Tailoring the Structure of Low-Temperature-Deposited
Microcrystalline Silicon Films by Biasing the Substrate

Mario Birkholz !, Burkhardt Selle, Walther Fuhs, Don L. Williamson?

Hahn-Meitner-Inditut Berlin, Silizium-Photovoltaik, Kekuléstr. 5, 12489 Berliny GERMANY .

! present address: Fraunhofer Indtitut fiir Schicht- und Oberfl&chentechnik, Bienroder Weg 54E, 38108
Braunschwelg, GERMANY . E-mail: birkholz@ist.fhg.de.

2 Colorado School of Mines, Department of Physics, Golden, CO 80401, USA.

ABSTRACT

Biasing the subdrate during deposition and the substrate's surface morphology may both have
magjor effects on the structurd properties of thin films. We present the results of structura investigations
(Raman and FTIR spectroscopy, XRD, SAXS) of thin glicon films that were prepared a low
temperatures by eectron-cyclotron resonance (ECR) chemica-vapor depostion. The effect of
subgtrate bias during the deposition was investigated for positive DC susceptor biases Vg ranging from
0 to 45V. For danless sed subgrates with an atificialy enlarged surface roughness (smart
subgtrates), an increase of the crystdlinity could be observed with Raman spectroscopy. Films prepared
under a susceptor bias of +15 V exhibited a texture inverson of preferential (220)- to (111)- oriented
grains, which was accompanied by an increase in grain Sze from 18 to 42 nm. Small-angle X-ray
scattering (SAXS) reveded the films as depodted on Al foil to exhibit significant free volume fractions
(microvoids). The ahility of talloring the structure of thin S films by gpplying abias is discussed in terms
of controlling the energy and intengity of ion flux to the surface of the growing film. This can efficiently be
achieved in an ECR system, where the mean free path of gas particles exceeds the thickness of the
plasma shegth.

INTRODUCTION

The dectronic properties of poly- and microcrygdline thin S films are sgnificantly affected by
sructurad festures and concentrations of digtinct lattice faults The dimensons of slicon grans in
microcrystaline dlicon, pc-S, films are typically of the order of some 10 nm which has to be improved
in order to arrive at the required values of charge carrier mobilities for eectronic gpplications. On the
other hand, for large-area gpplications the depostion temperature should not exceed a limit of about
800 K, above which glass or other inexpensve subsirates are harmed or eectronicaly deleterious
impurities are introduced via interdiffuson. For film growth, the crucid physica quantity is the surface
diffuson coefficient of the film-forming soecies, which should preferably atain a higher vaue than
alowed for by the depostion temperature. Within plasma-asssted thin-film technology, use is often
being made of a bias voltage that is applied to the susceptor. By application of this technique ions
impinge on the film surface with a kinetic energy of some eV, causing a sgnificant increase of effective
temperature due to their thermdization. Advantageoudy, the effect is combined with an improved
compactness of the prepared layer. For physica vapor deposition (PVD) processes, a DC bias that is
subjected to the substrates is aways negative. A standard process for the low-temperature deposition
of thin S films is plasma-enhanced chemica vapor deposition (PECVD), with the ectron-cyclotron
resonance ECR PECVD as one of the currently studied options. Also for this technique deposition
experiments have recently been reported for which the substrates were subjected to aDC bias [1-5]. It
was found that for achieving state-of-the-art film properties a postive bias had beneficid effects. In
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1. Profilograms of rough stainless steel substrates as measured parallel and perpendicular to
the streaking prior to deposition. The inset was obtained by SEM (width of white bar 3 um).

2. Deposition rates for puc-S filmson Al foil and Mo/glass as a function of substrate bias V.

3. Raman intensity ratio Qr = Is0/l4g0 for films deposited on different metallic substrates.

this paper we report on structurd investigations of a set of thin S films on metdlic subgtrates that have
been prepared by variation of a DC susceptor bias. It will be shown that the bias effects on the structure
were especidly dgnificant in films which had been grown on subgtrates with an enhanced surface
roughness.

EXPERIMENTAL

Hc-S films were prepared in an ECR deposition system from SiH4-H, mixtures a a tota pressure
of 0.93 Pa. Slane and hydrogen flow rates amounted to 4 and 90 sccm, respectively, while the
subgtrate temperature was kept at 600 K. The power of the plasma-exciting microwave was adjusted
to 1000 W. These optimized deposition parameters have been identified in a previous factorid andyss
campagn [6]. The same parameters were used during the preparation of samples presented in this
work, except for the biasing of the susceptor, upon which the subsirates were placed, which was set to
-15, 0, +15, +30 and +45 V. The surfaces of films deposited a -15 V were found to be damaged,
causing peding of some of them. The depositions were carried out Smultaneoudy upon three different
metalic substrates each having a surface of 25° 25 mn?, which were Mo-coated Corning glass
(Molglass), stainless ted (stst) and 10 um thin, high purity Al foils for SAXS measurements. Prior to
the deposition al substrates were built into a metallic mask to ensure eectrical contact between the
susceptor and substrate surfaces. Stainless stedl substrates were produced by laser-cutting from alarger
plate and subsequently subjected to an emery process that caused a pronounced streaking, Fig. 1. Its
rms roughness parallel and perpendicular amounted to 28 and 94 nm, while it was 4 nm and direction-
independent for Mo/glass.

FTIR and Raman spectra were recorded from the prepared films in reflection mode. Film thickness
vaues d were deduced from the FTIR interference fringes by tentatively inserting the refractive index of
bulk Sing; = 3.42. The appropriate deposition rates R for films on Al foil and Mo/glass subgrates are
displayed as a function of subdrate bias in Fig. 2. With increasing susceptor bias a continuous dow
down of R was found, the dope of rate decrease being approximately -0.14 nmymin per V. Raman
spectra were recorded for al three series of samples by exciting with the HeNe laser line (632.8 nm).
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4. Flotation denstiy ry of pc-S/Al foil (left scale) and integrated S-O-S FTIR signal at
1070 cm™* normalized with respect to film thickness d (right scale).

5. XRD average grain size L, as determined from (111) Bragg reflections and concentration
ratio No/N; of (220)- over (111)-oriented grains of pc-S films on stainless steel.

The typicd Raman spectra of pc-Si were obtained exhibiting the c-Si LO/TO peak at about 520 cmi™
with an asymmetrica broadening and a non-negligible spectra weight at 480 cmi*, where pure a-Si
would pesk. Smal S grains or amorphous fractions within the film may likewise account for a resdud
intensity at 480 cmi*. The ratio of Ramean intensities Qg = Isz0/l4g0 iS Often used as a measure for the
degree of cryddlinity. The maximum vaue as obtained in a depostion campaign aming a the improve-
ment of crystdlinity amounted to Qr = 8.4 [6]. Fig. 3 shows Qg as a function of susceptor bias Vg for
pc-S films deposited on different metalic subgtrates. A striking increase of Qr can be redized for films
on surface-rough stst substrates wheress, in contrast, Qr remains essentialy congtant for depositions on
smooth metallic substrates. For +45 V and st substrates the crystalinity parameter Qr attained a vaue
of 17.7, which is the largest Qg ever obtained for a puc-S film prepared in the ECR system. We
consder the increase to be caused by the specid surface structure of st substrates, since it was not
observed for pc-S depositions on smooth metallic subsirates.

In addition to this first Sgnificant influence of susceptor bias on thinfilm structure, a second effect
was manifest around Vg = +15 V. Fig. 4 displays the dengity of pc-Si/Al samples that was determined
by the flotation method. All films show the same vaue of r = 2.18 g/enT except for the sample
prepared at 15 V that exhibited an increased dengty of 2.23 g/ent. Moreover, the degree of oxygen
contamination of the films has been included in the plot. These values have been obtained by integration
of the FTIR band at around 1070 cmi*, where Si-O-Si asymmetric-bond-stretching vibrations in a SOy
matrix would absorb [7, 8]. We understand the occurrence of this IR band from the in-situ and ex-situ
contamination of samples by oxygen and consider its strength as a measure for microvoids contained in
the films. The sgnd is the amdlest for the sample prepared at Vg = +15 V. From both results it is
concluded that the most compact films are prepared with a DC susceptor biasof 15V.

Remarkable structura properties of films as deposted at +15 V were also observed by X-ray
diffraction in g- 2q geometry. In generd, the growth of pc-S films prepared within the rdevant
temperature range with a high degree of crysalinity and larger grains is associated with a preferred
orientation of grains exhibiting (220) lattice planes pardld to the subdtrate plane. The concentration or
average number N, of such grains within the film competes with N, grains of (111)-orientation [9].
Theratio of both, N,/ N, may, therefore, serve as a measure how well the (220) texture is devel oped.
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This rdio is shown in Fg. 5 as a function of susceptor bias for pc-S films on stst subgtrates. There is
a0 given the average grain Sze L; of (111)-oriented grains in direction of the substrate norma which
was derived from the broadening of Bragg reflections. It can be seen tha the usud (220) texture is
observed for an unbiased substrate, Vg = 0. However, at Vg = +15 V atexture inverson occurs, i.e.
more (111)- than (220)-oriented grains are formed. Simultaneoudy, the average grain Sze L; increases
from 18 to 43 nm. For higher Vg vaues the texture inverson vanishes and a near-random orientation
digtribution is observed. Also the average grain Sizes decrease again. These effects were not observed
for pc-S films deposited on smooth Mo/glass substrates.

Ancther most reevant variable regarding the characterization of polycrystdline filmsis their porosity
and free volume fraction, which could effectively be investigated by smadl-angle X-ray scattering
(SAXS). A decription of how SAXS sgnds can be interpreted is given in Ref. [10]. The SAXS
patterns of two films prepared a 0 and +45 V are given in Fg. 6 as a function of the momentum
transfer vector's magnitude q = (4p/l )ang, with 2q being the scattering angle and | the CuKa
waveength (154 pm). The films that were prepared at other susceptor biases yielded comparable
SAXS patterns and we will therefore restrict the presentation to these two data sets. Also included in
the figure is the SAXS pattern of a highly compact PECVD a-S:H sample that contained a vanishing
free volume (£ 0.01 vol%). The measured scattering intendties of pc-S films are much dronger,
indicating a ggnificant free volume fraction.

Data andyss was performed by numerica regression to three different SAXS contributions [10].
We were mainly interested in the component Iy that accounts for the scattering from  nanostructural
features and the integrated parameter, Q. This quantity can be used to estimate a volume fraction of
voids, f, assuming this is the origin of SAXS. Alterndively, this intengty may indicate a low-dendty
resdual amorphous phase containing large concentrations of hydrogen. It is known from our previous
morphologicad investigations that an amorphous slicon phase may be formed during the initia growth of
some 10 nm of film thickness [9, 11]. Hydrogen that is incorporated into subsequently formed
microcrystdline parts of the film will primarily be locaized on the surfaces of cryddline grainsor in grain
boundaries. If we assume Qy to be solely due to the free volume formed by microvoids, f is found to
range from 6.7 to 10.7 %. This large vaue, however, gppears unreasonable in view of the flotation
densties in Fig. 4, which demonsrate dengty deficiencies of less than 6.4 % compared to c-S. This
discrepancy can be due to anisotropic SAXS. Fig. 7 shows the effect of tilting the two samples at
various fixed q vaues (see ref. 10). The drop in intendty is consstent with elongated scattering objects
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oriented with their long axis along the growth direction. We consider this property of microvoidsto bein
accordance with the columnar growth of the silicon phase that has been observed for depositions on
smooth metallic subgtrates for both Vg = 0V [6] and Vg > 0V [5]. Thetilting effect dso meansthat the
free volume fractions — derived from Qy a 0° tilt angle — are overestimated. Based on the drop in
intengty shown in Fig. 7, it can be estimated that the actua f values will be about a factor of two
andler. We findly conclude that SAXS measurements indicate that the free volume fraction in the films
ismaximally inthe 3- 6 % range.

DISCUSSION

It may certainly be expected that more experiments are needed for a thorough understanding of the
presented effects. Some aspects, however, may be understood by comparison with the known
mechanisms of ECR CVD and conventiond PECVD. The tota pressure during PECVD generaly
exceeds that in ECR by 1-2 orders of magnitude and the mean free path of gas molecules in PECVD
will accordingly be much smdler than in ECR, the latter of which is found in the cm range. This
difference causes the energy didtribution function of ions surmounting the plasma sheath and impinging
onto the substrate to become narrower in ECR than in PECVD. The ion energy digribution (IED) is
centered within a few eV (FWHM) around the plasma potential Ve in ECR [12], while it typicdly
extends from 0 to Vp in PECVD [13]. It is concluded that the Vg variation is associated with an |ED
tuning. Firgly, the center-of-mass is shifted to lower energies, adthough the ion energy (Vp — Vi) never
vanishes, since the Vg increase recursively enhances Vp [1]. Secondly, theion flux dendity arriving & the
substrate is decreased [14].

In order to understand the presented results we recently argued that two phenomena should be
diginguished [5]. The firg effect is rdated to the steady increase of the Raman intendty ratio Qr as
observed on St subgtrates. It was pointed out that the top-layers of the growing film will experience an
increase of the effective temperature, which can be understood from a net current increase of eectrons
to the substrate as aready observed [2]. Further, in arecent investigation Hamers et al. determined the
contribution of ions to the growth of thin S filmsin PECVD [15]. According to this work the ions can
contribute up to 70% to the deposted pc-S film, while the remaining fraction is formed from the
incorporation of radicals. It remained unanswered whether the ions act via direct incorporation of slicon
atoms or through the creation of growth Sites. We expect the main characteristics of plasma chemistry in
ECR and PECVD to operate by comparable principles and, therefore assume that during the growth of
pc-S by ECR a sgnificant fraction of the film is formed by an ionic contribution. The Vg increase will
accordingly be associated with a decrease of energy and flux density of ions arriving on the subgirate,
while the radicas to a first gpproximation will remain unaffected. The film growth will then become do-
minated by the radica contribution at the expense of the ionic one. This condusion isin accordance with
the experimenta results: (i) the decrease in deposition rate R is understood from the reduction of the
ionic fraction of film-forming species, and (ii) it was shown by SEM that the surface morphology of pc-
S on g substrates with increasing Vg resembles closaly to that of hot-wire-deposited films [5], in
which case the film is soldy grown from radicas [15]. The increasing Raman intensty ratio Qg is
interpreted to be due to an enhanced surface temperature of the growing film and a relative decline of
ionic species for the film-forming processes.

The second effect of bias variation upon the gsructure of pc-S films refers to the compactness,
texture inverson and increase in grain Size observed for Vg = +15 V. These effects may originate from
the |ED-shaping influence of Vg upon the ionic contribution of film growth. We conjecture that the
IED’s center-of-mass is Stuated at or in the vicinity of a diginct energy which is favorable for puc-S

MRS Spring Meeting, 2001, Symposium A -5- Birkholzeta., A15.4



growth. Additiondly, the texture inverson was only observed for substrates with enhanced surface
roughness. In this case the firg few 100 nm of film growth will follow the rules of oblique depostion,
where next to the known random component of surface diffuson a directed component aso has to be
consdered [16]. We have suggested that the combination of IED tuning and ion-asssted directed
surface diffusion should account for the inverson from a (220)- to a (111)-preferred orientation [5].

CONCLUSIONS

We have shown that the application of a susceptor bias during the depodtion of pc-S films on
metalic substrates by ECR CVD may induce strong variations of sructurd properties. Especidly
interesting effects were found for stainless sted subgtrates with a pronounced surface roughness. The
specid shape of the IED in ECR appears of centra importance to account for the observed effects. The
increase of the Raman intengity ratio 1s,0/l450 IS Understood from an increase of effective temperature in
the top film layers in combination with a dedline of the ionic cortribution to film growth. SAXS and
flotation dendty measurements indicate a noticesble void content in the 3-6 % range. The texture
inverson for Vg = +15 V is suggested to be due to an ion-assisted directed surface diffusion. Further
studies on the effect of susceptor bias during ECR deposition should enable the preparation of pc-S
filmswith improved grain Szes and crystalinity.
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