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Abstract

Hydrogenated microcrystalline silicon (uc-Si:H) thin films with Cu as a dopant material (about 2
wt.%) were deposited by RF planar magnetron sputtering in an argon/hydrogen plasma. The
composition and microstructure of the films were analysed by SEM, ERD/RBS, X-ray diffraction and
Raman spectroscopy.

These techniques revealed a columnar film structure, each column consisting of several small (nano)
crystals with a lateral dimension up to 10nm. The crystals are oriented, generally with the (111) plane
parallel to the sample surface. The hydrogen content of the thin films is about 27-33 at.%. Low
deposition rates and low sputter gas pressures favour crystallisation and grain growth. The behaviour
can be understood in terms of the diffusion or relaxation length A of the deposited Si-atoms.

1. Introduction

Hydrogenated microcrystalline silicon (uc-Si:H) has attracted considerable attention as a potential
material for electronic devices such as solar cells, thin film transistors and MOSFETSs. By close control
of the deposition technique it is possible to tailor the electrical and optical properties of uc-Si:H thin
films. The thin film microstructure, which is defined by the ratio of the amorphous and crystalline Si
components, the geometry of the crystalline phase, the film density and hydrogen content and type of
Si-H bonding, will determine the above mentioned electronic characteristics and long term stability of
any device containing pc-Si:H thin films'. These films are generally described as consisting of
spherical crystals embedded in an amorphous Si-H matrix. The grain size ranges typically from 3 nm
to 100 nm, whereby the lower limit is defined by thermodynamical considerations. The films can be
deposited by high and low temperature deposition processes such as chemical vapour deposition, glow
discharge techniques or plasma reactor®®. Another technique is the sputter deposition process, which is
a commercially interesting technique due to large area deposition at reasonable deposition rates
avoiding hazardous gas handling and also allowing doping by simple means. Furthermore, the sputter
deposition technique is able to control the structural thin film properties within a wide range.
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Nevertheless, it should be mentioned that physical vapour deposition produces thin films which may
be in a non-equilibrium state and may therefore contain crystals smaller than 3 nm.

In this work, we prepared pc-Si:H thin films by planar RF magnetron sputtering of Si in a hydrogen
(and argon) atmosphere at low pressure. The physical properties of the thin films were analysed by
Raman spectroscopy, Scanning Electron Microscopy (SEM), X-ray diffraction, Elastic Recoil
Detection (ERD) and Rutherford Backscattering Spectroscopy (RBS) measurements. In the first part of
the work we will describe the microstructure of the thin films produced. In the second part we will try
to relate phenomenally the microstructure of the thin films to the intrinsic parameters of the sputter
process using the diffusion length A of condensed Si-atoms as a single parameter. Details of electrical
and optical thin film properties and of the nature of the existing hydrogen bonds will be published

elsewhere.

2. Experimental

Although we used silicon substrates for some measurements (FTIR), most results reported in this
article are based on thin films of uc-Si:H on microscopy glass slides. These substrates were introduced
into an Alcatel SCM 650 sputter machine and the radio frequency RF (13.56 MHz) reactive sputter
deposition was carried out (see Table 1 for details) after reaching a base pressure of about 2 x 10 Pa.
The target consisted of a hyperpure silicon wafer® spaced about 50 mm from the substrates. It should
be noted that a 70 mm diameter ‘unbalanced” magnetron was used (with track radius of about 40-50
mm) for the deposition experiments. The negative ‘self bias’ of the target was high and ranged from
650 V to 950 V dc depending, of course, on sputter conditions. During sputtering at low sputter gas
pressures (p ~ 0.5 Pa), a negative self bias of the insulated sample holder of about -20 V (relative to
ground level) developed, which enhanced the ion bombardment of the growing film. At higher sputter
gas pressures (p > 1 Pa), the self bias of the samples levelled at about -4 V, which corresponds to the
plasma potential. All thin films contained about 2% of copper, introduced by placing small copper pins
into the main erosion area of the magnetron.

After taking the samples out of the machine, compositional analysis was done by ERD/RBS
measurements and the film thickness and the refractive index were determined from the optical
transmittance and reflectance. Raman scattering provided information about the crystalline structure
and X-ray diffraction measurements provided the thin film orientation and grain size. Scanning

electron microscopy (SEM) completed the analysis.
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During the Elastic Recoil Detection (ERD) experiments, a 2 MeV He beam was directed onto the
samples tilted at an angle of 75°. The recoiled hydrogen ions were collected by a detector situated at an
angle of about 30° relative to the incident beam. The detector was protected by a 9 um thick Kapton
foil to stop scattered He ions. A second detector placed at 160° measured the backscattered He ions’.
At this angle of incidence and in the thickest samples, the incident He beam did not reach the substrate
and the measurements yielded the ratio between hydrogen and silicon in about a 300 nm thick zone at
the sample surface. RBS experiments at normal incidence allowed a measurement of the absolute
number of silicon atoms present in the thin film.

From the transmittance and reflectance of the samples in the optical and near infrared (wavelengths A
between 600 and 1500 nm), the film thickness and refractive index were estimated. The results were
analysed according to a procedure proposed by Minkov®. This technique estimates the film thickness
with an error less than 5%. Comparing the thickness with the absolute number of atoms present in the
thin film, as determined by the RBS measurements, the film density p was readily estimated.

The Raman scattering equipment (Jobin Ivan®) consisted of a cw-Argon laser (power about 5 mW (2.3
eV) at normal incidence), a triple monochromator and a detection system with multichannel plate,
CCD camera and associated hard- and software. The resolution of the system is about 2.0 cm™ and we
averaged consistently over three scans. All experiments were done at room temperature. The
background originating from the glass substrates was eliminated by a careful data treatment taking into
account beam attenuation and related effects. The diameter of the analysed area was about ® =50 um.
X-ray diffraction spectra were recorded by a Philips Geiger counter diffractometer (PW 1719) using
CuKa radiation. Due to the weak interaction between X-rays and Si atoms within the thin films, the
signal to noise ratio was always relatively low and could not be increased significantly by increasing

the measuring time.

3. Results and discussion

3.1. Composition

The RF reactive magnetron sputter experiments produced hydrogenated pc-Si thin films with an
absolute hydrogen content of about 27-33 at.%. Although we could not find a simple relationship
between the deposition parameters and the hydrogen content, the latter tends to increase with

decreasing argon sputter gas pressure and with decreasing substrate temperature. The hydrogen
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originates mainly from Si-H, bonds as verified by FTIR measurements®. The oxygen content within
most of the thin films was below 3 at.%, which corresponds to the detection level at the experimental
conditions during RBS measurements. Therefore, a possible contribution of hydrogen from water,
captured in pores within the thin film could also be estimated to be lower than about 3%. Nevertheless,
thin films deposited at the lowest deposition rates (RF sputter power 40-80 W) showed an increased
oxygen content (up to 12 at.%) and the pc-Si : H film deposited during experiment a4 at a somewhat
higher background pressure, contained about 18 at.% oxygen. These films also reveal an increased
hydrogen content indicating the presence of OH-groups. For low deposition rates, the oxygen content

can be reduced significantly by improving the base pressure of the sputter equipment.

3.2. Microstructure of thin films produced by RF sputtering

Thin films deposited by sputter deposition processes show, as is generally observed, a columnar
structure. The column diameter ranges from 50 to 150 nm, see Figures 1 (a) and (b), within films with
a thickness from 0.3 um to 1 um. The columns themselves consist of small (nano) crystals, and the size
of these crystals can be influenced within a wide range by the deposition parameters. The X-ray
diffraction analysis of all samples reveals that all hydrogenated silicon films have a crystalline
component. Figure 2 shows a typical X-ray rocking curve between 20° and 55 °. The crystals are small,
with a size up to 30 nm (as determined by application of the Scherrer equation)™ and show a preferred
orientation with the (111) plane parallel to the substrate surface. Only a few samples show a weak peak
corresponding to the (220) plane. Due to the low intensity and the preferred film orientation, we could
not study systematically the peak width to distinguish between peak broadening due to a variation of
the grain size or due to other effects like intrinsic stress, structural defects, etc.
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Table 1. Deposition parameters for all films deposiled by RF reactive planar magnetron sputlering (* deposition rate, as calenlated from the
optical thitkness of the samplé, déposition rate, as calculated from the number of Si-atoms (R BS—measurements) using the theoretical density
p=233gem *of silicon)
Temperature  RF power Deposition-rate®  8i deposition-ratet
Experiment PutPa)  puodPal 0y (W) (ams '} {nm s-')

al 0.15 0.33 250 40 0.023 0.014

al 0.10 2.0 250 40 o 0018

al 0.27 0.33 220 B0 0.013

ad 8.27 038 220 RO : 0.027

as 0.15 0.33 250 100 0.14 0063

afh 0.27 2.0 250 180 0.27 0.13

a? 0.15 2.0 250 200 0,49 0.20

ak 0.04 0.60 250 300 0.86 0.48

a¥ 007 0.7 250 3040 11,66 .47

all 010 20 250 M 0.56 .31

all 15 2 200 300 065 0.3

al2 015 20 250 00 0.50 (.33

ald 015 20 360 300 0.57 .44

alg 015 20 230 305} 0493 043

ais 0.07 (145 200 S0 108 63
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Raman spectroscopy, being a very sensitive technique, detects details of the microstructure. The Stokes
peak in the vicinity of 520 cm™ is generally attributed to the transverse optical mode (TO) of
crystalline Si. This peak is shifted to smaller wavenumbers for decreasing crystal diameter D within
the substrate plane. The deconvolution of a typical Raman spectrum, see Figure 3, reveals three
Lorentzian shaped peaks : one between 495 and 521 cm™ (component LI of the Raman spectrum in
Figure 3) which is related to the crystal diameter D, a broad peak at about 480 cm™ which is related to
the amorphous phase** (component L2 in Figure 3) and a relatively important peak at 490+ 2 cm™
(component L3 in Figure 3), which is frequently found in Si thin films with very small crystals*? and
can also be attributed to vibrations in the transverse optical mode. During the deconvolution of Raman
spectra the positions of components L2 and L3 were fixed at 480 cm™ and 490 cm™, respectively.

Intensity [a.u.)

Indcesty | ax |

Lo A | -

w " n . - " “w “ O “'..:2-'."' o 1 W

defracace angh (26} (deg ) Figare 1. Devorreclation of 1he Raman mowanng dain (o%) of 2 050 H
Figare 1. X.ruy Sffraction rocking curve For o then fies tesperiment o8} thie fle into theot luresizna shaped peabs st A S om M) cor " ard
i porfersad oncrmaton with 1he CHET) @rectos ponmed 10 The wd i ARD O e rphious components. The reladve integraied aren of
srene suface The deond “poak™ betwota N and 40 can be attebsied he poaks are » moaasine Sor the depree of Grpstalboety of the 1hin fikes
it ey phee odderare aniin
12,13

Based on theoretical considerations and experimental findings ", we calculated the crystal size of all
samples from the position of the LI peak, as it is represented in Table 2. To simplify the calculations,
we acknowledged a linear relation between grain size and peak position in the range from 490 cm™ (D
~0.3 nm) to 516 cm™ (D=6.5 nm). Of course, the deconvolution of the Raman spectra and the

subsequent determination of the grain size does not account for a possible grain size distribution.
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Table 2. Position of the “crystalline” Raman peak and the esuimated grain size, crystallinity of the thin film (see eqn (1)) and the ratio of hydrogen and
Si atoms as determined by the ERD experiments (films al, a2 and a4 contained up to 18% oxygen)

Position L1 b Poat Pene Hydrogen
Experiment {em™") {nm) 7 (& o) (gem ) content (at. %)

al 517.1 6.8 0.86 2.4 219 50
a2 S1.6 5.2 078 2.21 i)
a3 516.5 b6 0.82 2.21 12
ad 521.0 12.0 0.68 2.13 46
a5 S21.0 12.0 0n.23 |55 1.63 27
ah a04.4 6 (.38 .94 1.63 26
a’ S0, 5 4.1 013 |.74 |.47 32
ak 499 8 2.5 0.74% 230 2.00 186
a9 S04 8 5.0 055 204 252 %G
ald 44975 1.9 n.32 1.9 1.97 17
all 496 6 .6 0.24 ].8% 216 i3
al2 4057 1.4 0.57 20K 1.45 1% 6
al3 S04 26 027 |87 185
al4 499 0 22 0.18 |51 1.712
als 4953 1.3 077 214 209 444

The relative, integrated intensity of the three Raman peaks is related to the relative amount c of the
crystalline fraction within the thin film. Equation 1 shows this relation taking into account the crystal

size dependent scattering cross section™

l.
©T 1L+_I,-(().l -ekp(—D"ZS nm))

I, and I,, represent the integrated intensity of the crystalline (LI) and amorphous (L2) Raman peaks,
respectively and D the crystal diameter. It should be noted, that the decay length of the exciting laser
beam (about 25 nm) was estimated based on the assumption of spherical micro-crystals in an
amorphous matrix.

Table 2 shows the crystalline fraction ¢ of the thin uc-Si:H thin films. Comparing the grain size
estimated from the Raman scattering experiments (TO mode) and X-ray diffraction (Scherrer formula),
we tend to expect Si crystals of non-spherical shape, with a lateral extension as indicated by the Raman
experiments. The grain boundaries between the nano crystals occupy a relatively large volume
fraction. It is this volume fraction which can be attributed to the ‘amorphous’ phase within the uc-Si:H
thin films, e.g. assuming a columnar crystal with diameter D~2.6 nm in sample a8, the grain boundary
will occupy more than 30% of the total volume of the column, as illustrated in Figure 4. Generally
speaking, a small grain size will be accompanied by a low degree of crystallinity of the thin film*® (as

is also indicated in Figure 5).
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Figure 4, Schemaltic representation of the two-dimensional stomic struc- RF power [W)

ture of y-c S3:H thin hlms. The atoms in the centre of the crystals are Figure 5. Grain size D {x) and crystalbinaty ¢ (o) of the g-¢ St tun hlms

indicated by the shaded circles, The atoms in the boundary core regions produced at a sputter gis pressure of about 2 Pa as a function of the RF

are represented in black. The boundary regions are characterised by a power £ [W] (the solid bine in the figure was introduced solely to guide

reduced density. the eye)

The thin film density pca, can be computed by the relative contribution of crystalline component ¢ of
the p-Si-H thin films according to equation (2), assuming a density p. of 2.33 g cm™and p, = 1.7 g cm’
% 18 for the two components, respectively.

oy = 2.33c+1.7(1.0—1¢) 2)

Nevertheless, other effects, typical for low temperature sputter deposited thin films like voids between
the growing columns, structural defects and the hydrogen content will also decrease the film density.
The measured density pexp, as determined from the number of Si and H atoms in the puc-Si:H film
(RBS-measurements) and the film thickness (measurement of optical transmittance and reflectance) is
therefore lower than the calculated density. On average, the measured density is about 10% lower than
the calculated film density, indicating a void volume of about 10%. The void volume also depends
somewhat on the sputter conditions as presented in Figure 6.

The uc-Si:H films were remarkably stable. A 5 h annealing in vacuum at 500° C does not influence
significantly the microstructure of the uc-Si:H, neither does it cause any damage in the thin film, as is

reported by Ruther"’.

3.3. Relationship between microstructure and sputter parameters

The microstructure of thin films produced by sputter techniques is generally a function of intrinsic
deposition parameters such as (i) sputter particle energy, (ii) substrate temperature and (iii) deposition
rate’®. The sputtered particle energy, when incident on the growing film, depends strongly on the
sputter gas density (gas pressure and temperature) and target-substrate distance’®. Increasing the mean

sputtered particle energy will increase, due to collisional process within the growing film?°, the mean
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diffusion length A of the deposited particles. Of course, thermal diffusion within the deposited film,
along grain boundaries and on the surface will also take place. The surface diffusion, which is a
relatively fast process, is hindered by a high arrival rate (deposition rate) of Si atoms from the target.
We will not consider other effects like neutral particle bombardment and ionisation rate of the
deposited Si particles, which will also influence the mean diffusion length A . Nevertheless, it should
be mentioned that in our experimental configuration A is enhanced by the so-called ‘unbalanced’
magnetron. We will discuss now the influence of the three above mentioned parameters on the
crystallinity of the growing uc-Si:H thin film.

Increasing the sputter power will increase the deposition rate and therefore diminish the time available
for the deposited particles to diffuse via (surface) diffusion processes. The diminished diffusion length
A of the deposited particles hinders the grain growth within the produced thin film as shown in Figure
5 and therefore also reduces the crystalline fraction c of the uc-Si : H thin film.

The diminished diffusion length due to an enhanced deposition rate also causes an increased thin film
porosity. A comparison between the number of Si and H atoms present in the thin film, as determined
by RBS/ERD measurements, and the actual film thickness, as determined from optical transmittance
and reflectance, as a function of the sputter power reveals an increasing gap. This gap, as shown in
Figure 6, indicates an increasing film porosity with increasing deposition rate. (To simplify the
comparison we present the deposition rate computed from final film thickness and final mass (RBS
measurements), respectively in Figure 6.) Augmenting the sputter gas pressure at constant target-
substrate distance and constant power decreases the mean sputtered particle energy and therefore the
collisional processes within the growing film. Figure 7 shows the relation between the sputter gas
pressure and the mean grain size indicating an increased crystallinity with enhanced mobility of the
arriving particles. Of course, the stopping power of the hydrogen component of the sputtering gas for
silicon atoms is much lower than the stopping power of the argon component. Therefore, the argon

partial pressure is used in Figure 7.
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assuming a thin film densty of 233 gem "

The substrate temperature (Ts) was varied between 473 K and 573 K during the deposition, but we
could not find any significant influence of this temperature on grain size. The ratio between the
substrate temperature and the Si melting temperature Ty = 1685 K, is in some way a measure for the
diffusion length. Since in our experiments the temperatures were much lower than Ty and the range of
variation was only about 20%, it is not surprising that the grain size did not depend on Ts. It should be
noted again, that even annealing the thin films for 5 h at 500°C in vacuum does not increase the grain

size, significantly.

4. Conclusions

In light of this work on the microstructure of thin films of ucSi:H produced by RF planar magnetron
sputtering, the experimental results can be summarised as follows : pc-Si:H thin films can be produced
by RF planar magnetron sputtering with a grain diameter up to 100A, at reasonable deposition rates.
These grains are of non-spherical shape with the bigger dimension normal to the substrate surface. The
crystals are generally oriented with the (111) direction normal to the substrate surface.

The thin film microstructure is dominated by Si nano crystals and an ‘amorphous’ component which
can be attributed to the grain boundaries. These crystals form the columnar structure of the thin film.
Most significant for the grain size is the deposition rate, which depends of course on sputter power
density. Low deposition rates favour large grains; other deposition parameters such as sputter gas
pressure and substrate temperature are less significant for the grain growth.

The hydrogen content of the thin films is about 27-33 at.% and no simple relation to sputter conditions,
crystallinity or grain size could be found.
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