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Raman microscopy has been used to investigate the structure of as deposited and
annealed polysilicon films formed by low-pressure chemical vapour deposition. The films
were deposited between 620°C and 570°C, and the effects of various thermal annealing
conditions on these samples is reported. Components of the polysilicon Raman bands have
been categorised according to their wavenumber position and FWHM values. It has been
shown that the degree and nature of change in material structure, is dependent upon: the
starting material selected, the anneal temperature, and the anneal time.
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1. Introduction in the polysilicon film, which then cause mechanical
Polysilicon is now extensively used for micro- device failures, curling or fracture [5]. The origin of
electronic and micro-mechanical structures and hencthe large tensile and compressive intrinsic stresses is
has been the subject of many studies [1, 2]. Usestraightforwardly related to the polysilicon microstruc-
of polysilicon thin films include polycrystalline gates, ture [5]. Maier-Schneider [6] reported that after an-
load resistors, and interconnects, amongst other applirealing polysilicon films at temperatures higher than
cations on integrated circuit technology [3]. This work the deposition temperature the compressive stress in
was part of a larger project to determine polysiliconthe film started to decrease with increasing annealing
suitability for devices such as accelerometers and gytemperature, relaxing nearly completely after anneal-
roscopes and identify which deposition temperaturéng at 1100C. Heating may however, lead to oxygen
and post deposition anneal processes yield the mosliffusion from silica to polysilicon and local crystalli-
favourable structure. sation of oxygen-deficient SYO This results in local
Electrical characteristics that determine polysiliconvolume changes and together with thermal expansion
usefulness for electronic device applications aremismatch, gives rise to micro and macro strains, for-
governed by the volume fraction and quality of both mation of dislocations and material bending [7].
grains and grain boundaries [4]. In order to maximise The Raman spectrum of single crystal silicon com-
the grain size, the polysilicon is usually depositedprises a single band at521 cnv?, arising from the
in the amorphous or micro-crystalline phase and idriply degenerate F; phonon. For polycrystalline sil-
then completely crystallised during a post depositionicon the Raman signal is more complex and is de-
thermal treatment [1]. This type of process yieldstermined by the material characteristics. Raman mi-
‘crystallised’ polysilicon as opposed to ‘as deposited’croscopy has been recognised as a valuable method
polysilicon where the film is deposited directly in for monitoring changes in microstructure. It has been
the polycrystalline phase [1]. Several studies haveused, for example, to determine stress profiles [8] and
indicated that the structural properties of crystallisedmap temperature distribution [9] in silicon electron-
polysilicon are strongly related to the conditions underics structures. In this work Raman microscopy has
which the polysilicon was originally deposited [1], been used to investigate the structural characteristics of
particularly deposition temperature and depositionLow Pressure Chemical Vapour Deposition (LPCVD)
pressure. Decreasing the pressure or increasing the temelysilicon films in relation to deposition temperature
perature favours the formation of direct polycrystallineand degree of anneal. It is a technique that is fast, non-
material. destructive and sensitive to the presence of low concen-
Often polysilicon is deposited on a silicon dioxide trations of defects, with sub-micron resolution.
film, which constitutes the sacrificial layer [5]. Re- It has previously been shown that a strong rela-
moval of this oxide can present serious stress effectBonship exists between the structural order of the
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silicon matrix and the deposition temperature [1].shift value that has an equal area of the band on either
Confirmation of this is provided and further detail of side; FWHM is the full width at the half maximum,
the relationship given in this work. the maximum being at the ‘peak centre;” Asymme-
try is given by the ratio of the half maximum width
on the low frequency side of the ‘peak centre, to the
2. Experimental half maximum width on the high frequency side of the
Two types of samples were analysed. ‘peak centre’. All results were calibrated with single
crystal silicon as a standard, using the single triply

TYPE 1:2 um of polysilicon deposited on 0.6m of  degenerate Raman activeyTphonon mode fixed at
wet thermal oxide grown on n-silicon (001). 521.00 cntl.

TYPE 2:2 um of polysilicon between 0.nxm layers
of phosphorous doped oxide 7% by weight phos-
phorous/oxide) on n-silicon (001). 3. Results

Type 2 samples were analysed to demonstrate the effe@man spectra of the as deposited samples (Fig. 1)
of an additional surface oxide layer together with phos-Cléarly fall into three distinct varieties of polysilicon
phorous doping. For each set, polysilicon was depositedith an intermediate (S9C), as described in Table .

by LPCVD at temperatures of 620, 610C, 600C, Samples deposited at590°C, exhibit a Raman band
590°C, 580C and 576C. The source gas used was With a broad feature, at497 cm, overlapping the
100% silane and the deposition pressure was 300 mTofRain peak. In addition, a close examination of the spec-
(40 Pa). tra reveals that all deposition temperatures produced a

An argon purged Linkam TH1500 heating stage, was?”_‘a” amount of material whlch exhibited the character-
used to anneal 5 mm square portions of representativiétic amorphous band readily seen for the¥Z6ample
samples, (chosen from results of as deposited sampledghown in Fig. 1, with & actual intensity). _
The temperature range 9@to 1200C was used with Representative sample_s selected from res_ults in
annealing times varying from 10 minutes to 3 hours. Table I, for further analysis, were those deposited at
was used for analysis, which uses cylindrical optics to€d using ‘peak fit’ software and revealed the existence
produce a line focus of the incident laser beam on th@f various ‘categories’ of polysilicon, as seen in Fig. 2.
surface of the sample. This allowed Raman spectra fronf hese ‘categories’ are defined in Table II, together with
240 points (along the length of the line), to be recordedi_hst of peaks used for fitting polysilicon spectra. Subtle
concurrently. This approach has the advantage of redifferences between type 1 samples and type 2 samples
ducing the heating effect at any individual point on the
sample compared to a point focus arrangement. Scat-
tered light was then imaged through a non-astigmatic
triple spectrometer, to form a spectrally dispersed im
age, on a cooled, two-dimensional, charge coupled d¢
vice (CCD). Binning (summing) these point spectra
produced a spectrum representing the average sigrz
along the length of the line, (in this work>a40 objec- %
tive was used, giving a line length 6f140um). Inci- =
dent light of~2 mW at the sample from the 488.0 nm &
line of a cw argon ion laser was used, allowing surface
analysis of up to 0.6um in depth [10].

Spectra were recorded at 5 random positions on th !
surface of each sample and peak centres, area ce ,,,
tres, FWHM and asymmetry values were calculated
Peak centre is the shift value of the noise weighted
highest intensity point in the band; Area centre is therigure 1 Raman spectra of as deposited polysilicon.

590°C

|
J

ﬂ 580°C

620°C, 610°C, 600°C

470 520 570
RAMAN SHIFT /em™

TABLE | Raman data for as deposited polysilicon

Peak Centre Shift

Deposition from Single Crystal
TemperaturélC Description of Raman Band FWHM/cth Silicon/cn?
620, 610, 600. The main peak is asymmetrical with a less intense broad band ~10.0 ~0.8
overlapping the base at the lower frequency side.
590 As above but the main peak is less asymmetrical and the broad band ~5.6 ~0.8

at lower frequency is less intense. (Intermediate betweenGRLOC, 600C
material and 580C material.)
580 Almost symmetrical peak with no lower frequency band detected. ~4.2 ~0.8
570 No detectable polysilicon signal, but band at 475 tmwhich is ~80 ~40.5
characteristic of amorphous silicon.
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TABLE Il Peaks used for peak fitting 200-700 nm in size (Fig. 3B). Annealing has caused
the amorphous silicon to crystallise and some of the

CATEGORY RAMAN SHIFT/cnt! FWHM/cm! . . . .
polycrystalline grains are now larger. The orientation,
1 however, was still observed, from diffraction patterns,
Peaks with centre and 521.00 35 to be random.
F_W'?'V' Va'uels ﬁ_'ose to 551-00 3-?1, Grain sizes in polysilicon deposited at 580
single crystal silicon, 520.90 3 _ (Fig. 3C), range from 100 nm to 700 nm and again,
a possible explanation 520.70 7.4 (multiple) . _ . . )
for the small deviations  520.65 36 orientation of grains is random. Along the lower in-
observed being strain 520.20 3.9 terface of the polysilicon layer a large number of
variations in the material. ~ 519.80 338 relatively small grains can be seen. Annealing at
beak 2 . 187 L 1200°C for 1 hour, produced material containing grains
oot 518.70 S 200-1000 nm in size, which are tending to be preferen-
isordered crystalline 517.40 14.5 . . . . . . .
silicon. tially orientated in the [100] direction, (Fig. 3D), with
3 the structure being more columnar than material de-
Peaks representative of silicon 498.70 15.2 posited at 570C. The diffraction pattern from this layer
amorphous like in structure. also confirmed this preferred orientation. The small
crystallites seen along the lower interface in the un-
annealed sample appear to have grown out.
Polysilicon deposited at 62C consists of a highly
/4 orientated array of very fine grains, inclined at a small
) angle to the 100 direction of the structure (Fig. 3E).
/ \ There was no observed change in the structure of the
— \\ polysilicon following anneal at 120C (Fig. 3F), The
E material appears to be dominated by highly orientated
4 arrays of twins or stacking faults which are probably
\ o
E inclined on (111) planes.
///\ \\
/ \\\ 4. Discussion
— . A possible explanation for the enhanced Raman scat-
S : .
450 10 50 tering from type 2 samples, is that the surface ox-
RAMAN SHIFT /em” ide layer acts as an anti-reflection coating, directing

a greater proportion of the incident light into the sam-
Figure 2 Example of a peak fit result for as deposited 82aype 1 ple which may then interact with phonons and produce
material. more scattered light. Downshift and broadening of the

silicon phonon band, as seen for polysilicon samples

deposited between 620 and 580C, (Fig. 1), have
were detected, together with greatly enhanced signdtequently been associated with defects [11, 12], par-
intensity for type 2 samples compared to type 1. ticle sizes £30 nm) [13, 14], disorder [15] and inho-

As deposited 620C material is composed of category mogeneous strain distribution [16]. More specifically
1, 2 and 3 peaks, where as 580material consists of the broad feature which lies to the lower frequency
category 1 peaks only and 510 material contained side, seen for polysilicon samples deposited between
no detectable polysilicon peak. The percentage area @20°C and 590C, (Fig. 1), has been attributed to: sur-
each Raman band accommodated by a fitted peak offace like modes associated with grain boundaries [17],
specific category is plotted in Figs 4 to 7, demonstratingsurface layers of silicon that act as grain boundaries for
trends associating polysilicon structure with depositioncrystalline inclusions in an SiOmatrix [18], the tran-
temperature and state of anneal. sition layer at the Si-Si@interface [14] and numer-
The transmission electron microscopy, (TEM), re-ous nanometre scale faulted regions revealed by TEM

sults (Fig. 3) show that only the first 300—-400 nm of micro-graphs, (believed to result in nanometre scale
the polysilicon deposited at 570 has started to re- Si structures, perhaps only a few unit cells in extent)
crystallise (Fig. 3A), with randomly orientated grains, associated with columnar structures [18]. The Raman
200—-400 nm in size. In the amorphous material aboveand TEM results obtained, support association of the
this, smaller crystallites are clearly beginning to form.497 cnt? band, with columnar structure as suggested
No crystalline material was detected by Raman mi-by Tallant [18]. As a single symmetrical peak cannot
croscopy of the surface, due to the low penetration ofepresent this band, overlap of maxima, as suggested by
the incident wavelength employed, in amorphous sili-Verhey [16], is also implied and results are consistent
con, (~1/10 of that in crystalline silicon). Attempts to with the theory that red shift and broadening increase
investigate the composition at the interface with the ox-with decreasing crystallite size.
ide, using awavelength of 647.1 nm (from akryptonion At this stage, no post deposition heating had taken
laser) were unsuccessful. After annealing at 22Df@r  place, hence dopant diffusion had not occurred and ther-
1 hour, the 570C material consists of approximately mal expansion mismatch at polysilicon/oxide interfaces
930 nm of polysilicon with randomly orientated grains had had no effect.
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Figure 3 TEM of polysilicon.
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4.1. Annealing at constant temperature panied by an increase in category 1 content occurred to
(900°C), time varying alesser extentin type 2 and likewise a 10 minute anneal

In type 1 620C material, the category 3 content produced 570C material consisting of majority cate-
remained relatively constant throughout all 900 gory 2 rather than category 1 peaks. S80material
anneals, but gradual reduction in category 2 contenalso showed the same trends in type 2 as in type 1, but
occurred, accompanied by an increase in category &t a reduced rate.
content (Fig. 4). Amorphous silicon in 570 material, In summary, annealing at 990 does provide enough
was converted to polycrystalline material by 10 minutesenergy to restructure some forms of polysilicon, but
of annealing (Fig. 4), with longer anneal times result-not category 3. The degree of change is proportional
ing in reduction in category 2 content and increase irto length of anneal and the sample composition, type 1
category 1, (as for the 62G material). showing more extensive changes than type 2.

The 580C material shows finer variations within
a category (Fig. 5), identifying a change in material . .
composition after 10 minutes of annealing, which is4-2. Anneallng at varying temperatures,
not seen after 3 hours of annealing. Band FWHM and  time constant (1 hour)
integrated intensity values provided additional infor- 1 hour anneals at elevated temperatures, up to"1200
mation, on this change, showing an increase in ban§reated furtherchapgesm structure with all type 1sam-
intensity, (by a factor of 2,) after a 10 minute anneal,p|es even_tually being annealed to category 1 silicon
together with a small decrease in band width produce@nly, and in the case of the 580 material, a category
by a 3 hour anneal. A possible explanation for these ob} Material closer to single crystal silicon.
servations is an initial increase in 519.8 chpolysil- Annealing for 1 hour at 120€ (Fig. 6), removed
icon, (from realignment) during the first 10 minutes catégory 2 and 3 material from 620 and category 2
of anneal, followed by removal of tensile stress infrom 570C type 1 samples, with the 1030 anneal
this polysilicon with further anneal, to produce more indicating that removal of the category 3 peak from
520.2 et polysilicon. Confirmation of the true cause 620°C material, proceeded via conversion to category
of these observations has not been possible from thegeP€aks.
measurements alone, due to the variety of structural Annealing at 1050C also produced a key change
considerations concerning Raman peaks. in the type 1 580C single category material (Flg. 7),

Type 1 and type 2 samples, which have correspond'—”trOdUC'”% the 521.0 cmt pegk and removing the
ing deposition temperatures and anneal conditions, pro219-8 cnm™ peak. Increases in temperature beyond
duced very similar Raman spectra, both as deposite#050°C increased the proportion of the 521.0 tm
and when annealed. Type 2 material showed essef€ak.
tially the same trends as type 1 but at different rates. For C0mplete removal of category 2 peaks from type 2
620°C material, reduction of category 2 content accom-920°C material, did not occur. In addition a category 1
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Figure 6 620°C type 1 material, annealed at varying temperatures

Figure 4 620°C type 1 material, annealed for varying times Cate-  (® Category 3m Category 2A Category 1) and 57C type 1 mate-
gory 3m Category 2A Category 1) and 57@ type 1 material, annealed rial, annealed at varying temperatures. Gategory 37 Category 2A
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Figure 5 580°C type 1 material, annealed for varying times. Figure 7 580°C type 1 material, annealed at varying temperatures.
(X Centre=519.8 cm! FWHM =3.8 cn'l, Centre=520.2 cnr?! (X Centre=519.8 cm! FWHM =3.8 cntl, Centre=520.2 cnr?
FWHM = 3.9 cnT?, © Centre=521.0 cnmm! FWHM = 3.1 cnt1). FWHM = 3.9 cnT?, © Centre=521.0 cnv! FWHM = 3.1 cnt1).
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peak was detected in type 2 material, which was broader Further studies are now in progress to identify the
and at lower frequency than the equivalent peak ireffect of external stress on polysilicon, which can then
type 1 material. Type 2 57€ material responded be collated with results presented above, to provide a
much the same as type 1 to high temperature annealdatabase, to which faulted polysilicon structures can be

however, individual peak analysis showed that aftecompared.

annealing at 120, type 1 material resembled sin-
gle crystal silicon more closely than type 2. Type 2
580°C material also followed the same trends observe
in type 1, but with less extensive changes at each
temperature.

To summarise, annealing at 12@for 1 hour con-

no amorphous or lower frequency bands detected and

Raman spectra closely resembling that of single crys-

tal silicon. The exact composition of the material pro- 5
duced depended upon the deposition temperature of the

polysilicon, degree of anneal and the presence of doped.

oxide either side of the polysilicon.

Phosphorus doping, as in annealed type 2 polysili-
con, has been reported to enhance the recrystallizatior
process, producing a higher grain size in the doped re-
gions [8]. This affects internal stress levels, (possibly

governed by surface diffusion of adatoms,) and low de- &-

position temperature samples are thought to require

higher anneal temperature, to produce zero stress, than
those deposited at higher temperatures. Our results ing,

dicate an improved recrystallization rate for samples

doped with phosphorus via surrounding oxide, how- 9

ever, this is coupled with restricted re-growth yield-
ing an end product more distorted from single crystal
silicon.

5. Conclusion

The surface layer<0.6 um) of the samples supplied
ranges from amorphous silicon (deposited at°&)0
through well-ordered polysilicon (deposited at 58)

to polysilicon, consisting of category 1, 2 and 3 silicon, 13.

(deposited at 60@, 610C or 620C).

Annealing reduced levels of amorphous, category 34

and category 2 silicon contained in each of the samples,

to produce well ordered crystalline material. The degreas,

of change in material structure, is dependent upon: the
starting material selected, the anneal temperature, and
the anneal time. Temperatures as low as°@have
been shown to produce structural changes in microg,
crystalline samples with temperatures of 105@&nd
above producing a second level of change. The level of
change in material sandwiched between doped oxide
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