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Raman spectroscopy of heavily doped polycrystalline silicon thin films
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Raman backscattering measurements were performed on boron and phosphorous doped polycrystalline
silicon films with an average grain size varying between 150 and 2500 nm. The B- and P-doped samples
exhibit free hole and electron concentrations of up ©18° and 2x 10?*cm™3, respectively. The incorpo-
ration of dopants results in a shift of the Raman LO-TO line to smaller wave numbers. At B and P concen-
trations higher than mid #8cm™3 the phonon lines are asymmetric. This is discussed in terms of a resonant
interaction between optical phonons and direct intraband transitions known as a Fano resonance.

The fabrication of ultraheavily doped thin polycrystalline spectively. For a given doping concentration an increase of
silicon (poly-Si) films for use as electrical contact material in the average grain size does not give rise to a shift of the
device applications such as amorphous thin-film displays oRaman lines, however, in P-doped and -undoped specimens,
solar cells is attracting a great deal of interest, recently. Ahe intensity of the Raman line increases with increasing
wide variety of characterization methods is used to investigrain size. The Raman lines in both, B- and P-doped speci-
gate the structure and electrical properties of these poly-Shens are asymmetric, which is indicative of the Fano effect.
films. One of the most powerful methods for studying the Polycrystalline silicon thin films were prepared by the fol-
structure of disordered semiconductors is light scatteringlowing procedure. Firsg-Si:H was deposited on quartz sub-
For ultraheavily doped semiconductors Raman spectroscogstrates to a thickness of Ogm by decomposing silane in an
can be used to observe free-carrier excitatidntraband  rf glow discharge. Doping was achieved by premixing silane
transitions in valence or conduction bands are of sufficientlyvith PH; and BHg for n- and p-type doping, respectively.
low frequency to interfere with the optical phorfohand  Then thea-Si:H samples were crystallized using an Excimer
produce Fano line shap&svioreover, Raman spectroscopy laser. Details of the crystallization process are described
can be used to detect amorphous and crystalline phases iretsewheré® Raman measurements were performed at room
silicon film.> However, in ultraheavily doped silicon films temperature using an excitation wavelength of 632.82 nm.
the interpretation of Raman-backscattering spectra regardingformation on the grain size distribution was obtained from
an amorphous phase has to be done with great caution sinseanning electron microscogf8EM) micrographs. Dopant
interference of free carriers with optical phonons can resultconcentrations were measured using secondary-ion-mass
in a similar line shape. spectrometry and Hall-effect measurements were performed

Commonly, dopants are introduced by either ion implan-to determine free-carrier concentrations.
tation followed by a subsequent activation anneal, diffusion, In Fig. 1, Raman-backscattering data of the LO-TO pho-
or gas-phase doping. However, implantation and diffusiomon mode in P-doped poly-Si are shown as a function of the
techniques require high temperatures that, depending on thEhosphorous concentration. The average grain size amounted
device structures, may not be compatible with all processingo (x)~400nm. In undoped laser crystallized poly-Si the
steps and materials. On the other hand, the efficiency of gas-O-TO phonon line occurs at 517 ¢rh compared to 520
phase doping can be fairly poor, as in hydrogenated amorem ! in single-crystal silicon ¢-Si). This indicates the pres-
phous silicon &-Si:H).® Previously, ion implantation, which ence of tensile strain. With increasing P concentration the
produces some sort of alloy, and subsequent laser annealing-TO phonon line shifts taw=511 cm %, This shift is ac-
was used to achieve ultraheavy doping in single-crystatompanied by the development of a broad low-energy tail
silicon.” Recently, it has been suggested that laser doping habat extends from 400—500 crhfor P concentrations larger
the potential of simplifying device fabrication processes.than 4x 10"%cm 3. In undoped microcrystalline silicon this
This technique uses a pulsed excimer laser to briefly melt &road low-energy tail is usually attributed to a residual amor-
surface layer in a doping region of a devfcéDuring this  phous phase. However, in laser crystallized polydSser
brief period, doping species are introduced into the molterfluence>300 mJ/cr for 0.1 um thick samplesthere is no
material. However, this requires the crystallization to be perindication of an amorphous phase according to cross-
formed in an atmosphere containing dopants such as phosectional TEM and x-ray diffraction measurements. In fact,
phine or diborane or the utilization of a spin-on dopingin undoped poly-Si the LO-TO phonon line can only be fitted
source’ with a Lorentzian line and there is no indication of a low-

In this paper, we present a Raman spectroscopy study efnergy tail between 400 and 500 ¢ This suggests that the
ultraheavily boron and phosphorous doped poly-Si as a resuiihcorporation of P gives rise to this feature in ultraheavily
of gas-phase doping @-Si:H and subsequent laser crystal- P-doped poly-Si.
lization. The incorporation of B and P concentrations results The average grain size varied from 89 to 330 nm. For
in a decrease of the Raman line to 514 and 51T %cme-  samples with the same P concentration, the variation in grain
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FIG. 1. Raman backscattering spectra measured on undoped and F1G- 3. Raman-backscattering spectra measured on undoped-
ultraheavily phosphorous doped poly-Si. The P concentrations arg"d ultraheavily boron-doped poly-Si. The B concentrations are in-
indicated in the plot. For clarity the spectra are shifted vertically.dicated in the plot. For clarity the spectra are shifted vertically.

The inset shows the wave number of the LO-TO phonon line as a

function of the P-(squares and B- (triangles doping concentra- )
tions. than 5x10%cm 2 are distorted. Moreover, for

[B]=2x10?*cm 3 the spectra exhibit a pronouncexini-
mum centered at 494 cnt in addition to a maximum at

size had no effect on the Raman spectrum except for th pproxmatelg 514 c’. T{;g tylpe (;)ftlme shape '? évell
overall intensity shown in Fig. 2. The circles and diamonds nown as a ano resonarn 12|m| ar data were reported on
represent undoped and P-doped poly-Si, respectively. FJ}eQV|Iy_p-tyfpec-fggndcl-&ed' Thhe \(/janauof? of the ?]veéage
small grained poly-Si (x)<<500 nm) the intensity of the gralnt—5|ze _:%m h to f thnm adnoe ;Ct O? tthe Lgn::%]
LO-TO phonon line increases rapidly with increasing aver-Spectrum. The change of the wave number of the L.O-
age grain size. Once the average grain size exceeds 500 njwonon "Fe W'th Increasing B concentration is shown by the
the increase of the Raman intensity becomes less pr riangles in the Inset of Fig. 1. I o
nounced. Eventually, whefx) becomes comparable or larger . Thr_ee mechanisms are contrlb_utlng to the deV|§1t|on and
than the laser spot the Raman intensity should saturate. d'StOF“O” of the LO'TO phpnon V|br.at|o.nall mod_es in ultra-

Raman-backscattering data taken on boron-doped poly- eavily doped pon-S| from its valge n:'»Su (M) terlsne str.ess
are shown in Fig. 3 as a function of the B concentration. Th ue to the laser-induced crystallization proce#s, the in-

spectra taken on samples kvia B concentration of more c_o_rporation of I_arge con_centrations of dopa(rBsP_) into the
P P silicon host lattice, andiii ) the Fano effect. The first mecha-

nism can be separated by crystallizing undope8i:H. In-

o I ' ' ' ' dependent of the average grain size the LO-TO phonon line
| 0 5 | is shifted by~3 cm ! towards smaller wave numbers. In a
10000 L i pulsed excimer laser-crystallization experiment the entire en-
Lo ] ergy is deposited in the sample surface within approximately
8000 o 4 15-20 ns. The amorphous silicon layer liquefies for up to
& I ] 200 ns and subsequently crystallizes with an average crystal-
£ coool i lization velocity of 15-20 m/! The tensile stress detected
E © ] in the Raman spectra can either arise from the substrate/
§ 4000 - 4 poly-Si interface or from grain boundaries. In the latter case
S . O  undoped ] one would expect that the shift of the LO-TO phonon line
2000 <O Pdoped - decreases as the average grain size increases~IB0 nm
. to ~2500 nm, which is accompanied by a significant reduc-
T TS tion of the grain boundary volume. However, this is not the

0 n
0 500 1000 1500 2000 2500 3000 case. Therefore, it is more likely that the strain arises from

average grain size (nm) the substrate/poly-Si interface. The magnitude of the stress
can be estimated from the wave number shift of the LO-TO
FIG. 2. Intensity of the LO-TO phonon line as a function of the peak compared to the Raman line of stress &re®i accord-
average grain size determined from SEM micrographs. The circleﬁqg to the following equatio]r?
and diamonds represent undoped- and phosphorus-doped poly Si,

respectively. o(MPa) = — 250 ws— wp)(cm™ 1), (1)
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LI S A B L B TABLE |. Fitting parameters for the Fano line shapes shown
(a . in Fig. 4
& q Y
2 B-doped poly-Si 0.7 19
5 [B]=5x10"" cm™ P-doped poly-Si —43 9
g E, =530 mJ/cm’
5 <x>=390 nm
H— The fitting parameters are summarized in Table I. Data and
() [P]1=2x10"" ¢m™ fits are in good agreement. The Raman spectra of the heavily
E =489 mJ/em’ boron-doped specimens show, in addition to the Fano reso-
i <> =300 nm nance, a residual nonresonant LO-TO phonon peak centered
g at 514 cm! [the data points that lie above the fitted curve in
E Fig. 4@)]. Thus, an increase of the B concentration to
£ ~5x107°cm ™2 results in a shift of the LO-TO phonon line
£ of —3 cm! with respect to undoped poly-Si (
& =517cmY). This corresponds to an increase in tensile
1 " 1 n 1 L 1 " 1 " 1 L 1

stress by a factor of 2.
On the other hand, in P-doped poly-Si films the wave
v (em™) number of the LO-TO phonon line occurs at 517 ¢nfor P
concentrations of up toX10"°cm3. However, with a fur-

FIG. 4. Raman-backscattering spectra(af boron-doped and ther increasing P concentration the LO-TO wave number
(b) phosphorous-doped poly-Si. The squares represent the dathows a significant decreases to 511 ~¢m at
points and the curves represent least-squares fits to(Zq(x) [P]=2x10?*cm™2 (inset of Fig. 1. This cannot be ex-
denotes the average grain size. plained with the buildup of tensile stress due to high concen-
trations of substitutional P atoms since one would expect that
i the incorporation of larger atoms such as P results in the
wherews is the wave number of the stressed sample@gd  formation of compressive stress. According to Hall-effect
is the wave number of the LO-TO phonon mode in stres§neasurements performed on the sample with the highest P
free c-Si. The phonon shift corresponds to the isotropic Partconcentration, a free-electron concentration of 2
of the phonon shifts obtained in biaxial stress experiments. w1 ®1cm=2 was measured, which is sufficient to shift the
According to Eq.(1) the observed shift of-3 cm tinun- o perm energy into the conduction band. Thus, the pro-
doped poly-Si leads to a stress of 750 MPa. nounced decrease of the phonon wave number should be due

The incorporation of high dopant concentrations causes & 5 Fano interference. Indeed, the Raman data of ultra-
further decreasg:- of the LO-TO phonpn wave number. ,'rheavily P-doped poly-Si can be described by E2). The
B-doped poly-Si the LO-TO phonon line shifts monotoni- raman spectra of heavily P-doped specimens were fitted to a
cally towards smaller wave numbers with increasing B conggng line shapésolid curve in Fig. 4b)] with symmetry
tent (inset in Fig. 3. At boron concgntrations Igrger than parameteq = — 4.3. Because of the negative valuegpfthe
3X 1019_cm 3 the LO-TO phonon lines are distorted as Raman scattering is enhanced on the low-energy side of the
shown in Fig. 3. Such Fano line shapes occur when theical phonon peakconstructive interferengeand sup-
Fermi energy resides in the valence band. These resonancgssed on the high-energy side of the péddstructive in-

are due to a resonant interaction between optical phonong ference Thus, the significant shift of the LO-TO phonon
and direct intraband transitions of hofeAccording to Hall- peak in ultraheavily P-doped poly-Si is not related to a dop-

effect measurements the B-doped specimens exhibited a fr%}g induced increase of tensile stress. Wi positive, as

. 0 73 . . . .
hole concentration of 810°°cm %, which is sufficient t0 iy the boron-doped specimens, the reverse is true: the Raman

move the Fermi energy into t_he valence band at room temﬁcattering is suppressed on the low-energy sitlete also
perature. The Raman scattering cross seofamo profile  that when the magnitude ofbecomes large, for either posi-

can be described By** tive or negativey, the Fano line shape approaches a symmet-
ric Lorentzian)
(q+x)? In summary, we have presented a detailed Raman spec-
a(w)= X012 2 troscopy study of ultraheavily P- and B-doped poly-Si. For a
fixed doping concentration the position of the Raman phonon
lines does not change with increasing grain size. In undoped
wherew is the wave numbery, the prefactorg the symme-  poly-Si the LO-TO phonon line occurs at 517 chwhich
try parameter, and is given byx=2(w— wp)/y, wherewp corresponds to a tensile stress of 750 MPa. The incorporation
is the phonon wave number ands the linewidth contribu- of B and P dopants causes the phonon peak to shift towards
tion to the total linewidth. Using Eq2) the Raman back- smaller wave numbers. In B-doped samples this shift com-
scattering spectra shown in Figs. 1 and 3 can be fitted. In Fignences at low doping concentrations, whilevtype poly-Si
4(a), a least-squares fit of the Raman spectrum for an ultraa P concentration of more tharx4l0'®cm ™2 is required. In
heavily B-doped poly-Si thin film is overplotted to the data. undoped and heavily P-doped poly-Si the Raman signal in-
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tensity increases with increasing grain size. The Raman spe@0'® cm™3 indicates that the electronic structure changes
tra of ultraheavily doped poly-Si are distorted due to afrom nongenerate to degenerate.

resonant interaction between optical phonons and direct in-

traband transitions of electrons and holes ritype and This work has been supported by the BMBF. The authors
p-type specimens, respectively. The development of asymare grateful to G. Keiler, U. Mazur, D. Patzek, and M.
metric line shapestaa B and P concentration larger than Schmidt for technical support.
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