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Observation of incident angle dependent phonon absorption in
hydrogenated amorphous silicon nitride thin films
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We have demonstrated the existence of longitudinal- and transverse-like optical modes of Si—N
bond in vibrational absorption spectrum of hydrogenated amorphous silicon nitride thin films. One
of the longitudinal-like optical resonances coincides with the transverse-like mode of Si—O bond,
and the other closely neighbors the bending mode of N—H bond. We have also shown that the
conventionally assigned asymmetric stretching mode of Si—N bond is merely a transverse-like mode
of the bond. The microstructures of both longitudinal- and transverse-like modes can well be
apprehended by p-polarized beam at an oblique incidence light, especially at Brewster angle
incidence. The spectrum distortion induced by interference fringes can be eliminated at this
condition. © 1998 American Institute of Physid$S0003-695(98)04452-(

Hydrogenated amorphous silicon nitride-GiN, :H) probe beam and the detector gain amplification were set at 2
thin films have attracted much attentibAimainly because of cm™ and unity, respectively. Meanwhile, thepolarized
their indispensable role in amorphous silicon thin-film tran-probe beam was produced by a pike ZnSe wire grid linear
sistor @-Si:H TFT) structures as a superior gate insulator.polarizer, which was adjusted to an appropriate incident
Knowledge of their microstructures and the electron-phonorangle by a Harrick Brewster's angle sample holder. The re-
scattering processes is very essential for making a reliablgultant spectrum having a spectral resolution of 8 tis an
electronic device based on such materials. In this letter, waverage of 64 scans.
report the observation of incident angle dependent phonon It was first reported by Berreman in 1963 that the longi-
absorption in vibrational absorption spectrumasfSiN, :H tudinal optical mode of the thin film of cubic crystal strongly
by using Fourier transform infrared spectroscapfIR).>*  absorbsp-polarized light at oblique incidendeSince then
We have found that the longitudinal-like optidlO) vibra-  many similar observations of the TO-LO pairs in amorphous
tional modes associated with Si—-N bonds are located in thenaterials have been reportéd. According to Berreman’s
spectrum region that overlaps with some well-known bondsheory, a thin film with cubic or cubic-like structure has two
such as transverse mo@EO) of Si—O and bending mode of normal modes of polarized lattice vibrations. One of the vi-
N-H. Therefore, distinguishing those modésnds is very  prations is parallel to the film surface with its frequency of
essential ima-SiNy :H film's quality assessment. oy, while the other is normal to the film surface with its

The a-SiN, :H thin films studied in this work were pre- frequency ofw;. The former produces no electric field and
pared by plasma-enhanced chemical vapor depositioBccurs when the dielectric constant is very large. On the
(PECVD) on double-side polished Si wafers. The film depo-other hand, the latter produces an electric field normal to the
sitions were carried out at the process chamber pressure gfirface due to the surface polarization and occurs when the
0.43 Torr, the radio frequencyf) power of 100 W, the djelectric constant is minimized. If an electric field parallel
substrate temperature of 250 °C, and ammonia to silane ﬂO\fb the film surface with its frequency neaf is incident upon
ratio of 200/18. Following the deposition, the film's thick- the film, lattice vibrations parallel to the surface will have a
ness was measured USing Dektak surface prOfileI’, while th%rge amp”tude due to a resonance phenomenon, since inter-
film’s refractive index was deduced by observing a straighiya| and external components of electric field parallel to the
and horizontal baseline at Brewster incident angle withfjim surface must match. Likewise, an electric field normal to
p-polarized light” The film's dielectric constant at low fre- the film surface with its frequency near, will result in a
quency (1 MHz) was derived from capacitance—voltage |grge amplitude lattice vibrations normal to the surface, since

(C-V) characteristics based on the metal-insulatorthe internal and external components of electric displacement
semiconductoMIS) structure. The stoichiometry and hy- normal to the surface must match.

drogen contentH contenj of the film are determined by When ap-polarized light beam strikes film with an ob-
Rutherford-backscattering spectroscofigBS). Hydrogen jique incidence, as illustrated in Fig. 1, tevector can be
evolution (H evolution was carried out by the thermal an- {eated as the sum of vectors normpl J and parallel p,)
nealing at 600 °C under vacuum in Leybold sputtering sysiq the film surface. Apparentlyp, is responsible for LO
tem. The IR spectra were recorded at room temperature Usingoge resonance whilp, attributes to TO mode resonance.

Bio-Rad FTS-40 Fourier transform infrared spectrometer anghe intensities of the LO and TO resonances are proportional
analyzed with Bio-Rad Win-IR software. The aperture ofiy the magnitudes op, and p, vectors, respectively. As

indicated in Fig. 1, at normal incidencp, vector vanishes
3Electronic mail: kanicki@eecs.umich.edu and no LO-like modes can be observed in the vibrational
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p-vector Py active vibrations which are sensitive to long-range electric
A « forces. Thus, these decreasing and increasing peaks can be
N”* Qé& labeled as TO- and LO-like modes nrSiN,:H, respec-
o tively. The observed variation of the optical densities with
p-polarized light at oblique incidence clearly indicates that
© ¥ p-polarization the conventionally assigned asymmetric stretching mode of
Si—N bond located at 880 cm is, in fact, only a TO-like
Film resonance of that mode. In addition, the association of LO-
like peaks with this TO-like resonance is suggested by the
/ Substrate fact that Si—N(TO like) mode is the only peak decreasing
with the increasing incident angle, since LO- and TO-like
/ modes are normally paired to each other in the absorption
spectrum. Theoretically, frequency of LO phonoas,, is
FIG. 1. lllustration ofp-polarized light beam incidence on thin film at an related to that of TO phononsy, by the Lyddane—Sachs—

oblique angle. Teller relation®®

2
. . . . . . w €,
absorption spectrum. With the increase of light incident = —0, 1)
angle 6, p, increases ang, decreases. Consequently, an Or €
increase of LO-like and a decrease of TO-like peak densitie@here‘s0 ande., are the dielectric constants at low and high

should be observed in vibrational absorption spectrum. frequency, respectively
Figure 2 compares the vibrational absorption spectra of Accor(;jing to Eq.(i) the frequencies of LO modes

a-SiN,:H collected at various incident angles With g4 pe always greater than those of TO modes, sigce
p-polarized beam. When the beam incident angle increases . '~ \hich is consistent with current observation. In par-

from 0° to 75°, thewﬂ?ak of so-called er\;lymmetric stretchingicyar, frequencies of both LO-like modes are greater than
mode of Si—N bontt “located at 880 ¢ shrinks. In con- 51 of TO-like mode, but smaller than or equal to those of
trast, the shoulder of that peak evolves into another peak aly yiher apsorption modes of different bonds. This fact im-
1040 cm™, which is the wave number conventionally as- e that the LO-like modes are only pairing with TO-like
signed to Si-QTO) bond: **In addition, the peak assigned ,,4e of Si_N bond and are irrelevant to other bonds. The
to t,)(fn,d'ng_ m,o,de of N,_H-IN_,H (gl)y]ubond Ipcated at 1180 frequency relation between 1215 and 800 ¢rabsorptions
cm "~ 1S §|gn|flcantly |nEe1nS|f|e ’ _and Its Iopgtlon 'S can even be related numerically by using measured values of
slightly shifted to 1215 cm™. Meanwhile the densities of the e. (353 and e, (6.9 in Eq. (1) (1215/886~ 6.80/3.5- 53)
p§a|lf|s as's?_lned tobstr(ej:tchlngdmgdedgf NW_dH (S)]]c 6;\rl1dH These LO-like modes may be tentatively labeled as LOlike
Slll_ Y [E'_ b(S)gl onas, Tm_ len Ing Mo _T] OF NzH - and LO-like, modes as indicated in Figs. 2, 3, and 4. Note
[N-H, (b)] bond remain relatively constant with increasing y ¢ jn order to present and compare vibrational absorption

!nC|dent angle_, altr;ough the pea_k shapes are distorted bypectra free of the distortion induced by interference fringes,
interference fringes” The observation suggests that the bondaII spectra illustrated hereafter were collected at Brewster

associated W'th thesg deprea_smg and increasing gbsorpu%gle with onlyp-polarized beam incidence unless otherwise
peaks contains longitudinal-like components of 'nfrared'indicatedls

To further confirm the conclusion drawn above,

012 | ooteh PECVD aeiN B e ] a-SiN, :H film was thermally annealed at 600 °C for 20 min.
s x The comparison of the spectra before and after thermal an-

0.1 p p-polarized incidence nealing is shown in Fig. 3. It is well established that upon

2 o.08 - thermal annealing, hydrogen evolves out from the film and
s leaves behind the Si- and N-dangling bonds. These Si- and
8 0.08 I NH(s) N-dangling bonds passivate each other to form a new Si—N
2 o00a75 N bond. This will result in an enhanced density of Si—N bond
2 0.02 | ~ \--.\.., SiH(s) and reduced densities of all hydrogen related bonds in the

< 62° /\ T absorption spectru{:!8 In Fig. 3, the peak amplitudes of

or N -~ both TO- and LO-likeg modes have increased after thermal
002k o0o_s T 1 annealing indicating their association with Si—N bond. On
o0 -7 . . . . ‘ \ , the other hand, the optical densities of all other modes have

been reduced with the exception of the peak located at 1215
. cm 1 (LO-like,). If this peak only represented hydrogen re-
Wavenumber (cm' ) lated bond N-H (b)] as assigned conventionally, its ampli-
FIG. 2. Vibrational absorption spectra of N-rich PEC\UBSIN, :H thin FUde WOFIld be_ reduced upon thermal ann_ea“'j]g"BUt. instead,
film collected with p-polarized light beam incidents at 0°, 62Brewster  itS amplitude is enhanced after H evolution indicating that
angle, and 75°, respectively. The thickness and refractive index of the filmthe density reduction of N—kb) mode is overcome by the
are 1500 A and 1.88, correspondingly. The scripts ahdb, in the paren- density enhancement of another bond.akSiN. :H films
theses stand for stretching, bending modes, respectively, while LO-like . L X .
stands for longitudinal-like mode and TO-like represents transverse-like opthe only (_anh_anced _denS|ty a_fter H evolution is that _Of Si-N
tical modes of Si—N bond. bond as indicated in a previous studyTherefore, it is le-

4000 3500 3000 2500 2000 1500 1000 500



3868 Appl. Phys. Lett., Vol. 73, No. 26, 28 December 1998 T. Li and J. Kanicki

parison of this peak among the spectra with different atomic

- ' T ' : ; ' ratios shows that the density difference xaf 1.73 and 1.22
0.1 [ Nerich PECVD a-SiN :H TO-tike 1 is very small, while this difference is significantly large be-
p-polarized at 62° incidence tweenx of 1.73 and 1.00 as well as betwerrf 1.22 and
- 0.08 LO-like, } 1.00. According to the suggested relation between TO- and
2 . NH(b) LO-like modes, the 1215/1240 absorption density should be
< 0.06 —annealed at 600 "C  LO-like, ] proportional to the densities of N—kb) (N contenjy and
2 —as-deposited Si—N. When the film’s composition changes from N- to Si-
'g 0.04 (T, =250 °C) 7 rich, density of N—H(b) decreases monotonically; while
% Si—N density increases first, reaches maximum at stoichiom-
0.02 NH() i etry, and starts to decline beyond the stoichiometry. Namely,
J\\ SiH(s) X the densities of N—Hb) and LO-like, modes have an oppo-
0 = 1 site trend within N-rich to stoichiometry range, and have the
. , . ! s s . same trend within Si-rich to stoichiometry range. This rela-

4000 3500 3000 2500 2000 1500 1000 500 tion i_s refleqted by the_ varigtiqn o_f LO-likeabsorption as a
function of film’s atomic ratio in Fig. 4.
In conclusion, we have observed the longitudinal-like

FIG. 3. Vibrational absorption spectrum comparison between as-depositethodes in the vibrational absorption spectrumaeiN, :H
and after thermal annealin@t 600 °C for 20 mih a-SiN, :H thin films.  thin films, and suggested their association with the transverse
Spectra were co!lect_ed at Brewster angle vptholarized beam. The t_hlck- mode counterpart. The LO-likeand LO-like, modes are lo-
ness and refractive index of the film are 1500 A and 1.88, respectively. ~ . .

cated at about 1040 and 1215 thnrespectively, while TO-

. ) __ like mode is located at 880 cm in the FTIR spectrum of
gitimate to conclude that one of the LO-like modes, which IS5-SiN, :H film. It should be noted that the LO-likeoverlaps

pairing with the TOlmode of Si—N, contributes to the optical with TO-like mode of Si—0(1040 cm'), and the LO-likg
density of 1215 cm- absorption. Moreover, comparison be- ga a5 the same frequency range with the bending mode of
tween the absorption spectra of films with a similar st0|ch|-N_H bonds(1180 cm Y. Furthermore, the conventionally
ometry and thickness but different H contents shows a Ver)éssigned asymmetric stretching mode of Si—N bond
similar trend(not shown, which is also consistent with the
suggested TO-LO identification.

The absorption spectra of the films with very similar This work was supported by AFOSR/ARPA through the
thicknesses and H contents but different stoichiometries ar®lultidisciplinary University Research InitiativeMURI) un-
given in Fig. 4. The film with atomic composition closer to der the Contract No. F49020-95-1-0524, and by the Center
stoichiometry exhibits larger TO-like and LO-likpeak den-  for Display Technology and Manufacturing at the University
sities, since it contains a larger Si—N bond density than othesf Michigan. The RBS measurement was carried out at the
films. Meanwhile, the density of 1215/1240 chabsorption  Michigan lon Beam Laboratory at the University of Michi-
is proportional to nitrogen conteriN conteni of the film,  gan.
which is the direct result of the proportionality between the
N content and N-Hb) density in the film. However, com-

Wavenumber (cm” l)

is
merely a transverse-like optical mode of the bond.
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