RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 58, NUMBER 4 15 JULY 1998-II

Hydrogen-mediated structural changes of amorphous and microcrystalline silicon
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Amorphous é-Si:H) and microcrystalline silicongc-Si:H) samples were exposed to a hydrogen plasma in
a clean electron-cyclotron-resonance system. We present unequivocal experimental evidence for hydrogen-
induced crystallization ofa-Si:H. A 60-min post-hydrogenation at 325 °C resulted in an increase of the
crystalline fraction by 10—15 %. Similar H plasma treatments performed®Bi:H caused a decrease of the
crystalline fractionX¢ by up to 20%. The lack of an amorphous phase in posthydrogensedhows that the
presence of grain boundaries is required to observe hydrogen-induced conversion of crystalline to amorphous
silicon. We propose that the driving force for the decreasXgfis the minimization of the lattice-strain
energy.[S0163-182¢08)50928-9

Usually, the growth of hydrogenated microcrystalline sili- talline fraction larger than 60%. Subsequently, the deposition
con (uc-Si:H) is achieved either by hydrogen dilution of system was cleaned and the specimens were exposed to a
silané or by the layer-by-layer deposition techniculn the ~ pure ECR hydrogen plasma at various temperatures for up to
latter technique, hydrogenated amorphous silicarS{:H) 2 h. Before and after each hydrogen plasma treatment the

deposition and hydrogen plasma treatments are carried ogf"Ples twere fcharaé:tetrized b¥ Ramar; backfstﬁatte(srgnzg 8mea—
alternately. Until recently it was widely believed that a hy- SUT€MENtS periormed at room temperature with a 632.5-nm

drogen plasma treatment of tleeSi:H layer caused struc- I:;]\ser l'n? and a power of 15 n:jW. AIS.‘O' éhg etching rate Or':

tural rearrangements thereby leading to the formation of mis he H p_astrr?_aktreatmer)t was ethef”?'”? . Iy measuring the
IgEn) . nge in thickn ing a mechani .

crocrystalline silicor:® However, Saitofet al* showed that © o 9° cKness using a mechanical Stylus

microcrystalline growth using the layer-by-layer technique is The crystalline fractioX¢ was obtained by the following

) rocedure. The Raman spectra were fitted using three Gauss-
due to chemical transport from the coated cathode to th%m curves with peaks at 480, 510, and 520 “¢nThe peaks

substrate. Hydrogen. etches theSi:H film on the cat.hode at 480 and 520 cmt represent the amorphous and the crys-
and thus produces silane related molecules and radicals leagline contributions to the Raman backscattering spectra, re-
ing to identical conditions for the growth gic-Si:H as in  gpectively, while the peak at 510 crhis commonly attrib-
case of high hydrogen dilution. On the other hand, using ated to the presence of tensile strained Si-Si bonds at grain
clean cathode, the hydrogen plasma treatment resulted onpundaries:® X is given by the ratio of the integrated in-
in etching of thea-Si:H layer? tensities of the Gaussian curves at 510 and 520 'dm the

In this paper we present unequivocal experimental evitotal integrated intensity of the TO mode taking into account
dence for hydrogen-induced crystallization of amorphoughe ratio of the Raman backscattering cross sections of the
silicon. Hydrogen plasma treatments @fSi:H for 60 min  crystalline to the amorphous contributiohan increase(de-
resulted in an increase of the crystalline fraction by 10 tocreasg of X¢ is due to either an increagdecreasgof the
15%. On the other hand, similar H plasma treatments pergrain size or a decreasicreasg of the volume of the amor-
formed on hydrogenated microcrystalline silicon at a subfhous matrix.
strate temperature of 325 °C caused a pronounced decreaseln Fig. 1 the change of the crystalline fractiahXc
of the crystalline fraction by up to 20%. Moreover, our ex- caused by posthydrogenation at 325 °CId isplotted as a
perimental results demonstrate that the latter transformatiof¥nction of the initial crystalline fractioiX¢c" . The effect of

requires some degree of disorder as it is commonly found dhe H plasma treatment depends strongly on the structural
grain boundaries. properties of the starting material. For hydrogenated amor-
Amorphous and microcrystalline silicon films were de- phous silicon KZ"'~0) an increase of the crystalline fraction
posited in an electron-cyclotron-resonance chemical-vaporof 10 to 15% is observed. Since vacuum anneals at substrate
deposition(ECRCVD) system. In order to achieve micro- temperatures of 400 and 465 °Cr fb h did not result in an
crystalline growth silane was diluted with 75 to 99.5% hy- increase of the crystalline fraction, this result is an unequivo-
drogen. The microcrystalline silicon films were deposited atcal experimental observation of a hydrogen-induced transfor-
a substrate temperature of 325 °C and a pressure of 5 to Foation from amorphous to microcrystalline silicon. On the
mTorr. The plasma was ignited using a microwave frequencyther hand, the same plasma treatment performed on speci-
of 2.45 GHz, a microwave power to 1000 W, and a magnetignens withX{">>30% resulted in a pronounced decrease of
field of 875 G. The average grain size was determined fronXc. The largest decrease of the crystalline fractidnX¢
cross-sectional transmission-electron-microscQyM) mi- =—20%) was observed in microcrystalline samples with

crographs and amounts to 150 A for specimens with a crysxigitwloo%.
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FIG. 2. Temperature dependence of the change in crystalline

fraction. The squares and circles represent the changg after
hydrogen plasma treatments for 1da® h with respect tX¢c (30

FIG. 1. Change of the crystalline fractianX¢ as a function of  min), respectively. The as-deposited specimens exhibited a crystal-

the initial crystalline fractionX®", after posthydrogenation at |ine fraction of Xo=72%.

325 °C for 1 h. The influence of the sample thickness on the crys-
talline fraction is depicted in the inset. The triangles and circlesment at 325 °C with respect tc (30 min), respectively.

represent two sets of samples deposited at 8 mTorr using a hydr@gqth sets of data indicate a maximummMX at 325 °C and
gen dilution of 95 and 99%, respectively. show a pronounced decrease at higher and lower substrate
. __ temperatures.

_Hydrogen plasma treatments of silicon can result in sig-  An important factor for understanding this behavior is the
n|f|car_1t etching of the s.pecmlleﬁ'é.sllnce most prepara_Uon influence of the etching rate., The temperature depen-
techniques producgc-Si:H with an inhomogeneous distri- gence of the etching rate is plotted in Fig. 3. Analogous to
bution of the crystalline fraction with respect to the sampleihe gata shown in Fig. 2 the etching rate was determined
thickness, it is conceivable that the observed decrea®2 of from the decrease of the sample thickness between a 30- and
is due to etching of theuc-Si:H specimens. Therefore, @ 120-min hydrogen plasma treatment. With increasing sub-
series ofuc-Si:H samples with a thickness varying betweenstrate temperature.,., decreases monotonically to values of
0.05 to 1 um was deposited and characterized by Ramamypproximately 0.07 A/s at 465 °C. This suggests that at low

measurements. The circles and triangles in the inset of Fig. 1
depict the dependence of: as a function of the sample
thickness. The lack of a thickness dependenc¥ofs char-
acteristic for uc-Si:H deposited in an ECRCVD system. 0.8 - T
This result is corroborated by cross-sectional TEM micro-
graphs revealing that microcrystalline growth starts at the
interface. No evidence of an amorphous layer was found; this 0.6 L
layer is commonly observed in specimens prepared by con-

XCinit ( 0/0)

ventional plasma-enhanced chemical-vapor deposition z
(PECVD) technique$. <
The time and temperature dependence of the change of } 0.4 ]
Xc was investigated usinguc-Si:H samples with X2"
=72%. Initially the sample surface is coated with a native
0.2 .
o)

oxide that imposes a barrier for H indiffusiSrTherefore,
etching and structural changes of the microcrystalline

samples will not occur instantaneously after the H plasma is I o)
ignited. Initially, the H plasma removes the native oxide,
which can take several minutes depending on the oxide
thickness. Since a new sample was used for each experiment, T ¢C)

a better measure for the changeXgf is obtained when plot-
ting the data with respect to the 30-min H plasma treatment. FIG. 3. Temperature dependence of the etching rate. The

The squares and circles in Fig. 2 show the change of thetching rate was determined from the decrease in sample thickness
crystalline fraction aftea 1 and 2 h hydrogen plasma treat- between a 30-min and a 120-min H plasma treatment.

0.0 . :
200 300 400 500




RAPID COMMUNICATIONS

R1720 I. KAISER, N. H. NICKEL, W. FUHS, AND W. PILZ PRB 58

005 ———————— — contrast to previous report$,similar H plasma treatments

‘2 : performed on single crystalline silicon did not result in the

_Z 0.00 crystalline formation of an amorphous surface layer. However, H stabi-

& lized platelets were observed in cross-sectional TEM

& 005} _ micrographs? These results demonstrate that the presence

< of grain boundaries is required to observe a hydrogen-
0.0 mediated decrease of the crystalline fraction in microcrystal-

line silicon.

The results shown in Figs. 1-4 have some important im-
plications for the preparation of microcrystalline silicon. The
recent report that a pure hydrogen plasma does not cause
crystallization ofa-Si:H (Ref. 4 is valid only for conven-

- tional rf power PECVD deposition systems. Our results in
-0.10 —————+——+————+—} Fig. 1 clearly demonstrate that post-hydrogenation at moder-
ate temperatures in dean ECR system causes crystalliza-
tion of a-Si:H. There are three different models explaining
this effect:(i) The etching model suggests the formation of
crystallites by a balance between deposition and etching on
the growing surfacé;(ii) the growth-zone model proposes
structural relaxation of the amorphous phase followed by a
transition to the crystalline phase in the subsurface retjion;
and (iii ) the surface-reaction model suggests that the surface

t, (min) diffusivity of precursors is enhanced due to H termination of
) . . the surfacé? The latter model cannot explain our results

FIG. 4. Change of the integrated Raman intensities of the peak§jce the phase transition from amorphous to crystalline oc-

at 480, 510, and 520 cm vs hydrogenation time,. The data are curred in a post-hydrogen plasma treatment.

normalized to the total integrated intensity of the TO rjﬁode. The The hydrogen-induced phase transition depends strongly
hydrogen pla.‘sma exposures were performed at 325 °C. The.a%'n the structural properties of the starting material. When the
deposited microcrystalline-silicon samples revealed a crystalling . . . . init
fraction of 72%. initial crystalline fractionX:" exceeds 20% the post hydro-
genation treatment, causes an adverse effect, effectively re-

temperatures the small decreaseXgf is due to enhanced ducing the crystalline fraction. Material with a small crystal-
etching of the specimens. Hydrogen-mediated structurdine fraction is mainly composed of crystallites embedded in
changes advance from the surface and are diffusion limitecan amorphous matrix. For these samples the growth zone and
Thus, at low substrate temperatures the H-induced loss of thite etching model predict a further increaseXaf. This,
crystalline fraction occurs slowly because of a very smallhowever, is not the case. The data in Fig. 1 clearly indicate
diffusion coefficient. Simultaneously, most of the structur-the presence of an additional mechanism causing the de-
ally converted material is removed from the surface due to @rease of the crystalline fraction. One possible explanation is
high etching rate. Therefore, the measurable decrease pfasma damage. However, according to cross-sectional TEM
AXc is small. With increasing temperature the H concentramicrographs the plasma treatment did not introduce surface
tion in the specimen and in the plasma above the specimeor subsurface damage @Si samples but generated hydro-
decrease¥ Secondary-ion-mass spectrometry measuregen stabilized platelef$. The lack of an amorphous phase in
ments show a decrease of the H concentration that is mongost-hydrogenated- Si indicates that for a H-induced con-
pronounced at higher temperatures. In addition, the hydrogeversion of crystalline to amorphous silicon, the presence of
diffusion coefficient increases causing H to migrate moregrain boundaries is required.
quickly into and out of the bulk. This leads to a decrease of The analysis of the Raman spectra as a function of the
the H concentration below a threshold value at which struchydrogenation time provides an important insight in the mi-
tural changes such as a decreas&gf(Fig. 2) and etching croscopic mechanism responsible for the decrease of the
(Fig. 3 occur. crystalline fraction inuc-Si:H (Fig. 4). In the first 30 min of

In order to illuminate the origin of the hydrogen-mediatedthe H plasma treatment the phase transformation from crys-
structural changes the Raman spectra were further analyzealline to grain-boundary material occurs concurrently with
by computing the time dependence of the integrated intensian increase of the amorphous phase. This indicates that the
ties of the crystalline, intermediate, and amorphous contribuphase transformation originates at the grain boundaries.
tions. The change of the integrated intensitds,,, Alsgqg, A good measure for the average strain energy per network
andAl 450 versus the hydrogen exposure titpgis plotted in  bond is the Urbach slop@.The Urbach energy foa-Si:H is
Fig. 4. With increasing hydrogenation tima] s, (crystal-  about 50 meV. A good estimate of the strain energy at grain
line contributior) decreases monotonically. The intensity of boundaries can be obtained from polycrystalline silicon
the intermediate peak, however, increases somewhat at sh@poly-Si) since it does not contain an amorphous phase. In
exposure timest(;=30 min) and then reveals a monotonic hydrogen passivated poly-Si a typical value for the slope of
decrease. On the other hand, the integrated intensity of thihe Urbach edge is 85 me¥.Thus, although the degree of
peak at 480 cm' shows a pronounced increase indicatingdisorder at grain boundaries is smaller than in amorphous
that the crystalline fraction of this specimen decreased. Imsilicon, since these two-dimensional interfaces reveal long-
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range ordet, the average strain energy per network bond is In summary, amorphous and microcrystalline silicon
roughly 35 meV larger at grain boundaries. samples were exposed to a hydrogen plasmadiean ECR

The introduction of hydrogen intgec-Si:H will cause a  System. We presented unequivocal experimental evidence for
reduction of the strain energy at the grain boundaries byydrogen-induced crystallization af Si:H. A 60-min post-
eliminating unfavorable bonding configurations such ashydrogenation at 325 °C resulted in an increase of the crys-
strained Si-Si bonds. Once a steady state between strain ai@lline fraction by 10-15%. On the other hand, similar
nihilation and creation is reached a local reduction of strairPlasma treatments performed on samples wii>20%
will cause the generation of strain somewhere else in théaused a decrease Xt . The largest decrease sf20% was
lattice; the internal strain propagates within the netwS  obtained aiX¢"=100% and a hydrogenation temperature of
the amorphous regions strain propagation will occur imme325 °C. At lower temperatures the dominant process is etch-
diately. It is conceivable that this mechanism causes straif?d. While at higher temperaturelsX. decreases because of
accumulation at the perimeter of crystallites leading to bond® decrease of the H concentration and enhanced H diffusiv-
distortions of strong Si-Si bonds. The accumulated strain caffy: The lack of an amorphous phase in post-hydrogenated
then be reduced by inserting H atoms into strained Si-Sf~Si indicates that the presence of grain boundaries is re-
bonds causing the formation of Si-H and/or silicon danglingqUIrech to obst_erve H-induced conversion of crystalline to
bonds. Eventually, this mechanism leads to an increase G¥norPhous silicon. Based on the difference of the average
disorder® however, with a smaller average strain energy pe|straln energy In amqrphous and polycrystalline §|I|con we
network bond. Inuc-Si:H with an amorphous matrix a large propose that the dnvm_g force _for the decreas_e)(@f_ls the
amount of strain can propagate within this matrix withoutm'n'm'za.t'on of the_ lattice strain energy by migrating H at-
ever reaching a grain. Thus, with decreasing volume of th@MmS- This is consistent with previous results obtained on

amorphous tissue the amount of propagating strain ending u mo_rphous silicon showing that internal strain propagate.s
at the perimeter of a grain increases and therefore the d _|th!n the networ{g and can be generated or reduced by mi-
crease ofX: becomes more pronouncéig. 1). Hence, we grating hydrogert.

propose that the driving force for the decrease of the crystal-The authors are grateful to J. Krause for technical support.
line fraction is the minimization of the lattice strain energy This work has been supported by the Bundesministerium fu
by migrating H atoms. Bildung und Forschung, BMBF.
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