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We report that a room temperature hydrogen plasma exposure in a parallel plate diode type reactive
ion etcher can reduce the time required for the subsequent thermal crystallization of amorphous
silicon time by a factor of five. Exposure to hydrogen plasma reduces the incubation time, while the
rate of crystallization itself is not greatly affected. This plasma enhanced crystallization can be
spatially controlled by masking with patterned oxide, so that both amorphous and polycrystalline
areas can be realized simultaneously at desired locations on a single substrate. The enhancement of
crystallization rate is probably due to the creation of seed nuclei at the surface. The films have been
characterized by UV reflectance, x-ray diffraction, plan view transmission electron microscopy,
Fourier transform infrared absorption, secondary ion mass spectroscopy, and four-point probe
measurement of electrical conductivity. €99 American Institute of Physics.
[S0021-89709)09503-]

I. INTRODUCTION substrates by PECVD in a parallel plate diode type chamber,
Polycrystalline silicon(polysilicon) is used extensively Uusing pure silane with flow rate of 50 sccm, chamber pres-
in the fabrication of thin film transistorFTs). Polysilicon ~ sure of 500 mTorr, substrate temperatures of 150, 250, and
formed by the crystallization of amorphous silicoa-6i) 350 °C, and at rf power of-0.02 W/cnf. The subsequent rf
has far superior material and electronic properties than afllasma exposure was done in a parallel plate reactive ion
deposited polysilicol? due to the larger grains. The most €tcher(RIE) at room temperature with hydrogen, oxygen or
commonly used method to crystallizSi is solid-phase argon, with varying rf power and exposure times. The rf
crystallization(SPQ, which requires annealing in a furnace frequency was 13.56 MHz and the RIE electrode area was
at a maximum temperature of 600 °C for films on glass, or a250 cnf. All samples were subsequently annealed in a fur-
higher temperature and shorter time in a rapid thermal antace at 600 °C in Nfor times ranging from 3 to 20 h. The
nealer(RTA). Furnace annealing at 600 °C usually requiresUV reflectance spectrurof all samples was measured to
long anneal times of the order of 20—6G Narious tech- monitor the crystallization process. Based on earlier vfork,
niques have been tried to reduce the annealing time, includhe saturation of growth of the reflectance peak at 276 nm is
ing metal-induced crystallization(MIC),* germanium- used as an indication of complete crystallization of the
induced crystallizatioR, and electron cyclotron resonance Sample. This was later confirmed by x-ray diffractiotRD)
(ECR) oxygen and helium plasma enhanced crystallization. and plan-view transmission electron microsc@p#M). For
The latter process introduces the least contamination in thi1€ selective crystallization experiments, Silas deposited
films, while the former two methods can lead to metal orby €lectron beam evaporation and patterned by lithography
germanium contamination of the films, respectively. Weand a dilute hydrofluoric acid etch. The Si@as used to
have found that a radio frequen¢sf) hydrogen plasma ex- mask the plasma exposure to later realize polysilicon and
posure at room temperature of plasma-enhanced-chemicgmorphous silicon on the same substrate.
vapor-depositedPECVD) a-Si:H film can reduce this crys- ||, CRYSTALLIZATION OF PLASMA-TREATED FILMS
tallization time by a factor of fivecompared to films not )
exposed to a plasma. This method was used for selectiv@ ntroduction
crystallization ofa-Si:H, by using SiQ as a mask during Solid phase crystallizatiofSPQ of amorphous silicon
plasma exposure. (a-Si) involves two distinct processes, namely the nucle-
In this article we describe the hydrogen plasma enhanceation of seedgformation of clusters of crystalline silicon
ment process and relate it to the structure ofah®i:H film.  and their growth to polycrystalline films. The rate-limiting
step of the crystallization process is the rate of nucleation of
Il. EXPERIMENTAL PROCEDURE seeds (,,), which has an activation energy of about 5 ®V.
Hydrogenated amorphous  silicora-Si:H) films of  The rate of crystal growthy(;) has an activation energy of
thickness from 150 to 400 nm were deposited on 7059 glasghout 2.7 e\'° We will show that the plasma treatment
hastens the crystallization and we suggest that this is due to

aE|ectronic mail: kpangal@ee.princeton.edu the creation of seed nuclei, and hence the crystallization
PElectronic mail: sturm@ee.princeton.edu comprises only the growth of crystal from these seeds. It has
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been previously reportédhat exposure to an electron cyclo-
tron resonanc€ECR) oxygen or helium plasma at substrate
tgmperature of 300 °C results in the reduction of Cl'yStalllz""'FlG. 2. Total crystallization time oé-Si:H films annealed as deposited or
tion times. It has also been shotthat rf or ECR hydrogen after hydrogen plasma treatment, as function of annealing temperature.
plasma treatment at a substrate temperature of 300 °C of hot-

wire a-Si:H films reduces the threshold laser power for crys- ) ]
tallization of the films. In either case no explanation for thehucléation and crystal growth occur at the same time once a
enhancement was given. few seeds have formed. Separation of the crystallization time

In our work, we studied the effect of hydrogen, oxygen,d?‘t?‘ of the varioysa-Si:H' films into the basig: processes is
and argon plasmas on the crystallizationaeBi:H (Fig. 1). d|ff|cplt and requires grain size and nucleation denglty Qata
The rf power was 200 W, pressure 50 mTorr, and flow ratdor different anneal tlme%,\/\(hlch were not measured in this
50 sccm. A hydrogen plasma has the largest effect, with th§2Se- But the smaller activation energy of 2.7 eV for the
total crystallization time, defined as the time taken to comydrogen-plasma-treated sample, compared to 3.7 eV for the
pletely crystallizea-Si:H film, at 600 °C in N ambient, re- untreated control sa_mple, indicates that th_e hydrogen plasma
duced by a factor of five. Argon plasma had the Sma”est:.reates seed nuclei and that. the crystallization time is the
effect and oxygen plasma resulted in reduction of crystallifime taken for the seed nuclei to grow to a completely crys-
zation time by about two. The change in reflectance at 27&alline film.
nm is used to monitor the degree of crystallization. As can be
seen in Fig. 1, crystallization of the-Si:H films as a func-  C. Effect of rf power and exposure time

tion of annealing time, plasma treated or untreated, involves  The total crystallization time falls as the rf power of the
two distinct phases. During the first part, there is no crystalyy, or 0, plasma is increased as shown in Fig)3In either
lization and the UV reflectance peak at 276 nm is 0%, an¢tase, when the rf power is greater than 270 W, the plasma
this is the incubation periodrg). This is followed by the  exposure leads to sputter etching of the film that produces
crystal growth period £c), during which crystal growth oc-  pits and craters. The total crystallization time also becomes
curs from the seed nuclei, and is characterized by growth o§horter as the plasma exposure time is increased and satu-
the UV reflectance peak at 276 nm and its ultimate saturatiopgtes after 60 min exposure in the case gfard 180 min in

when the crystallization is complete. Figure 1 also showshe case of @plasma exposure, respectively, as illustrated in
that the plasma treatment reduces the incubation time witjg 3p).

the crystal growth time being nearly constant.

Reciprocal Annealing temperature (1/kT) (eV")

D. Effect of deposition temperature

B. Effect of annealing temperature The total crystallization time also depends on the growth

The total crystallization time of 150 nra-Si:H films  temperature of tha-Si:H films. The incubation time of crys-
deposited at 250 °C on oxidized silicon substrates, either untallization increases as the growth temperature is reduced
treated or treated with hydrogen plasma at rf power of 200 With the characteristic crystallization time being nearly con-
for 90 min, and annealed at different temperatures, is plottedtant. The total crystallization time falls linearly froml7 to
in Fig. 2. As is expected, both curves exhibit similar charac-~5 h for the untreated control sample as the growth tempera-
teristics, and the total crystallization time decreases as theire increases from 150 to 350 f€ig. 4(c)]. This correlates
annealing temperature is raised. A linear fit of the data yieldsvell with the total hydrogen conteras measured by IR
an apparent activation energy of 3.7 eV for the untreatedbsorption at 630 cit) of the film, which also drops lin-
control sample, and 2.7 eV for the hydrogen-plasma-treatedarly from ~16.9 to ~8.5 at. % as the growth temperature
sample. These are not the actual activation energy of a singlacreases from 150 to 350 °(Fig. 4(a)]. Also, as the depo-
process as the total crystallization time includes incubatiorsition temperature is lowered the IR absorption at 2000°cm
time (7o) and crystal growth time). The two processes of corresponding to Si—H bontfs remains fairly constant,
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while the IR absorption at 2090 cth by Si—H, bond$2*? £ 7]
increases as can be seen in Figh)4Therefore the increase 5 1
in hydrogen content with decreasing growth temperature is T e8]
due to the increase in silicon dihydride borfdsThe total S 6
crystallization time of oxygen-plasma-treated samppleg. = 4]
4(c)] also drops as the deposition temperature increases, as © 5 '
does the crystallization time of the control samples. But the 100 150 200 250 300 350 400
hydrogen-plasma-treated samples show no important change Deposition Temperature (°C)

in total crystallization time with growth temperatuf€ig. _ I .
4(c)], and in fact the total crystallization time increases fromFIG' 4. (@ Hydrogen content in the- Si:H film as a function of growth
’ Yy temperature(b) IR absorbance at 2000 and 2100 ©énfor a-Si:H films

~4 to ~5 h when the deposition temperature is raised fromgrown at different temperatures an@) crystallization time for plasma
150 to 250 °C, unlike the control samples. From this we infertreated and untreated samples as a function of growth temperature.

that the number of incipient nucleation sites is increased as

the PECVD growth temperature is raised. The relative con- ] )

stancy of the total crystallization time of the hydrogen-films with the hydrogen plasma treatment reducing the dop-
plasma-treated sample on deposition condition suggests th@ft activation time from~24 to~4 h (Fig. 5). The ultimate

the seeding layer produced by the plasma treatment is tr€et resistance~25 Q/0) after annealing at 600 °C in N
same regardless of starting conditions. of the H,-plasma-treated sample is the same as the untreated

control sample.

E. Effect of dopant in the film

The hydrogen plasma treatment also reduced the thermgr Selective crystallization

budget for dopant activation. 280-nm-thiék situ phos- To demonstrate selective crystallization, 100 nm of sili-
phorus doped samples were deposited by PECVD on 705€on dioxide (SiQ) was deposited bg-beam evaporation on
glass with a PHflow of 6 sccm and a Sikiflow of 44 sccm,  top of 150 nm ofa-Si:H film deposited at 150 °C. The SjO

at chamber pressure of 500 mTorr, at substrate temperatuveas then patterned and the samples were exposed to hydro-
of 240°C, and rf power 0f~0.02 W/cnt. The phosphorus gen plasma then all the remaining Si@as stripped and the
concentration in the film is~107°cm 3. These samples samples were annealed in the furnace. The exposed areas
show the same crystallization trend as the intrirsiSi:H  crystallized completely as expected, while the unexposed ar-
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FIG. 5. Dopant activation and UV reflectance during annealing of a hydro-
gen plasma treated, and an untreae8i:H film doped with phosphorus at
~10%°cm 2 and grown at~240 °C on glass.

(b

eas remain amorphous as can be seen in Fa), &nd this
was also confirmed by UV reflectance measurements. This
shows that SiQ can mask against the effect of the plasma.
Lateral crystallization does occur, however, with the crystal
front growing out of the seedd@xposed areas to the unex-
posed areas as can be seen in Figb) &nd Gc) with the
lateral growth rate being-0.5 um/h at 600 °C.

7 pm

G. Material characteristics of the films

The grains of completely crystallizedannealing at FIG. 6. (8 Optical micrograph showing selective crystallization with the
dark areag~4 um diametey being polycrystalline and the light areas being

600°0 300_nm_thICkafS|:H fllmS_ depos_|ted at 150, 2_50’ or amorphous afte3 h of anneal, andb) and (c) showing crystal growth

350 °C, were predominantly oriented in thi#ll) vertical  around the seeded regions as samples were annealed at 600 °C for 4 and 5 h,
direction (Fig. 7) regardless of plasma treatment prior to respectively.

SPC. Grains wit{111) oriented surfaces predominate as the
(111 plane has the least surface enetyfhe grain size of

the polysilicon film as measured by TEM annealed Withoutgﬁz?if\'\{ﬁiss esg:ge(ljea\;[vg;s ergemtgggu?gg tzﬁ t%rgss;aglggggr
plasma treatment was-0.7 um, while the plasma treated P :

and annealed samples had grains of about 0.4uf5 Se- ;amples had t.he same crys_tallization time a5 h, irrespec-
lective area diffraction of the films during TEM also con- E\éic(()ef ;gfnéz'g;ggiz torgtst;g eiz:chh?)(rjolcr:ei?tsseélzfp(;?)zrsnarII’Ot af-
firmed that most of the grains hadi11) orientation. fect the crystallization time. As can be seen in Fi(p)8a
hydrogen-plasma-treated sample with the te0 nm thick

::\)/L'A'\g:wCAHAN'SM OF SEEDING BY HYDROGEN layer removed crystallizes in the same time as an untreated
sample. This proves that the surface region is responsible for
A. Location of seed nuclei rapid crystallization and that any seed nuclei are created in

the top 30—40 nm layer. Figure 9 shows how the thickness of
plasma created seed nuclei which resulted in reducing ths|=_ is seed layer varies with hydrogen plasma exposure time.

. . : . . he rf power was held constant at 200 W. Note also that the
total crystallization time. In this section we determine the ! .

. . o . hydrogen plasma etches the film at a rate-@& 1 nm/min at
location of the seed layer and its composition. To test if the200 W
effect of the hydrogen plasma treatment on the crystalliza- '
tion occurred through a modification of only the surface ofB Possible struct ¢ d lei
the amorphous silicon film, we dry etched the hydrogen-—" ossible structure of seed nuclel
plasma-treated sample to various depths in g@&sma(rf Infrared absorption measurements of the untreated con-
power of 10 W, Sk flow rate of 15 sccm, and chamber trol samples and oxygen plasma treated samples- 8f:H
pressure of 150 mTorbefore annealing. We then observed on silicon substrates show an absorption peak at 2000t ,cm
the effect of such etching on the crystallization time. Tobut the hydrogen plasma exposed sample shows an addi-
ensure that the $fplasma itself did not affect the crystalli- tional peak at 2100 cit, corresponding to the vibrational

zation times, a contrah-Si:H sample unexposed to any H frequency of the Si—bistretch mod¥ as can be seen in Fig.

In the preceding section we suggested that hydroge
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FIG. 7. X-ray diffraction of completely crystallized samples, as deposited or
with prior hydrogen or oxygen plasma treatment, showing that the grains ar
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FIG. 9. Thickness of the plasma-modified layer as a function of exposure
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10. The appearance of the 2100 thpeak shows that hy-
drogen plasma treatment changes the microstructure of the
a-Si:H film, producing Si—H bonds. As the samples were
progressively etched in the §Blasma to increasing depths,
the absorption peak at 2100 ciwas reduced correspond-
ingly. Figure 8b) shows that this observation correlates well
with the increase of the total crystallization time.

SIMS analysis of the films showed that the hydrogen
plasma treatment also depletes hydrogen from the surface.
This depletion effect is limited to a surface lay&ig. 11(a)]
whose thickness agrees well with the seed nuclei layer thick-
ness as determined by progressive etching of the film, which
we just discussed. The intensity of the Si—H stretch mode in
the hydrogen-plasma-treated film, shown in Fig. 10, appears
to suggest that the hydrogen content in the film increased
after plasma treatment, in contrast to the SIMS data, but
hydrogen content im-Si:H films is most reliably calculated
from the 630 cm* peak, whose intensity is indeed consistent
with the SIMS result. The hydrogen depletion effect is not as
pronounced ira- Si:H films deposited at higher temperatures
[Fig. 11(b)]. After a hydrogen plasma treatment at rf power
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FIG. 8. (a) Crystallization time of samples etched to different depths by SF FIG. 10. The infrared spectra af-Si:H films deposited at 250 °C, as de-
plasma(20 W, 150 mTorr, and 15 scomafter hydrogen plasma treatment at posited or hydrogen or oxygen plasma treated. The hydrogen plasma treated
sample shows a shoulder at 2100 ¢neorresponding to Si—istretching

200 W for 90 min, andb) IR absorption at 2100 cnt as function of depth

from the surface for this sample.

mode.
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of 200 W for 90 min the surface hydrogen concentration (@
increased from X 10% to 8x10cm™2 for films whose
growth temperature increased from 150 to 250 °C. In addi-
tion to hydrogen depletion, the hydrogen plasma treatment / i
also leads to an increase in oxygen concentration at the sur- : "Ji-é%gywmw»%mrm@;o%:.%%
face of thea-Si:H as seen in Fig. 14). a T
SIMS also showed that the plasma treatment produced o Af
i a—t ter H, plasma exposure
\' : s at 200 W for 90 min
. a}\ “e_. . sOinfim]
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aluminum contamination, whose source is the aluminum ox-
ide electrode plate that is getting sputtered onto the sample.
(The ~4 cn? samples were placed directly on an aluminum
oxide coated electrodelt is thought, however, that the con-
centration of aluminum~ 10*¥-10"cm™3) at the surface of
the sample is insufficient to cause any significant change in
crystallization times® Typically the crystallization tempera-
ture for Al-Si alloys drops significantly for Al concentration

of 4 at.% or higher. This was confirmed by placing the
a-Si:H samples on a 100-mm-silicon wafer during exposure
to plasma to reduce aluminum contamination to below
10'”cm 3, which is the same as the untreated sample. These
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We are not aware of any work showing similar hydrogen
depletion at the surface @-Si:H film by hydrogen plasma
treatment in anpther Champer aft_er growth. Howevgr, ther?IG. 11. (a) Hydrogen and oxygen concentrationafSi:H films deposited
has been a series of work involving so-called chemical ana; 150 °c before and after hydrogen plasma exposure, showing hydrogen
nealing in the PECVD growth chamber, whereby a thindepletion from the surface of the film, arid) the same for film grown at
a-Si:H layer is exposed to a hydrogen plasma or hydroger®0 °C. showing less hydrogen depletion.
radicals after the growth of the thin layErThis has been
shown to cause depletion of hydrogen from the surface of
a-Si:H film. Hydrogen is abstracted by the impinging H at- results in a peak at 2100 ¢rh and why this microstructural
oms, which interact with the silicon—hydrogen surface unitchange is limited to the top surface layer of #eSi:H film.
to form volatile H, molecules®%It has been speculated that Figures 11a) and 11b) show that the concentration of
hydrogen abstraction is an important hydrogen eliminatiorhydrogen at the surface of tlaeSi:H film after the hydrogen
mechanism. Hydrogen abstraction is thought to lead to thelasma treatment is very low, suggesting that the top layer is
formation of crystallites in the layer-by-layer growth of mi- nearly pure silicon in the form of a layer of silicon microc-
crocrystalline silicon fc-Si:H), which involves alternating rystallites. The high concentration of oxygen in the films
a SiH, plasma to deposit tha-Si:H film with a pure H  could be from post-K plasma exposure to oxygen in the
plasma to create microcrystallites of silicon in the surfaceatmosphere, because hydrogen removal from the surface
layer. Similarly, the growth of.c-Si:H by hydrogen dilution makes it extremely reactive and oxygen passivates the dan-
involves adding Hto SiH, during growth'® This depletion  gling bonds at the surfadd.The infrared absorption spectra,
will be more efficient if the silicon dihydride content in the the crystallization time data, and the SIMS analysis of our
film is higher, and in fact the formation of a porous §iH samples are consistent with the fact that the hydrogen plasma
phase is an important step towards hydrogen inducetteatment leads to the creation of small amounts of microc-
crystallization?® As mentioned earlier, the films deposited at rystallites of silicon in the surface layer, which could then act
low temperature$150 °Q have a higher dihydride content as seeds during the subsequent crystallization process. While
than films deposited at 250 °C, leading to higher hydrogermwe have these indirect proofs for such an effect, we have not
depletion from the surface of low-temperature filffiigs.  yet found the opportunity for experiments that could provide
11(a) and 11b)]. This could in turn lead to higher number of direct proof of the formation of microcrystallites of silicon
seed nuclei which explains why the crystallization time de-such as Raman spectra with a peak at 522 %sror lattice
creased from~5 to ~4 h for the hydrogen plasma treated plane imaging with high resolution TEM.
samples when the growth temperature was lowered from 250 The nucleation of crystallites is also thought to be accel-
to 150 °C. The infrared absorption spectrawaf-Si:H films  erated by both a rough surface and a porauSi:H with
also show a peak at 2100 ¢fy’! because the microcrystal- voids?® both of which in theory might be caused by the
lites of silicon embedded in an amorphous matrix are prehydrogen plasma treatment. However, in our case the surface
dominantly terminated by Si—Hoonds!®2! This could ex-  roughness induced by the hydrogen plasma was far less than
plain why the hydrogen plasma treatment of &a&i:H film  (as measured by intensity of reflection of normal incidence
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S . . depletes hydrogen from the surface of the film. The plasma
10 a-Si:H as-deposited at 150 C treatment probably creates seed nuclei of microcrystalline
— on 7059 glass silicon or possibly voids. These seed nuclei enhance the
g 0%/ - Hin fil 3 overall crystallization rate. This technique can be used to
g W ?ﬂ"ﬂ"ﬂ”ﬂ“ﬂ“ﬂ“ﬂﬂ"ﬂ”ﬂ'ﬁ*ﬂ-’ﬂ"’”ﬂ::@”’ﬂ‘ reduce the thermal budget for the fabrication of polysilicon
g 10'F f.i \\\\\ N After O of E TFTs. This effect can be controlled spatially resulting in
< " OF Cp PESTA SXPosUre polycrystalline silicon and amorphous silicon areas on the
c d . | at 200 W for 90 min
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