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Microcrystalline silicon thin films were formed on quartz substrates by ultrahigh-frequéhdly)

plasma enhanced chemical vapor deposition from a mixture of silang ) @ittl hydrogen (k)

gases at low substrate temperatureg ( The UHF plasma was excited at a frequency of 500 MHz.
The deposition rate and the crystallinity of the films were investigated as a functiop difution,

total pressure, mixture ratio of SiHo H, and T,. A crystalline fraction of 63% with a high
deposition rate of 7.7 A/s was obtained even afaof 100 °C. At a temperature of 300°C, a
crystalline fraction of approximately 86% was achieved at a deposition rate of 1.4 A/s. Diagnostics
of the UHF plasma have been carried out using a Langmuir probe, ultraviolet absorption
spectroscopy, and optical emission spectroscopy. Good crystallinity was explained by the balance of
the sheath voltage and atomic hydrogen densities in the UHF plasma. Namely, the UHF plasma
source achieving a high density plasma with a low electron temperature enabled us to reduce the ion
bombardment energy incident on the substrates while maintaining a high density of hydrogen atoms,
and which improved the crystallinity at lows. © 2000 American Institute of Physics.
[S0021-897€00)10013-1

I. INTRODUCTION and low electron temperature is expected to produce high
quality wc-Si films with a high deposition rate. This is be-

Microcrystalline silicon g.c-Si) thin films are attractive cause the high density plasma enhances the dissociation of
for use in many device applications, for example, solar cell§eed gases to generate a large number of species, and the low
and thin film transistor§TFTs) in liquid crystal displays, electron temperature reduces the ion energy incident on the
because of their high optical absorption, high carrier mobil-sypstrate.
ity, and stable behavior under illumination compared to  |n our previous studies, an ultrahigh-frequentyHF)
amorphous silicond-Si). From the viewpoint of cost, high plasma source with a spokewise antenna arrangement has
performance of the.c-Si formation process at low substrate peen successfully applied to a large-scale and precise etching
temperaturesT) is required, i.e., high deposition rate and process at a high rate and with no damage in the fabrication
good crystallinity on inexpensive substrates such as glassf the ultralarge-scale integrated circdits. The UHF
substrates. plasma, where no magnetic field is required to maintain a

Plasma enhanced chemical vapor deposRECVD) is  high density plasma, has a great potential to achieve a high
a useful method for the direct formation pfc-Si films at  gensity and low electron temperature uniform to withi6%
low Ts. The high dilution of silane (Sik) gas with hydro-  gyer large areas of 30 cm diameter at a low pressure of 3
gen (H) gas was found to enhance the crystallization ofmTorr using Cj plasma. In order to meet the requirements
PECVD Si films!~® This is generally explained by the effect for ,c-Si film formation, we have successfully employed an
of surface coverage by hydrogen atchibe etching reaction UHF plasma system of 500 MHz with a mixture of Sikind
by hydrogen atom$:° and/or the modification of the Si—Si H, gases for the deposition gic-Si films on insulating
network by hydrogen atonfs. quartz substrate¥.

Furthermore, it is well known that ion bombardment | this study, the crystallinity and deposition rate of films
does not enhance the crystallinity gic-Si materials in  paye peen extensively investigated by varying the hydrogen
PECVD. Therefore, a plasma system with a high densitygjytion, total pressure, mixture ratio of SjHo H, and Ts.
Furthermore, we have carried out diagnostics of the plasma
dElectronic mail: hori@nuee.nagoya-u.ac.jp by Langmuir probe, ultraviolet absorption spectroscopy
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FIG. 1. Schematic illustration of the UHF plasma CVD system.

FIG. 2. Raman spectra as a function of UHF power @gdfrom 100 to
(UVAS), and optical emission spectrosco@ES to clarify 300 °Q at a pressure of 14 Pa and a $iH, ratio (R) of 30/100 sccm.
the main factor determining the crystallinity in UHF plasma.

Qn the baS|§ qf thesg results, the mgqhamsm for the forma%he UVAS and OES measurements. A 35 GHz microwave
tion of wc-Si films with good crystallinity at low tempera- . .
. A interferometer was used to measure the electron densities.
ture employing UHF plasma is discussed.
I1l. RESULTS AND DISCUSSION

Il EXPERIMENT Figure 2 shows Raman spectra as a function of UHF

Figure 1 shows the schematic illustration of the UHFpower andT (from 100 to 300 °Gat a pressure of 14 Pa and
plasma CVD system. The plasma was generated by supply SiHi/H; ratio (R) of 30/100 sccm.
ing an UHF power at 500 MHz to a spokewise antenna with ~ To evaluate the crystallinity of the films, we used the
a ring, which has been described in detail elsewhkfghe  Crystalline fraction assessed by decomposing the Raman
antenna was designed to inductively couple UHF power inspectra into three peaks, namely, crystalligd8 cmi™),
troduced through a 3-cm-thick quartz window. The plasmaamorphoug480 cni), and intermediaté512 cm ') peaks.
source enabled us to generate a large area of pléédnem The crystalline fractiorX, was derived from the formula as
diametey with high density -8x10cm™3) and low elec- follows;
tron temperature at around 1 eV at 20 Pa. The process cham- | +1
ber was evacuated by two turbo molecular puri#00 and X ¢ o
600 I/9 and a rotary pump. A road lock chamber was ar-
ranged to introduce the substrate into the process chambwtherel., |, andl, are the integrated intensities of the
without exposing the inside of the chamber to the atmo-crystalline, intermediate, and amorphous peaks, respectively.
sphere. Th& g was controlled by a heater and thermocouples is the ratio of the integrated Raman cross sections for
attached to the rear surface of the substrate. All films weramorphous silicon to that for crystalline silicon. In this
deposited on the quartz substrate. We used a mixture of SiHanalysis, we evaluated the crystalline fraction by subtracting
and H, gases and the SiH, ratio ranged from 0.5% to the spectra due to the quartz substrate from the Raman spec-
30%. The total pressure was varied from 10 to 25 Pa. Ramaina and thes was assumed to be'#13
spectroscopy was used to evaluate the crystallinity of depos- In the case ofa) 400 W, at aT of 100 °C, only a broad
ited films. The thickness of the films for Raman spectroscopyeak near 480 cil, arising froma-Si, was observed. At
was about 700 nm throughout the present experiments. Th200 °C, a peak at 518 cm appeared arising from crystalline
plasma was analyzed by Langmuir probe, UVAS, and OESsilicon phase. On the other hand, in the cas€bpf600 W,
A monochromator with a wavelength resolution of 0.3 nmthe peaks of the crystalline phase were obtained even at
and a photomultiplier tube to detect the light were used forl00 °C. In this condition, the crystalline fraction and deposi-
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FIG. 3. Raman spectra as a function of $iH, dilution ratio at a fixed H
flow rate of 100 sccm, &, of 300 °C, an UHF power of 600 W, and a total o .
pressure of 14 Pa. sition rate ofuc-Si films can be controlled by the SjHlow

rate.

Figure 6 shows the Raman spectra as a function of the

tion rate were estimated to be about 63% and 7.7 A/s, rotal pressure aR=1/200 sccm andR=1/200 sccm of films
spectively. At 300°C, a crystalline fraction of about 68% deposited at 300°C and 600 W. The deposition rates in-

with a deposition rate of 9.0 Als was obtained. We confirmed,reaseq with increasing the total pressure. The crystalline
that the crystalline fractions of all the films increased with ¢4 tion of films at both H dilution ratios tended to decrease
Ts. These results indicate that the ilind H, gases were i an increase in the total pressure. As shown in @
effectively dissociated into favorable precursors and that thg,g ¢rystalline fraction described earlier indicates the volume
ion bombardment energy, which was estimated to be about g, .ion including the crystalline and nanocrystalline compo-
eV at a pressure of 14 Pa as described later, was is l0Wents. For high quality TFTs, however, the crystalline grain
enough to form the crystalline phase in the higher powel;,¢ js required to be large and therefore, the crystalline com-
region of the UHF plasma. , , ponent should be evaluated. The full width at half maximum
Figure 3 shows Raman spectra as a function o83 (F\WHM) of the crystalline component spectrum decom-

dilutioon ratio at a fixed H flow rate of 100 sccmTs of  hoseq from the Raman spectra has a close relation to the
300°C, UHF power of 600 W, and total pressure of 14 Payain size of the crystalline pha&&Namely, the lower the
As the dilution ratio,R(SiH,/H,), was varied from 30/100 FWHM, the larger the grain size.

to 10/100 sccm, the crystalline fraction was improved from Figure 7 shows the behavior of the FWHM as the total
68% to 73%. The deposition rate decreased from 9.0 10 3.2re55ure was varied at 600 W and 300 °C. From these results,
AJs with decreasing the dilution ratio of SjHo H,. Figure the grain sizes of films deposited Bt 1/200 sccm andR

4 shows the Raman spectra as a function of,Siélv rate at  _ 10,200 sccm have the maximum values of about 14 and 20
a constant H flow rate, UHF power of 600 W, a pressure of

14 Pa, and & of 300 °C. As the dilution ratio was varied

from 20/200 to 1/200 sccm at a high flow rate condition, the R=8iH/H, (sccm)

crystalline fraction was improved from 72% to 82% and the 10

deposition rate decreased from about 6 to 1 A/s. The origin R=30/100

of the bump at about 500 cm was the quartz substrate. _ A_,_/

Compared with the results d®=10/100 in Fig. 3 andR <‘(\” R=20/200

=20/200 in Fig. 4 for a constant dilution ratio of SjHH,, Py

as the total flow rate of the gas mixture increased, the depo- g 5l

sition rate increased from 3.2 to 5.9 A/s, while the crystalline § R=10/100

fraction did not change much. Therefore, the total flow rate g

does not affect the crystalline fraction. At these conditions, 3

the residence times of the gas were estimated to be about 3.3 D__’__D__R:JEQ%

s atR=10/100 and 1.7 s &=20/200. 0 . . :
Figure 5 shows the dependence of the deposition rate on 100 200 300

the T at an UHF power of 600 W and pressure of 14 Pa. The Substrate temperature ("C)

deposition rates were almost _ConStangt from 100 t0 g, 5. Dependence of the deposition rate onTheat an UHF power of
300 °C and depended on the Siffbw rate. Thus, the depo- 600 W at a pressure of 14 Pa.
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FIG. 7. FWHM of the crystalline component estimated from the Raman
spectra in Fig. 6 for a variety of total pressure.

tion about the plasmas using OES. In OES measurements,
small amounts of the rare gases He, Ar, and Xe were added
to the SiH,/H, plasmas. The optical emission intensity of Ar

is given

I arx NN(Ar) JM v(e)o(e)f(e)de=nN(Ar){ov),
€th
2

wheren, is the electron densityN(Ar) is the density of Ar,

1(e) is the electron velocity as a function of electron energy
¢, a(e) is the collisional cross section for the electron impact
excitation of Ar, andf(e) is the electron energy distribution
function(EEDF. The emission rate, i.e., the integral term, is
simplified by the symbo{ov). Figure 8 shows the normal-
ized optical emission intensity of Ar 5+ /N(Ar)] and the
optical emission intensity ratios of Xe/Ar and He/Ar fBr
=1/200 and Xe/Ar(He/Ar)=1/1 sccm. The lines used were
Xe (5p°6s3P—5p°6p 1P: 823.1 nm,** Ar (1s2—2p1:
750.4 nm,*® and He (52p °P°—1s3d °D: 587.6 nm and
their excitation threshold energies were 9.8, 13.5, and 23.1
eV, respectively. These optical emissions were caused by
electrons with higher energies than the threshold values. The
XelAr ratio increased while the He/Ar ratio decreased with
increasing the total pressure. Xe/Ar indicates the lower en-
ergy distribution region while He/Ar indicates the higher re-
gion. This fact indicates that the EEDF in the plasma shifts
to the lower energy region with increasing total pressure.
Moreover, | o« IN(Ar) decreased with increasing the total
pressure andly« /N(Ar) is proportional ton,{ov). Hence,

the decrease iy« /N(Ar) means a decrease im(ov).

The electron densityn, was evaluated using a microwave

FIG. 6. Raman spectra as a function of the total pressure for hydrogen

dilution ratios ofR=1/200 sccm sccm an&=10/200 sccm at 300 °C and

>
600 W. £
g E : : ; ; 20 %
EZ 10 :@Af XelAr pe 2
5 b4 ao _. o T 116 @
. . . . . L < 0 8_ = — c
Pa, respectively. The crystalline grain size estimated by a TV — < © lia 8
x-ray diffraction showed the same trend as the FWHM ob- ET o06f o o He/Ar |, =
tained by Raman spectroscopy. The formations of these films = 0.4l w 2
were randomly oriented textures and the crystalline grain % ' "o 110 ‘é’
size atR=1/200 and 20 Pa was about 25 nm. The deposition o 0-25 0 15 20 25 30 8 w
rates and crystalline fractions estimated from the Raman
spectra of these films were 1.9 A/s and 78%Rat1/200, 5.8 Total pressure (Pa)
Als and 68% aR= 107200, respectively. FIG. 8. Normalized optical emission intensity of Ar and emission intensity

To clarify these behaviors, we initially obtained informa- ratio of Xe/He and He/Ar.
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FIG. 9. Dependence of the electron density measured by a microwave ins_heath voltage estimated by using the probe method as a function of the total

terferometer on the total pressure &) R=1/200sccm and(b) R pressure.
=10/200 sccm.

of (ov). Therefore, the ion bombardment energy incident on

interferometer. Figure 9 shows the dependence of electrothe film surface is considered to be lower with increasing
density on the total pressure at an UHF power of 600 W. Agotal pressure. To confirm the decrease of the sheath voltage,
shown in Fig. 9, the electron density, increased with the the Langmuir probe method was also carried out. These mea-
total pressure and had a tendency to become saturated atrements were only performed fog Flow rate of 200 sccm
pressures greater than 20 Pa in both the casesRR of and without SiH gas in order to avoid the problem of con-
= SiH,/H,=1/200 andR=10/200. Almost identical electron tamination on the probe in the plasma. The sheath voltage
densities were achieved for R=1/200 andR=10/200 be- was estimated fromV—V;, where theV; is the floating
cause the plasmas in both cases consisted of over 95% H potential and thé/, is the space potential. Figure 10 shows

In a previous study, the ionization rate was characterizedhe electron density, electron temperature, and sheath voltage
in UHF and inductively coupled plasm#&sCP9 employing  estimated by using the probe method as a function of the
Cl, gas. It was found that the ionization rate in the UHFtotal pressure at 600 W. The sheath voltage decreased with
plasma remained high compared with the rate in the ICRncreasing total pressure. Moreover, we confirmed that the
with a discharge frequency of 13.56 MHz and at low pres-electron temperatur€, decreased with increasing total pres-
sure, whereas the rate in the ICP fell sharply as the pressugseire. The electron temperatures were derived to be 1.2 eV at
increased®!’ These results were explained by the relation-20 Pa and 0.7 eV at 25 Pa, which indicated well the charac-
ship between the discharge frequency and the electrorteristics of UHF plasmas with a high density and a low elec-
collision frequency, namely, the discharge frequency in thdéron temperature. Consequently, the main factor for improv-
UHF plasma is higher than the collision frequency in theing the crystallinity evaluated from the FWHMs of the
pressure region and thus the electron energy distributions arystalline component is considered to be the reduction in the
insensitive to the variation in pressure. Moreover, the ionizaion bombardment energy. However, the crystallinity has an
tion rate in the UHF plasma employingGjas increased up optimum pressure as shown in Fig. 7. This fact means that
to about 20 Pa and was almost constant with increasing thihere are factors for deteriorating the crystallinity.
pressuré® The results in the UHF plasma employing a mix- Many studies have reported that hydrogen atoms play an
ture of SiH, and H, gases, shown in Fig. 9, are reasonablyimportant role for improving crystallinity. In order to inves-
consistent with those employing {jas obtained in the pre- tigate this further, the behavior of atomic hydrogen and the
vious studies. Therefore, these results indicate the specifgpecies for deposition were studied by OES and UVAS were
feature of UHF plasma where the density remains high comearried out. In this study, we investigated the density of
pared with other plasmas, such as ICP, not only in the lowatomic silicon as one of the deposition species. The UVAS
pressure region but also in the high-pressure region from 1fheasurement, using a silicon hollow cathode lamp as the
to 25 Pa. light source, was used to measure the absolute densities of

ngov) decreased while, increased. Therefordgr)  the atomic silicon in the gas phaS&° The transition
decreases with increasing total pressure. The ion bombar®p? ?P,—3p4s 3P, line of atomic silicon atom at 251.6 nm
ment energy to the floating substrate is generally a functionvas used for the measurement. On the other hand, no simple
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crystalline fraction increased with increasing Hilution ra-
tio. A crystalline fraction of 63% with a high deposition rate
of 7.7 A/s was obtained even at a of 100 °C. At a temperature
of 300 °C, a crystalline fraction of approximately 86% was
achieved at a deposition rate of 1.4 A/s. Moreover, it was
clarified that the electron density was constant against a
variation of pressures around 25 Pa and an optimum pressure
for crystallinity existed. This was explained from the view-
point of atomic hydrogen and sheath voltage. From plasma
diagnostic tests using a Langmuir probe, UVAS, and OES, it
was found that the reduction in the sheath voltage with in-
FIG. 11. Silicon density (B22P,—3p4s®P,) and the optical emission Cr€asing the atomic hydrogen density to deposition species
intensity of H, (656.3 nm as a function of the total pressure B  was a key factor for improving the crystallinity at lovy.
=1/200 sccm. The UHF plasma excited at 500 MHz was able to produce a
low-electron temperature and high density over a wide pres-
measurement method has been established for obtaining the ¢ range and an excellent plasma uniformity over a large

absolute density of atomic hydrogen. Hence, OES was e"}a_lrea. Thus, UHF PECVD will be very useful for the low-
0

ployed to estimate the behavior of the relative densities emperature forr_n_atlon QL.c-Si f||ms with good crystallinity
atomic hydrogen and high deposition rates on insulated substrates over large

In the SiH, plasma highly diluted by bigas, the optical & o
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