d, ") = (0, 1), and is expressed as an exponential func-
tion with absorption coecllicient «. T'here is light which
passes through the optical waveguide without interact-
ing with the deposited film, in addition to light which is
absorbed into the deposited film on the optical waveg-
uide in this measurement method. The ratio of light
which: passcs through the optical waveguide to the total
amount of light is defined as the constant Cy, and the
ratio of light which is absorbed into the deposited film is
defined as the constant Cy. In Fig. 3, even if d becomes
infinite, the transmittance approaches the constant C,
asymplotically instead of approaching 0. Therefore, in
owr measurement method; the transmittance 1 is given
by the expression below when the oscillation is removed.

T = C, -+ Cyexp(—ad). (6)
IFrom ey. (6), when d = 0,
Ci4Cy =1 (7)

The function T, which goes through the maxima of
the oscillation and function. 1} which goes through the
minima are expressed as

T, = Ch, A Cyyexp(—a,d) (8)
1= Oyt Cyexp(—ond). (9)
The relationship among 10, and 1} is delined as
1= (1, 1) /2. (10)
Substituting cgs. (8) and (9) into eq. (10} yields,
Cy + Cyexp(—ad) = {C), + Cy - Cyu exp(—a,d)
+Cy exp(—aqd)} /2. (11)
For eq. (11) to hold for every d,
o=, = oo, (12)
From eqgs. (6), (8), (9), (10) and (12),
C"l == (C"lu ‘ C”H)/Z
Cy = (Cy Czl)/z-
From cys. (7), (13) and (14),

(13)
(1)

Cy 1 Cy = (Chy L Gl Gy - C) /2 = 1. (15)

Substituling the maxima (T, dy), (142, da) and the
minima (1}, d,), (12, d3) into eqs. (8) and (9), applying
eq. (12), Cy,, Ch, Cy, and Cy arce given as functions
ol e alone. Substituting C,,, C,, C,, and Cy obtained
above inlo cq. (15), the function wherein the 1 on the
crighit-hand side is transposed Lo the other side is defined

bd
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as f(er). Therelore,

Sla) =0. (16)

The values of the maxima and minima are oblained
from the experimental values in Pig. 3. "T'he values of
C,,, and Cy; are also estimaled roughly from the same
igure. Substiluling these values inlo e, (8), the approx-
imate valuc of o, is delermined. On calculating f{o) by
varying o, it becomes clear that there is only one value
of @ which satisfics eq. (16) in the range of o above 0
and below the value of two orders larger than . Then,
using the Newton-Raphson method for e (16) with o,
as the initial value, the value of @ is obtained. 7,7,
and 73 are determined using the value of a, and are also
shown in Fig. 3. The values of Cy - Cq, Oy -+ Oy and
Cou + Cy when d = 0, obtained from egs. (6), (8) and
(9), and using cq. (12), arc also shown in Fig. 3. It is
clear that T, passcs through each maximum of the expoer-
imental values (o) and 1} passcs through cach minimum.
Furthermore, it is clear thal 7" almost passes through the
middle of the experimental values {(*). The same proce-
dure Lo remove the oscillation is used al cach wavelength,
Figure 9 shows the experimental valices (®) of the depen-
dence of transmittance on. Lhe wavelength at the ¢-Si:ll
film thickuess of 203.7 um. The dependence of transmit-
tance on the wavelength oblained [rom T, 7, and 1} at
cach wavelength is also shown in the same figure (o is 1,
upper ¢ is T, and lower o is T1). From Fig. 9, it is clear
that even if the abscissa is converted Lo wavelength the
curves obtained from 7, and 7; go through the maxima
and minima of the experimental values (o). The wave-
length of 632.8 nm taken from Fig. 3 is also shown as the
dashed line in Fig. 9.

Next, Fig. 10 shows the same data, with ordinate of
(ahv)'? and abscissa of hv, travslated from the expor-
imental values () and o plots in Fig. 9. 17, is obtlained
by extrapolating the straight line represented by eq. {1
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Fig. 9. Dependence of transmittdnce on wavelength, & from ox-
perimental values; o: transmillance without oscillation; wpper o:
upper transmittance. Ty lower.o: lower transmittance 1. The
data at the wavelength of 632.8 i taken from Fig. 3 ave also
shown as the dashed line.
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6. Dependence of I2, on the Filin Thickness

Next, the dependence of I, on the a-Si:ll Lilm thick-
ness, oblained using the SOW sensor, is shown in Fig. 11.
The values with the transmiltance oscillation removed
(), as well as those without removal of the Lransmit.-
tance oscillation (A) for comparison are shown. From
Fig. 11, il is clear thal L2, is inftuenced significantly by
the transmiltance oscillalion, and the errors in A plots
arc marked. On the other hand, it is clgar thal IZ, ap-
proaches a constanl value when the a-Si:Il film thickness
is more than approximaltely 65 nm because the crrors be-

come small when the oscillation is removed. The value of
IZ, is approximately 1.8 ¢V which agrees with the value
measured by the conventional method® for an a-Si:11 il
on the order of 1 um thick.

Alter removing the influence of the transmillance 0S8~
cillation, the increase of 17, with a-Si:Il thickness less
than 65nm in o plots of Fig. 11 shows that absorption
sullicient for determining 12, cannol be oblained in Uhis
range of film thickness.

O ...... e A NUU U | RN S VST WO WO S

oo 2
hvlev

Fig. 10, (evhi)'/? versus photon energy s translated from the
plots in Fig, 9. e from experimental values; o: from trans.
mittance without oscillation; dashed line: fitting straight line of

cq. {1).
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Fig. 1. Dependence of Iry on the a-Si:ll il thickness. o: with
the procedure to remave the oscillation and ‘A without the pro-
cedure Lo reniove the oscillation:
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7. Characteristics of IZ, in Case of Changing Lhe Di-
mensions of the SOW Sensor

We change the width and lengih of the SOW scclion
on which filim is deposited and the thickness of SOW,
and investigate the dependence of f5, on Lhe o-SiH fihn
thickness.

7.1 Width of the SOW section with deposibed Jilm

The dependence of [9, on the oSzl fihm thickness
{or various, widths of the SOW scection wilth «-Si:ll hilin
deposition w is shown in Fig. 12, 1t is clear that [o, takes
the same constanl value al almost the same thickness
when the width is L and 5 mm. Therefore, il is clear
that the sensitivity of the sensor is nol influcnced il the
range of w varialion is small.

7.2 - Length of the SOW section with deposiled film
The dependence ol 19, on Lhe a-Si:ll film thickness for
various lenglhs of the SOW scection with a-Sizl filna de-
position L is shown in Fig. 13, AL T = [00mm, [, takes
a constanl value for a-Si:ll lilin thickness d mmore than
approximalely 35 nm. At L= 50mm, I7, takes Lhe same
constant value when d is more than 65mm. Therelore,
it is clear that even if the o-Si:ll filin is extremely Uhin,
It is
considered Lhat sullicient absorption for the delermina-

I, can be determined when [is sulliciently long.

tion ol It is oblained because the inleraction distance
between «-Si:Il and guided light becomes longer when (
becomes longer. Also, iU is clear thal the products of Lthe
minimum values of the Lhickness d needed to delermine
12, and [ in two samples are almost the same.

7.3 Thickness of SOW

The dependence of 14, on the e-Si:l filim thickness for
various thicknesses of SOW (is shown in Mg, 14, At
= 30pm, IV, has a constant value when the a-Sill
film thickness d is more than approximately 20nm. Al
{ = 78 m, I7, has the saume constant value when o is
more than approximately 65 nm. IFrom this result, it is
clear that I, can be delermined when £ s sulliciently
thin, When £ becomes thin, the amount of light which
passes through the oplical waveguide without interact-
ing wilth the o-Si:I1 film decreases (corresponding Lo the

2l-

O

2. .

UOJ 1.8] 3(\ ARy - Ommpy R " .

OSSN NSRS 1R SNSRI R . o
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a-Si:H Film Thickness [nmj

Fig. 12, Depondence of I, on the @S il thickness with vari-
ation of the width of the SOW section wilh il deposition w.
or w = S, L= 100w and { = 90 00; A ow o= Lunn,
U= 1000un and L = 87 0.
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decrease ol Oy in . (6)). Therelore, suflicient absorp-
Lion is oblained to determine 19 hecause the elfective
absorption cocllicient increases.

In our investipation using the conventional method for
v with various Lthicknesses of the deposited fihn, the o
Sitl film thickness is required Lo be more than approx-
toately 750 mm,"Y whereas a filn thickuess of approxi-
mately 20 nm is suflicient. to measure IY, in our method,

In other words, the I5, measurement of a-Si:lT is accom-

»

plished with thickness on the order of [/40 that requirved
in Lhe conventional method.

8. Conclusions

FFor the optical energy gap measurement of a-Si:11 ul-
Lrathin films, we proposed a new method ol using a SOW
as the sensor.

(1) 1t has been shown experimentally that with in-
creasing a-Sidl film thickness, transmiltance decreasces
with periodic oscillation. I was clarificd analylically
that this phenomenon occeurs because the field strength
distribution ol the guided modes at the a-Si:ll layer pe-
riodically bhecomes maximum with increase of the film
deposition thickness, so that the absorplion cocflicient.
ol the gutire waveguide including the a-Si:IT filim exhibits
peaks periodically.

(2) 'The method for removing the oscillation in Lhe
dependence of transmitlance on the o-Stdl film Lhick-
ness has been desceribed, and il has been shown that the

R B e AL

L Y VR S SO S [N P
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a--Sid | FFilm Thickness [run]
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Fig. 13
of the length of the SOW scction with fihn deposition L o:
U= 100mm, L= 87 v and w = Ly A L= 50w, L= 78 um
and 1w = 0.8,

Dependence of 19, on a-SizH il thickness with variation

ey U,
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ol Y 3 PR IO ook
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Ilig. 1. Dependence of 15, on aSi:Hl film Chickuess with varia-
Lion of the thickness of SOW (. o
w2 A nna; A\

U= 30 om, D= A8 mm and
= 78 = 50mm and o= 0.8,
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exponential function which passes Hough the point of
branusmitlance of 1 al the film thickness of 0 n, wilh os-
cillation removed, can be obtained. 11 has been clarified
that the inllucnce of the oscillation in the dependence of
17, on the wavelenglh can he removed, and 10, can be
determined in a range of thin lilms which could ot be
measived previously by convenlional methods,

(3) Lo increasce the seusitivity ol the SOW sensor, we
need only increase the lenglh ol the SOW section with
film deposition { and/or decrease the thickness of the
SOW sensor £ The widlh of the SOW scelion with filin
deposition w is nol related o Lhe sensitivily of Lhe sensor
in the range of width studicd in Lhis work (approximately
from 1 to 5 mm).

(1) I, can be determined for a-Si:l] film Lhicker than
approximalely 20 nm (approximalely 1740 the thickness
required in the conventional melhod) when the SOW sen-
sor (Lhe material is PCZ, Lis 100 jam, Lis 100 mm and w
is 5 mm) is uscd. '

‘This method is an in situ measurciuent method in
which the a-Si:ll film is nol. exposcd Lo air, while in Uhe
convenlional methods air exposure is unavoidable. This

N. VAkEZAWA and 1. KAaro

is an especially important issue for ultrathin fihns whicl,
are casily allectod by oxidation.
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Abstract The maguetic field along the gas How (the longitudinal magnetic field) is applied
to the discharge area in the double tubed coaxial line type microwave plasina chemical vapor
deposition system and the effect of the applied longitudinal magnetic field to pure Ny plasma
is considered as follows. 'I'he probe I-V characteristic is stabilized by applying the magnetic
field over about 1000{Gauss]. When Lhe magnetic flux density is about 1000{Gauss], the electron
tewperature and the electron density increase due to the effect of the electron cyclotron reso-
nance. The effect of the applied longitudinal magnetic field doesn't vary over about 1000{Gauss]
regardless of the maguetic flux density. In the vicinity of the place where plasma blows off into
the deposition chamber, one can increase 1, at z=1.5[ct] by about ten times and can increase
1e at z=0[cn] by about three times. Therefore this plasma is proper for CVD because it is
possible to fabricate filius at high rate.

1. Introduction

In order to generate the stable plasma in a wider range of the gas pressure and with various
kinds of gases, the coil is sct up around the discharge tube of the double tubed coaxial line
type microwave plasma chemical vapor deposition system. The maguetic field along the gas
flow is applied to the discharge area. The plasma paramelers are measured by the single probe
method, and the effects resulted from depression of the diffusion of plasma in the radial direction
are investigated .~ Iy (his report, the plasma parameters in the discharge area have been
measured. And the discharge mechanism is examined in detail.

2. Experiment

In this systemn, the microwave electric field in the discharge area is the fundamental mode
of the coaxial line and ruus parallel with the gas flow, namely, with the applied magnetic
field. Therefore the electron cyclotron resonance (ECR) doesn’t fundamentally occur. The axial
distance from the end of the discharge tube is defined as z and the radial distance from the
center axis of the discharge tube is defined as r. For further detalis of this system, see ref. [2].

The experimental condition is shown in the Table 1. With the Ny gas flow rate 50 [mnl/min],
letting Sill4 gas flow, SiN filins is fabricated. The experiment is wade on pure Ny plasma. The
magaetic flux density (B) is the value at the center of the coil. The single probe method is
applied in the measurement. At z=1.b{cm] in the deposition chamber, a probe of 0.05[cn] in



N,

diameter and 1.0[ciu] in length is used, where the gas flow rate is 30,40 and z5’i)[ml/miu]. At z=0
and -L.5{cm] in the vicinity of the dischiage area, a probe of 0.05{cm] in diameter and 0.1[cm]
in length is used, where the gas flow rate is 50{ml/min). The probe is set up perpendicularly
to the gas flow, namely, Lo the magnetic field in some way like bending the tip of the probe
perpendicularly. It is confivmed that the results of the measurements agree with each other
regardless of the probe length. The end of the inner tube is set up at z=-2.0{cm]. It is the same
position when SiN films are fabricated.

Table 10 Bxpedmental Condition

Microwave lupul, Power 150 (W]
Microwave Reflective Power 45 (W]

Nz Gas Flow Rate 30,40,50 [ml/min]
Gas Pressure in Chanber 2.4,3.2,4.0 [mTorr]
Position of Probe 2=1.5,0,-L.5[cm], r=0{cm]
Coil Current 0~06 [A]
Magnetic Fiux Density (1~ 1986 {Ganss

3. Result and Discussion

First, we consider the resulty of the measurement in the deposition chamber, namely, at
z=L.5[cm]. The dependences of the clectron temperature (15) and the electron density (11¢) on
B are shown in Fig. 1 aud 2.
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Figure 1: Dependence of Eleclron Temperature Figure 2: Dependence of Electron Density
on Magnelic Flux Density on Magnelic Flux Density

With increasing B from 0 to about 600{Gauss], T, decreases and n, keeps constant. The
reason is a8 follows. The diffusion of clectrons toward the wall of the discharge tube is depressed
by applying the longitudinal magnetic ficld, the decay of clectrons on the wall decreages, and
in order to keep the balance of the generation and the decay of the plasma, the generation of
electron must decrease. Therclore, 7, decreases. This reason is as follows. 1t becomes dillicult
that the microwave electric power penetrates the cenber of the plasima as 1, increases in the
vicinity of the wall of the discharge tube.

With jncreasing B from about 600{Gauas) to about 1000{Gauss), both T, and 1, increase and
are saturated at about 1000{Gauss]. This is the cffect of BCR. It occurs not at the resonance
maguetic field 875[Gauss] but at aboul 1000{Gauss). For further detalis about this, see ref. [2].

With increasing B over aboul 1000{Gauss], 1. and n, keep constant. The reason is as follows.
The dependence of the electron diffusion coellicient (D) in the radial direction on B is given

(i
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where k is Boltzmaunn constant, e is quantum of electricity, v is collision frequency and 1, is
electron mass. The result of this calculation is shown in Fig. 3.
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In this ligure, D) decreases rapidly with increasing B from 0{Gauss] Lo about 600{Gauss), and
decreases gradually with increasing B over about 600[{Gauos]. "That is Lo say, the elfect that the
diffusion of electrons is depressed incronses tapidly under about 600[Gauss], and that increases
gradually over about 600[Gauss). "The reason for T, and ne areconstant with increasing B over
about 1000{Gauss] is as follows. I'he effect that the diffusion of electrons is depressed increases
gradually and the elfect of ECR decreases al Uhe same Line. And in this figure, the tendency
that the slope of the curve around 0[Gauss] is nearly zero correspond with the tendency of the
dependence of T, on BB which is shown previously.

In addition, 1, at z=1.5[cm] increascs by about ten limes applying the maguelic field (as
shown Fig. 2).

Next, we will consider the results of the meagurement in the vicinity of the discharge area,

namely, at z=0,-1.5{cm]. The dependences of 1e and n, on B are shown in Fig. 4 and 5.
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In case of z=0fcm], the resulls are as follows. Wilh increasing B from 0[Gauss| to about
1000[Gauss], 1¢ decreases and n, keep constant. With increasing B from about 600[Gauss] to
about 1000{Gauss], both T% and n, increase due Lo the eflect of ECR. And with increasing



over about 1000[{Gauss], both of them keep constant. This tendency is same as the tendency at
z=1.5[cin]. ,

In addition, 1, at z=0[cm] increages by about three times applying the magnetic field.

In case of z=-1.5[cm], the results are ag follows. With increasing B from 0[Gauss] to about
600{Gauss|, T, increases a little and 11, decreases rapidly. This tendency is different from the
tendency at z=1.5 and Olcin]. "The reason is as follows. "The radial distribution of 1, in the
discharge tube varieg from the shape of zero degree Bessel function to the shape like trapezoid
with increasing B and therefore 1, ab r=0{cm] decreases. In addition, the distance from the end
of the inver tube is only 0.5{ciu] and many of the electrons can’t reach the shadow of the inner
tube due to depression of the diflasion of clectrons. The reason why T, increases is that most
of the electrons which reach the shadow of the inner tube have high energy.

With increasing B from aboul 600[Gauss] to about 1000{Gauss], both T ad n, increase due
to the effect of ECRR. And with increasing B over about 1000[{Gauss}, both of them keep constant.
This tendency is same as the tendency at z=1.5 and 0Ocm).

It follows from what has been said that the elfect of the applied longitudinal magnetic field
doesn’t vary over about 1000{Gauss] repardless of 1. '

In addition, it is confirmed that the probe IV characleristic is slabilized by applying the
maguetic field over about 1000{Gauss).

4. Conclusions

The magunetic field along the gas ow is applied to the discharge avea, and the cflects of the
applied longitudinal magiiclic field are considered ag follows.

(1) The probe I-V characteristic is stabilized by applying the magnetic field over about
1000{Gauss].

(2) When B is about 1000]{Gauss), 1, and n, increage due to the ellect of ECR.

(3) 'L'lie effect of the applied longitudinal magnetic field doesn’t vary over about 1000{Gauss]
regardless of B.

(4) In the vicinity of the place where plasina blows ofl into the deposition chamber, one can
increase n, at z=1.5{cin] by aboul ten times and cau increase 1, al z=0[cm] by about three
times. Therefore this plasmais proper for CVD because it is possible Lo fabricate the liling at
high rate.
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INFLUENCE OF LONGITUDINAL MAGNETIC FIELD APPLIED T0
COAXIAL LINE TYPE MICROFAVE PLASMA (i)
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Abstract The magnetlic [ield along the gas [low (Lhe Jongitudinal
maguetic field) is applied Lo the discharge arca in the double Lubed coaxial
Line type microwave plasma chiemical vapor deposilion systen and Lhe electron
density (ne) is measured in Lhe Ar plasma. The elfectls of the applied
magnetic [ield to the Av plasma are investipated. The resulls are as fol Lows.
With increasing the magnelic [lux densily (B), n. iu the deposition chamber
has a peak but ne in the vicinity of the discharge area doesn’ vary
remarkably. In the vicinity of the discharge area, in any B, ue at the
center of the discharge lube is higher than that at the polul which is away
from the centler of the discharge tube, because the plasma decays on the wall
of the discharge tube by bLipolar diffusion. Moreover the radial distribution
of ne varies from the shape which is described as Jo Bessel funclion to Uie
shape like trapezoid, because the diffusion of lhe charged particles toward
the wall of the discharge tube is depressed by applying the magnetic {ield.

1. Introduction

The plasma parameters have been measured in the double tubed coaxial
Line type microwave plasma chemical vapor deposition system. The plasma
parameters in the deposition chamber, that is to say, in the spatial
alterglow plasma have been measured, and the effects of the applied magnelic
field to Ar plasma have been investigated """ lu this report, the
spatial distribution of the electron densitly (ne) are measured when the
magnetic field is applied (o Ar plasma. From the results of this measuremnent,
the discharge mechanism in this system jis luvestigated {rom the elfecls of
the applied magnetic [ield to Ar plasma.

2. Lxperiment

Fig. 1 shows the conlipguration of Uhis system. For [urther details of
this system, see reference (2). Table | shows the experimental condition

The ne is measured by a single probe melhod. The cylindrical probe of
0.050cm] in diameter and of 1.0 or 0. [cn] in length is used. The probe is
set perpendicularly to the maguetic force line. The axial distance from the
end of the discharge tube is defiued as z aud lhe radial distance from the
cenler axis of the discharge tube is defiued as r.
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Table 1. Experimental Coudition

Microwave Inpul Power

10 (V]

Microwave Rellective Power 30 (VW]
Ar Gas Ilow Rate JO [l min)

Gas 'ressure in Chamber 2.6 {wmTory]
Position of Probe Zoo o 0~51.0 Lem]
r0. 0.3 [em]
F=0~06 [A]

B 0~1986 {Gauss)

Coil Current
Magnetic Plux Density(Center)

J. Result and Disccusion

Fig. 2 shows the dependence of e ou magnelic [lux densily (B) at
z=11.50cm]. The B is the value al the center of e coil. Tt shows that e
lucreases gradually with B increased from 0 Lo aboul 700 Gauss ] because the
radial diffusion of the charged particles is depressed by applying the
magnetic field. Then, ue increases rapidly and peaks out at about 1200{Gauss ).
This is the effect of the eleclron cyclotron resonance. Wilh B increased
further, ue decreases because of Lhe decay of the effect of the electron
cyclotron resonance.

Fig. 3 shows the dependence of ne on B at z=00cm]. 1t shows that the
dependeuce of ue has the same tendency as Fig. 2 (z=11.5[cn]). However, ne
increases by about 2.5 times compared with ne at z=11.5[cm], because the
point of the measurement (z=0{cm]) is nearer to the discharge plasma area
than the poiut of z=11.5{cm].

Fig. 4 shows the dependence of ne on B at z= L. 0lem) as parameter is r.
¥ith B increased, both ue at r=0 and 0. 3lem] decrease and then are couslant
Thekreason why ne decreases is as follows. With B iucreased,
distributiou of ne varies from (he shape which is described

Lhe radial
as Jou Bessel
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function to the shape like trapezoid (as shown in Fig. 5), because Lhe
diffusion of the charged particles toward Uhe wall of the discharge tube is
depressed by applying the magnelic field, aud it becomes defficult that lhe
microwave electric power peuetrates to the cenler of the plasma, and in the
vicinity of the wall the rate of ionization increases. The value of both ne
at r=0 and 0. 3[cm] becomes higher than that at z=0[cm], because the point of
the measurement (z=-1.0lcm]) is nearer Lo the discharge arcea than the poiut
of z=0{cm].

Moreover, Fig. 3 aud 4 show thal ne at 1=0.3lem] is lower than that at
r=0Lcm]) regardless of B. These resultls show hal ne decreases as the point

68



of the measuremeul is nearcr to the wall of the discharge Lube, hecause the

plasma decays ou the wall of the discharpe tube by the surface recombination.
That is to say, the radial distribulion doesu’ U Tave a dimple in the cenler

ol the plasma, because the volume recombination doesn’  occur on aceonml of

the low pressure. As B is increased, e difference hetween ne at r=0{cm)

and that at r=0. 3lcm] decreases Cas shown in Fig. 3 and 1) This shows that

the radial distribution of ne varies from the shape which is described as

Ju Bessel fuunction Lo the shape like trapezoid, and shows Uhat Uhe
couclusiouns mentioned above is valid

4. Conclusious

(1) At z=11.5 and Olem), wilh B increased, the tendency of ne has a peak al
aboul 1200(Gauss], because of the effect that the dilfusion of the charped
particles is depressed by applying the magnetic [ield and the effect of the

electron cyclolron resonance.

(Z) At z=0 and L. 0lcm], ue at r=0.3lcem]) is Lower than that at r=0lem]. Tt
shows the natural result that ne decreases as the point ol e measurement

is nearer to the wall of the discharge tube, because the plasma decays ou
the wall of the discharge tube by the surflace recombination.

(3) At z=-1.0lem], the vinicity of the discharge area, wilh B increased, ne
decreases and then is constanl. As B is increased, the dilference belween e
at r=00cm] and that at r=0. 3lcm] decreases.

(4) From these results, it is cleared that the radial distribution in Che
discharge tube varies from the shape which is described as Jo Bessel
function to the shape like trapezoid. This shows that the wniform plasma iu

radial direction, which is proper for CVD, is oblained.

This research was supported in part by the Grant-in -Aid for Scieutiflic
Research [rom the Ministry of Education, Science aud Cullure ol Japan. The
authors would like to thank Mr.Audoh, bachelor student, for his assistance
i this study
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Film Dceposition under Control of Sheath Yoltage on the Film Surface
in MPCYD Apparatus
MPCVDIZ I V) D BN D 2 — 2B O T & plhi
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School ol Science and Engineering, Waseda University
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Abstract 1t is necessary (o discuss the ion bombardment on the film surlace while film
deposition when the thin lilms arc fabricated in a plasma CVD method. The ion bombardment
energy is caused by not merely DC substrate bias voltage but the sheath voltage on the film
surface. Therefore, it is considered that the ion bombard encrgy can be controlled when the
sheath voltage on the film surface is controlled. In this paper, itis clear that the sheath voltage
on the film surface can be controlled from O] V] to =951 V] when DC substrate bias voltage is
varied from +40[ V] to -80[V]. And then, a-Si:ll filins are fabricated when the sheath voltage
on the film surface is varied from [ V] to -95{V]. As a tesult, it is clear that the dangling bond
density increases, however, Si concentration and the ratio of the Sitl bond density to the Sill:
bond density increase.

Lintroduction

We have developed the double tubed coaxial line type microwave plasma CVD (MPCVD)
apparatus. In this apparatus, the microwave power is conlined in the cylindrical cavity.
Therelore, a discharge plasma is created only in the cavity region. In the deposition chamber, a
spatial alterglow plasma without supply of the microwave power is created by gas flow and
diflusion. The discharge region of the apparatus has the double tubed structure that consists ol
the fused quartz outer discharge tube and the
stainless steel inner tube concentrically. The ' dien
Ar gas is fed to the outer discharge tube and i V“h‘" Pony
the Sitls gas is fed to the inner tube. The M sbstnate Toble :
argon aloms arc ionized in the cavity region ! R
by the microwave power. The inner tube = , CK‘D
puide the Silli gas (o the discharge tube end, hrele x [fen
then Silla is dissociated by the collision with | v

the Ar plasima particles. The substrate table J~ “”‘T" ol I 1o
is placed at 10]cm] of the axial distance from G Caaber !l g::;:;“m
the discharge tube end in the spatial ' H ‘
alterglow plasma. Under this condition, the Koronne=f, =
distribution of the electron temperature (1) _—
. . o -— Short Cirenit
and density (n.) don't change when DC Netal Sleere—i™ Tenintin
substrate bias voltage (Vu) is varied from ) —jq —— (i Dischargs
gt

+40[V] to -80[ V] (in this voltage limits DC

discharge doesn't gencrate). However, the
plasma space potential (V,) change, therclore,
the sheath voltage on the [ilm surface (Va)
change. We reported that Vg, doesn't become

[ner Tuhe -—3“ Teh

;]
Silly
Fig. | Coliguration of the MPCVD apparatus



0[V] with varying Va when the substrate table area (Ad) i large (about SO[cw’]), but Vg
become O[ V] or positive value with varying Ve when A, is small'™,

In this paper, it is clear that Va, can be controlled from 0[ V] to 95 V] when A==d0lem?| and
Vee=+40[ V] ~-80[ V]. And then, a-Sil lilms are Tabricated when Vo, is vaned from 0 V] to -
95[ V] and the film properties are evaluated.

2.Experiment

Figure 1 shows the configuration ol the MPCVD apparatus. The axial distance from the
discharge tube end is delined as z. The substrate table is placed at z=10[{cm]. The substrate
table area (A.) is 40[cm] and Ve is varied from +40[V] o -80[V]. The single probe
measurement is performed in the A/Sit L plasma (Ar gas flow rate: FHO[ml/min], Sith gas low
rate: 30[ml/min]). In this plasma a-Si. b lilms are also fabricated. The cylindrical probe of
0.05[cm] in diameter and I{em] in length is used for the probe measurement. The probe
measurement is performed at z=9]cm] on the deposition chamber axis. And then, a-SiH lihos
are [abricated and the film propertics are evaluated.

3. Result and Discussion

Figure 2 shows the dependence of T and ne at z=9[cm| on Ve Inlig 2, the values in case of
dilferent A are showed for relerence. The T, and ne don't change with vm'ying Vue. Therefore,
the reactivity in this plasma is not influenced with varying V.

Figure 3 shows the dependence of Vs at z= 9[un] on V. The Vi is constant in the range ol
negalive value of Ve, and increases with increasing Vae in the range ol positive vilue of V..
And then, V, becomes 40{ V] when Va=t40[V] (on the dotted line in fig 3).

Subtract V, at z=9|cm) from Ve and we get Va,. Therelore, Vg is calculated by using lig 3.
Figure 4 shows the dependence of Va on Ve The Vay is O[V] when Ve A0V, and Va is -
95[V] when Va=-80[V]. This figure indicates that a-Si:Hl films can be fabricated under
controlling Va, from O[V] to -95] V] by using the substrate table which area is 40l cnv’].

The a-Si:ll films are fabricated with varying Vg, and these lilin propertics are evaluated,
Figure 5 shows the dependence of the deposition rate on Vi, The deposition rate decreases
with increasing the ion bombardment energy.

Figure 6 shows the dependence of the Si concentration on Va. The [ilm density increases
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with increasing the ion bombardment energy.

Figure 7 shows the dependence of the ratio
of the Sill bond density to the Sitly bond
density on Va. The Sill bond density
increases  with  increasing  the  ion
bombardment encrgy and SiH; bond density
decreases  with
bombardment cneryy.

Figure 7 shows that the hydrogen atoms
are disconnected because the lilm surlace is
heated by the ion bombardment. Because the
film surface heated up, mobility of the radicals
on the film surface increase and the radicals
fill in the defects caused by the disconnection
of the hydrogen atoms. It results high density
a-Si:H films as shown in fig.6.

Figure 8 shows the dependence of the
amount ol Si deposited per unit area and unit
time, calculated by (Si concentration (Csi) as
shown fig.6 x the deposition rate (D.R.) as
shown fig.5), on Va. The amount of Si
deposited per unit arca and unit lime is
constant in the range of Va, > about -40[ V]
and decreases wilh increasing the ion
bombardment energy in the range of Vy, <
about -40[V]. This fligure indicates the
spaltering occurs when Va, is about -40[ V],

Figure 9 shows the dependence of the Ar
atom density on Va. The Ar atom density is
under the limit of detection in the range of V.,
> about -40[V]. It is considered that the Ar
atom is not implanted in the film. The Ar
atom is implanted in the film in the range of
Van < about -40[V]?. Generally, it is said that
the Ar plasma elching occurs when the
accelerating voltage is lower than aboul -
S0[V] and this figure indicales that Ar ion
implantation occurs when the  accelerating
voltage is lower than about -40[V]. These
values show good agreement.

Figure 10 shows the dependence of the
dangling bond density on V.. The dangling
bond density increases with increasing the jon
bombardment energy. It is considered that the
void is formed around Ar atom implanted by
the ion bombardment.

increasing  the  jon
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4.Conclusion

The Va changes with varying Ve It has been clear that Vg, is controlied rom 0[V] to -
95[V] by using the substrate table which area is 40[cm®]. When Vy, is O[ V], a-Si:I1 films can be
[abricated under the condition that the ion bombardment encrgy is zero. The ion bombardiment

~has the effect to make the film properties good because the lilm surface is heated. However,
the ion bombardment has another ellect to cut the bond in the film because the Ar atoms are
inplanted in the lilm. Thus the cllect of the ion bombardment has both merits and demerits.
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Dependence of Plasma Parameters on Electric Potential of Electrode in

Microwave Plasma

Isamu KATO!, Toru MATSUSIITA!, and Makoto YAMASHITA'
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SUMMARY

-~

The spatial distributions of electron temperature
and density in pure Ar plasma in a double-tubed coaxial-
line type microwave plasma chemical vapor deposition
(CVD) system were measured using the probe method.
It was found that the electron temperature and electron
density dropped sharply in an area 4 cm from the edge
of the discharge tube and they decreased slowly in an
area farther away from the forementioned area. Silly gas
was dissociated in Ar plasma, and the electron tempera-
ture and density of the plasma were varied by changing
the location of the Sill, gas inlet. As a result, it was
found that the fragmentation pattern of radical species
could be varied by changing the location of the Sill; gas
inlet.

In addition, films were [abricated under various
fragmentation patlerns and the qualities of these films
were evaluated. It was found that the film quality could
be improved by dissociating Sill, gas at low electron
temperature.

Key words: Microwave plasma CVD; electron
temperature; fragmentation pattern; a-Si:H film.
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1. Introduction

Hydrogenated amorphous silicon (a-Si:l) films
have been used widely for optical and electronic devices
and considerable effort has been made to improve the
film quality and to find applications of these films for
new devices. An a-Si:H film can be deposited on a large-
area substrate using the low-temperature plasma chemical
vapor deposition (CVD) technique.

To improve the quality of a filin fabricated by
plasma CVD, it is important to understand reaclions in
gas and on the film surface. For this purpose, it is neces-
sary to investigate the behavior of radical species and the
measurement methods such as LIF [1], IREAS[2], and
so forth. In addition, by comparing the result of evaluat-
ing the film formed by only Sill, radicals with the result
of simulation, the probability of the Sill, radical becom-
ing a film and the film surfuace loss probability have been
studied {3].

In this paper, the electron temperature and electron
density were changed by changing the location of the
Sitl, gas inlet to Ar plasma. Using Ar plasma with vari-
ous electron temperatures and electron densities, Sill, gas
was dissociated to investigate the ratio among the nun-
bers of radical species, that is, fragmentation pattern. As
a result, it was found that the fragmentation pattern of
radical species could be changed by changing the location
of the Sill, gas inlet. Films were grown under various
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Fig. 1. Schemalic diagram of experimental system.

[ragmentation patterns and then evaluated. It was found
that film quality could be improved.

2. Experiment

The double-tubed  coaxial-line-type microwave
plasma CVD (MPCVD) system was used in this paper.
Figure 1 illustrates the CVD system. Ar gas Hows in the
ouler discharge tube made of fused silica to generate Ar
plasma by micrownve power. The microwave is coupled
with plasma under the fundamental mode of the coaxial
line. Since the microwave power is confined in the cylin-
drical cavity, the discharge plasma is generated only in
the cylindrical cavity and flows into the deposition cham-
ber. Sill, gas is led through a stainless steel inner tube to
the discharge tube end where it is mixed with Ar plasma.
Then, Sill, gas is dissociated due to collision with Ar
plasma particles. Details of this system are reported in

[4] and [5].

The distance from the discharge tube end in the
direction along the center axis is defined by z.

\r)

Axial Distance 1z {em)

Fig. 2. Dependence of electron lemperature on gz,

The substrate table is localed at z = 10 em. This
location is the spatial afterglow plasma region where no
microwave power is provided. Therefore, n film can be
grown from radicals without jon bombardment at this
location [5]. A cylindrical probe with a diameter of 0.05
cm and length of 0.3 cm is used to measure the electron
temperature and density. The probe is installed on a
movable shaft and its location can be changed in the
deposition chamber.. A quadruple mass spectrometer
(QMAS) is located at z = 6 ¢ outside the chamber and
itis connected to the inside of the chamber via an orifice
with a diameter of 200 pm (see Fig. ).

The discharge condition is as follows. Microwave
power of 150 W was used for probe measurement where
the Ar gas flow was 110 ml/min and the £8s pressure in
the chamber was about 3.5 mtorr. The probe measure-
ment was carried out along the center axis of the cham-
ber al z =0~9 cm. The same condition was used for the
QMAS analysis and film deposition. During film deposi-
tion, the Sill, gas flow as 50 ml/min and the gas pres-
sure was about 5 mtorr; - The location of the Sill, gas
inlet was varied from z= -2 cm to z = 3 cm to vary the
electron temperature and density.

The film: thickness was measured by using a
needle-type film-thickness measurement apparatus. The
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atomic density of Si in the film was measured by Ruther-
ford backscattering spectra. The integrated intensities of
stretching .modes of Sill and Sill, bonds were obtained
by using the infrared absorption spectra and film thick-
ness. By multiplying these intensities by 1.4 X 10®
cm??, the hydrogen atomic densities in both bonds were
calculated [6]. The optical energy gap was obtained by
using the ultraviolet and visible absarption spectrum and
film thickness. The dangling bond density was oblained
by using the result of electron spin resonance measure-
ment and film thickness.

3. Experimental Results

Figure 2 shows the dependence of electron temper-
ature on z. The electron temperature decreases rapidly as
7'increases to 3'¢m, and when z exceeds 3 cm, the elec-
tron temperature decreases stowly.

Figure 3 shows the dependence of electron density
on z. The electron density decreases rapidly as z increas-
es to 3 cm. When z exceeds 3 cm, the electron density
decreases exponentially [7]. No experiment was carried
out for the area of negative value of z, namely in the
discharge tube, because the probe could not reach the
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area of a negative value of z. However, since the inci-
dent microwave power is uniform in the ares of negative
value of z, both electron temperature and density are
believed 1o saturate when z < -2 cin.

As described above, Sill, gas is led to the dis-
charge tube end via the inner tube and is dissociated by
Ar plasma particles. Therelore, by changing the position
of the inner tube end (the location of the Sill, gas inlet),
Sill, gas confrouts Ar plasma wilh various electron
temperatures and densities. In this way, the fragmenta-
tion paltern of radical species can be varied,

Figures 4 and 5 show the dependence of the mass-
spectral line intensity obtained by QMAS on the position
of the inner tube end. Figure 4 shows the result on the
ionized radicals when the ionizer is off. Figure 5 shows
the result when the ionizer is on. In both results, Sill,
decreases and Sill,* increases as the position of the
inner tube end moves from a negativé to a posilive value
of z. This indicates that the [ragmentation pallern can be
varied by varying the posilion of the inner tube end in
the MPCVD system.

The increase of Sill,” and the decrease of Sill,"
occur because when the electron temperature and density
decrease, the degree of dissociation causing ionization
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which generates Sill," is suppressed and the degree of
dissociation causing ionization which generates Sill,"
increases. The change of ionized radicals is not always
in proportion to the change of neutral radicals. However,
it is considered that the former is in proportion to the
latter under a weakly ionized plasma where the degree of
ionization is less than several percent. Therefore, when
the number of Sill, radicals decreases, the number of
Silly radicals increases.

It has been reported that the film quality is im-
proved selectively introducing radicals with a high sur-
face mobility such as Sill, radicals [8]. Therefore, by
moving the position of the inner tube end from negative
to posilive values of z, the film quality can be optimized;
a-Si:l films were fabricated under various fragmentation
patterns by changing the position of the inner tube end
and the qualities of these filins were evaluated,

Figure 6 shows the dependence of the deposition
rate on the position of the inner tube end. The deposition
rale decreases rapidly as the position of the inner tube
end is moved from z = -1 to +1 cm regardless of the
substrate temperature. When z exceeds +1 cm, the depo-
sition rate becomes constant, also regardless of the sub-
strale temperature. This symptom is due to the large
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changes in the degree of dissociation of Sill, and frag-
mentation pattern. The deposition rale is constant when
the position is between z = -1 and z = -2 cm because
electron temperature and density do not change in this
region. When the substrate temperature is 200°C, the
deposition rate is lower than when it'is room temperature
as reported [9], because the silicon concentration in a
film increases -as substrale temperature increases.

Figure 7 shows the dependence of silicon concen-
tration on the position of the inner tube end. Regardless
of substrate temperature, silicon concentration increases
as the position changes from a negative 1o a positive
value of z, indicating that the film becomes more dense.
The densification of the filin is caused by the number of
Silly radicals which have a high “mobility. When the
substrate is heated at 200°C, the concentration of Si is
higher than when the substrate temperature is room
temperature, as reported [10].

Using the results shown in Figs. 6 and 7, the
amount of Si contributing to the formation of the {ilm per
unit time per unit area, which'is given by silicon concen-
tration times deposition rate, was calculated. The amount
of Si in a film per unit time per unit area dépends on the
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position of the inner tube end which is similar to the
dependence of the deposition rate on the position of the
inner tube end as shown in Fig. 6. Therefore, it is clear
that the decrease of the deposition rate is due not only to
the densification of the film,

As the position of the inner tube end is moved
from a negative to a positive value of z, the deposition
rate decreases because the range of the position of the
tube end (-2 cm < z < 3 cm) includes the transition
area from the discharge plasma region where microwave
power is supplied to the spatial after-glow plasma region
where no microwave power is supplied. That is, in the
transition area, the dissociation of Sill, degrades and the
number of Sill, radicals with high adherence decreases
because of the suppression of the dissociation of Sill,
[8], causing the increase of the number of SiH, radicals
with a low adherence [8]. The dependence of the amount
of Si in a film per unit time per unit area on the position
of the tnner tube end is independent of the substrate
temperature. Therefore, the decrease of the deposition
rate by increasing the substrate temperature is caused by
the densification of the film.

Figure 8 shows the dependence of total hydrogen
concentration on the position of the inner tube end. As
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the position of the inner tube end moves from a nega-
tive to a positive value, the hydrogen concentration
decreases. When the substrate temperature is 200°C, the
hydrogen concentration is almost constant at about 1 X
107 cm™, regardless of the position of the inner tube
end.

As the position of the inner tube end moves from
a negative to a positive value, the Sill bond density
increases and the SiH, bend density decreases. Figure 9
shows the dependence of (SiH bond density)/(Sill, bond
density) ratio on the position of the inner tube end. Re-
gardless of the substrate temperature, the a-Si:I films
contain more SiH bonds as the position of the inner tube
“end moves from a negative (0 a positive value. When the
substrate temperature is 200°C, the films contain more
Sill bonds than when the substrate temperature is room
temperature, as reported.

Figure 10 shows the dependence of the optical
energy gap on the position of the inner tube end. When
the substrate temperature is room temperature, the optical
energy gap decreases as the position of the inner tube
end moves from a negative to a positive value. When the
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substrate temperature is 200°C, the optical energy gap is
about 1.78 eV, regardless of the position of the inner
tube end. This tendency is similar to the dependence of
total hydrogen concentration on the position of the inner
tube end.

Figure 11 shows the dependence of the dangling
bond density on the position of the inner tube end. When
the substrate temperature is room temperature, the dan-
gling bond density increases slightly as the position of
the inner tube end moves from negative to positive value.
That is, when the substrate is not heated, the dangling
bond density can be minimized if the number of SiH,
radicals is increased by installing the position of the inner
tube end at negative value. When the mobilities of radi-
cals are increased by heating the substrate temperature at
200°C, the dangling bond density decreases and the
quality of the a-Si:H film improves as the position of the
inner tube end moves from negative to positive value.

The above results show that as the position of the
inner tube end moves from a negative o a positive value,
the film quality improves although the deposition rate
decreases because of the increase in the number of SiH,
radicals with high mobility.



4. Conclusions

The spatial distributions of electron temperature
and density in pure Ar plasma in the deposition chamber
of a double-tubed coaxial-line-type microwave plasma
CVD system was investigated. In addition, by introduc-
ing Sill, gas into Ar plasma at various inlet locations,
namely the position of the inner tube end, Sill, gas was
dissociated by Ar plasma with different electron tempera-
tures and densities to measure the fragmentation pattern
by mass spectroscopy. As a result, the following facts
were found.

(1) As z increased to about 3 cm, the electron
temperature decreased rapidly. When z exceeded 3 cm,
the decrease of electron temperalure became slower with
an increase of z.

(2) As z increased to about 3 cm, the electron
densitly decreased rapidly.- When z exceeded 3 cm, the
decrease of electron density became exponential with an
increase of z.

(3) As the position of the inner tube end moved
from a negative to a positive value, the concentration of
Sill;+ decreased and that of Sill,. increased.

In addition, films were fabricated by changing the
position of the inner tube end and the qualities of these
films 'were evaluated.” As the position of the inner tube
end was moved from a negative to a positive value of z,
the deposition rate and film quality changed as follows.

(I) The deposition rate decreased rapidly as the
position of the inner tube end was moved to z = | cm.
When the position exceeded 1 cm, it saturated. This was
because the degree of dissociation of Sill, decreased and
the number of SiHl, radicals with low-adhesion increased.

(2) The Siconcentration, total hydrogen concentra-
tion, hydrogen bond state, and optical energy. gap.repre-
sented the film quality improved,

(3) As the position of the inner tube end was
moved from negative to positive value, the dangling bond
density increased when the substrale temperature was
room temperature, but it decreased when the substrale
temperature was 200°C.

The above results indicate that the film quality

improved by dissociating  Sill, in plasma at lower
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electron density because the number of Sil Iy radicals with
a high mobility increased.

In the future, the fragmentation pattern of neutral
radicals should be investigated quanlitatively to discuss
the detailed deposition mechanism.
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Influence of lon Bombardment on a-Si : H Filins Fabricated
by Plasma Chemical Vapor Deposition

. . . R . .
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School of Science and Engineering, Wascda University, Tokyo, Japan 169

SUMMARY

Plasma parameters of Ar/Sill, plasma were mea-
sured as a function of dc bias in a double-tubed coaxial
line-lype microwave plasma chemical vapor deposition
(CVD) apparatus. The results indicate that it is possible
to control the ion bombardment energy without affecting
either the gas phase reaction or jon flux density incident
to the substrate. Hydrogenated amorphous silicon films
were deposited as a function of the ion bombardment
energy and characleristics of the deposited films were
investigated. The results indicate that the ion bombard-
ment improves {ilim density, bonding characteristics of
hydrogen, and optical band gap but increases the concen-
tration of dangling bonds duc to Ar ion implantation. The
ion bombardment not only causes the heating of the filims
but also induces sputtering and ion implantation.

Key words: Plasima CVD; a-Si @ 11 de bias volt-
age, sheath voltage; ion bombardment.

1. Introduction

Hydrogenated amorphous silicon (a-Si : ) has been

used extensively as optoelectronic materials for solar

Presently with Mitsubishi Manufacturing Technol-
ogy Center.

70

cells and copiers and as semiconducting materials for
thin-film transistors. To improve the perforinance and to
develop new applications, amorphous silicon has been a
focus ol intensive studies. The deposition of a-Si : I has
been investigated extensively using high-frequency dis-
charge and electrocyclotron resonance (ECR) discharge
plasma chemical vapor deposition (CV1D) methods.

It has been reported |1, 2] that ion bombardiment
improves the film characteristics. The authors have also
reported [3, 4} that ion bombardment causes the increase
in the film density, the decrease of Sill, bonds and the
increase of Sith bonds due to film heating.

Because films fabricated by the commonly used
high-frequency plasma CVD method are deposited in a
discharge plasma to which electric energy is supplied, the
lihms arc exposed to ion bombardment. The ion bom-
bardment has been controlled by discharge voltage that
causes the variation in sell-bias of the substrates. The
sell-bias is controlled by changing electron temperature
and electron density, and thus the process also infiuences
gas phase reactions. Therefore, it is not possible to in-
vestipate the sole influence of ion bombardment on film
characteristics.

We have developed a double-tubed coaxial-line-type
microwive plasma CVD (MPCVD) apparatus that allows
the film deposition in a spatial afterglow plasma region
with very little ion bombardment by confining the dis-
charge plasma (o a restricted area {3-9). DC bias (Vg is

ISSNB756-663X/95/0002-0070
© 1995 Scripta Technica, Inc.



Zlen

4
200V to Yaouun Pump
‘_ml | Substrate 4, 5%11cn? M
7/in’ _1 p | e
Function A (= “Dias
Generator ] Probe [0cn mrf Yoltage -
W
77J "“‘ JVP ;‘*“’“ﬁ LTI —‘*‘*""’L:U
7 7 7 Demmon Cylindrical
(lp~ 5 ) Chanber Covily
%zr D'SChme fnner Tube

Fig. 1.

applied to substrates in the deposition chamber and its
influence on the plasma parameters has been investigated
using a probe. The results indicate that it is possible to
control- ion_bombardment energy (L) by V,  without
affecting the gas phase reaction and ion flux density. The
influence of ion bombardment on the filia characleristics
is delineated by evalualing films deposited with various
Vi

¢

2. Experimental

Figure I shows a schematic of the double-tubed
coaxial-line microwave plasma CVD apparatus. The
discharpe tube is made of two coaxial tubes. Ar gas flows
through an annulus between the outer discharge tube
made of fused quartz and the inner tube made of stainless
steel, Sill; gas flows through the inner discharge tube.
Microwave (2.45 Gllz) generated by a magnetron is
transmitted through a rectangular microwave guide 1o a
cylindrical metallic cavity where a discharge occurs in Ar
gas. At the end of the discharge tube, Sill, gas is mixed
with Ar plasma and dissociated. Si radicals created are
transported to a low-pressure (~mtorr) deposition chamber
and dcposited on a substrate as an a-Si : 1 filin.

Because microwaves are confined in the cylindrical
metallic cavity of the MPCVD apparatus {5], the spatial
afterglow plasma region is created without the presence
of microwave in the deposition chamber [6]. By placing
the substrate in the spatial aflerglow plasma, it is possi-
ble (o deposit the thin films without ion bombardment |6-
8}. The deposition chamber as well as the inner metallic
{ube-are grounded. The substrate is located 10 cm from

71

7

Schematic diagram of experimental system.

the end of the discharge tube and is biased by a dc volt-
age source. The MPCVD apparatus has been described
in detail elsewhere [5, 6]. A cylindrical probe, 0.025 cm
in radius and | cm in length, is employed for measuring
plasma paramelers.
tion chamber. A parameter z denoles the distance of the
probe from the end of the discharge tube as indicated in

Fig. |

The probe is movable in the deposi-

The How rates of Ar and Sil, gases were fixed at
110 ml/min and 30 ml/min, respectively. The resulting
gas pressure in the deposilion chamber was about 4
mtorr. The microwave power was fixed at 150 W. The
bias voltage V,_ was varied from +40 V to -80 V. In
this range, the plasma parameters were unaffected by the
dc bias. From the change in glow condition around the
substrate, dc discharge was noted between the substrate
and the grounded deposition chamber and inner tube for
Ve higher than 40 V and less than -80 V. The dc dis-
charge caused a drastic change in the plasina parameters,
which were delecled by the metallic probe at the center
of the deposition chamber. The measurements were taken
at z values of 3, 5, 7, and 9 emi. The single probe meth-
od for the reactive Ar/Sill, plasma was described in
detail in [9].

Film thicknesses were determined by a stylus thick-
ness meter. The concentrations of Si and Ar were deter-
mined from Rutherford backscaltering spectra. Integral
strengths of stretching modes of Sill and Sill, bonds as
well as of wagging mode of (Sill,), chains were deter-
mined from IR absorption spectra. The concentration of
hydrogen determined by multiplying integral
strengths of Sill and Sill, bonds with a factor of 1.4 %
107 cm™ [10]. The film densities were determined

was
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from concentrations of Si, Ar, and tolal i, the oplical
band gaps from UV absorption spectra and film thick-
ness, and the densmes of dangling bonds from the result

of electron spin resonance measurements and film thick-
ness.
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J. Experimental Results
J. 1 Influence of Ve on the plasma parameters

Figure 2 shows the dependence of the electron
densities (1) on V,;_al various z positions; n, is constant
regardless of V,_at a given z position but deueaf;ee with
increasing z.

Figure 3 shows the dependence of the electron
temperature (7,) on V, 5 T, is constant regardless of Ve
but decreases slightly wnh increasing z to 5 cm lm(
remains constant above 5 cm.

The independence of T, and n, on V, in Figs. 2
and 3 indicates the absence uf de dlxdmrge which in
turn indjcates no effect of V. on the gas phase reaction.

It has been reported [1] that the influence of posi-
tive bias voltage on the film characteristics can be aflrib-
uted to the presence of positive electric field at the sur-
face of the substrate, which causes the acceleration of
electrons. But we have observed the dependence of plas-
ma space potential (V) on V,_when the substrate was
positively biased. This indicates that it is not necessarily
correct lo assume the acceleration of electrons [12). In
this study V, was measured for a substrate table with a
surface area of 54 cm? and the resulls were analyzed to
quantify the clectric field at the surface of the substrate.
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Figure 4 shows the dependence of V on V, . The
figure indicales that V remains constant for negative bias
but increases with increasing positive bias. It also indi-
cates that V, does not depend on z in the range belween
3 and 9 cm. '

The sheath voltage (V) is defined by V-V The
sheath voltages were calculated from the data presented
in Fig. 4 and are shown in Fig. 5. lons are either accel-
erated or decelerated by the sheath voltage. Since V, is
negative regardless of V. as indicated in Fig. 5, it is
evident that ions are neither decelerated nor recoiled at
the surface of the substrate even by the application of
positive bias.

Because electrons are recoiled by the electric field
in the sheath; the ion density becomes higher than n, at
the ‘surface of the substrate even when a positive bias
voltage is applied. This indicates the formation of an ion
sheath. Since it is not possible for the jons to follow the
microwave field and there exists no electric field gradient
in the deposition chamber as indicated earlier, it is ex-
pected that the kinetic energy of the ions is quite small
and- about the order: of room temperature prior to the
injection into the sheath. Therefore, the kinetic energy of
the fons at the moment of incidence to the substrate can
be determined ‘solely by:the:sheath voltage. The mean-
free path of the ions is-about 2 cm for the gas pressure
of 4 mtorr in the deposition-chamber.
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Fig. 6. Dependence of I, on V.

Since the thickness of the ion sheath is about 2 mm
[12], the ions pass through the sheath without colliding
with other particles. Thus the kinetic energy of the ions
at the moment of incidence to the substrate, i.e., the
energy of ion bombardiment (), is given by the product
of the unit electric charge and the absolule value of the
sheath voltage when all ions are assumed to be singly
charged. By varying V, from -80 V to +40 V, it is
possible to change E; from about 95 eV to about 3 eV.

Figure 6 shows the dependence of electric current
through the substrate-(I;) on Vi I, is the sum of
electron and jon currents. Since V_ is always larger than
V,. whose values are between -80 V and +40 V in this
study, there always exists an electric field that accelerates
ions at the surface of the substrate; but there does not
exist any electric field that recoils ions even when a
positive bias voltage is applied. The figure indicates that
1, remains constant for V; less than about -45 V. The
constant value of I, is the saturated ion current ([;).
This indicates that the ion current is constant regardless
of V,, and equals /... For V, higher than -45 V, I,
increases with increasing V;,. The increase is not due to
ion current but due to electron current. Electrons have
some kind of energy distribution, generally Maxwell
distribution. With increasing V,,, a part of (he electrons
with high energy-overcome the electric field and begin
passing through the substrate, thereby causing the in-
crease of ;. ‘Assuming that all ions are singly charged
in-the plasma, the-ion flux density incident to the sub-
strate (1) is given by the following equation:
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where e and S are (he unit electric charge and the surface
urea of the substrate table, respectively. In the experi-

mental range of this study, 1% is constant regardless of

v

de-

Since T, and n, are not affected by Ve s shown
in Figs. 2 and 3, the gas phase reaction is not alfected by
V. either. Since the gas phase reaction is not affected,
the jonic species incident (o the substrate remaing unaf-
fected.

In the experimental range of this study where the
ion sheath is formed al the surface of the substrate, the
ionic current remmins constant and therelore I'; also
remains constanl as can be seen in Fig, 6. Therefore, it
is possible to control E; without alfecling the gas phase
reaction and Iy by using the MPCVD apparatus.

3.2, Influence of ion hombardment on filin
characteristics

To delineate the influence of jon bombardment on
filin chacacleristics, thin films of a-Si: 11 were deposited
as a function of E; by varying Ve 8nd their film charac-
teristics were evalualed.

Figure 7 shows the dependence of the deposition
rate on [, The deposition rale decreases almost linear-
ly with increasing ;. As will be discussed later, the
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Fig. 8. Dependence of film density on I£,.

decrease is due o the densilication of the films, spulter-
ing of the films and decreasing residence time of the
molecules caused by the increasing kinetic energy of the
ions,

Figure 8 shows the dependence of film density on
I%. The film densily increases with increasing E,. Since
we observed previously that the film density increased by
the healing of the substrate [7], the increase of film
densily is inferred to the heating of the film surface by
ion bombardment. The film deposited at L, of about 95
eV has about 15 percent higher density than that deposit-
ed at E; of about 3 eV.

By comparing the density of the film depaosited at
£ of about 95 ¢V with the previously reporled resulls on
lilm density as a function of substrate temperature {7},
the surlace temperature of the fibn is estimated to be
about 250°C for I, of about 95 eV, As discussed earlier,
the densification of the film is n cause of the decrease in
deposition rate. The deposition rate decreased about 40
percent with increasing [, from 3 eV to 95 eV. On the
other hand, the film densily increased about 15 percent.
Hence, about 40 percent (~ 15/40 x 100) of the decrease
in the deposition rate can be attributed to the densifica-
tion of the films.

Figure 9 shows the dependence of the optical band
gap on L. The optical band gap decreases with increns-
ing I,

Figure 10 shows the dependence of hydrogen con-
centration in the film on ;. The hydrogen concentration
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of Sill bonds.increased with increasing L, while the
hydrogen concentration of Sill, decreased. At [; of about
60 eV.the concentration of Sill bonds (= CII(Si!I)) in the
film surpassed that of Sil 1, bonds CII(S:‘IIZ)/Z)' Therefore,
the films deposited at E; higher than 60 eV contain Sill
bonds predominantly.

Figure 11 shows the dependence of integrated ab-
sorplion intensily of (§iH,),, chains on E;. The concen-
tration of (Sill,), chains decreased with increasing. £
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The amount of Si deposited for a unit time per unit
area can be calculated from the product of the deposition
rate and Si concentration (C,;). The results are shown in
Fig. 12 as a function of E;. The amount of Si deposited
for a unit time per unit area decreased with increasing
L. The decrease’ might be the result of sputtering of the
films by ion bombardment and the decreasing residence
time of molecules due to increasing kinetic energy. The
contribution of these "effects on the deposition rate is
estimated similarly (o that of the film densification, and
a value of"about 60 percent is oblained as expected.
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Figure 13 shows the dependence of Ar concentra-
tion on L. The Ar concentration of the films deposiled
at E; less than about 40 eV is less than the detection limit
of the instrument, but the Ar concentration of the films
deposited al E, higher than about 40 eV increases with
increasing E;. At E; higher than about 40-eV, the kinetic
energy of Ar jons is high enough to cause the deeper
penetration of the ions into the film and, therefore, the
probability of Ar retention increases. Specifically, the ion
bombardment causes the implantation of Ar ions in the
filins.

Figure 14 shows the dependence of dangling bond
density on ;. The dangling bond density increases with
increasing ;. The increase is caused by the implantation
of Ar ions that damaged the filns [8].

The resulls in Figs. 8 to 11 indicate that the jon
bombardment improves the film quality due to heating
during deposition. However, as indicated in Figs. 13 and
14, the ion bombardment causes the implantation of Ar
ions which in turn causes the increase of Ar concentra-
tion and of dangling bond density in the films. Although
the ion bombardment has pros and cons, it is desirable to
avoid ion bombardment during the deposition of high-
quality a-Si: H films due to the increase of dangling
bonds.

4. Conclusions

The plasma paraimeters were measured for de biag
voltage (V, ) between -80 V and +40 V in the double-
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on [7,,
tubed coaxial-line microwave plasma CVD apparatus.
The results are as follows:

(1) Neither electron
density is affected by V, .

lemperature nor electron

(2) The plasma space potential is not affected by
negative V, ., but the plasin space potential increases
with increasing V, . when V,_is positive. The application
of positive V,_ does not create an electron sheath but
rather an ion sheath,

(3) It is possible o control ion bombardment
energy (/) by V, without affecting either the gas phase
reaction or the ion flux density incident to the substrate.

a-Si : 1 filins were deposited for various valves of
15, The results are as follows:

(1) The ion bombardment causes the heating of the
lils surfuce as well as jon implantation and sputtering.

(2) The film heating improves the film density, the
bonding characteristic of hydrogen, and the optical band
gap.

(3) The ion implantation increases the Ar concen-
tration and dangling bond density in the films.

(1) The amount of Si deposited for a unit time per
unit area decreases due (o sputtering and decreasing
residence lime of molecules on the filin surface caused
by increasing kinetic energy.



A further study will be conducted to delineate the

mechanism of film growth during ion bombardment.
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