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Connection between hydrogen plasma treatment and etching
of amorphous phase in the layer-by-layer technique with very high
frequency plasma excitation
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Institut fir Schicht-und lonentechnik, Forschungszentrurichy D-52425 Jlich, Germany
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The formation of microcrystalline silicon was investigated employing the layer-by-layer technique
with very high frequency plasma excitation. Etching of the deposited layers was found to be a
dominant effect during hydrogen plasma treatment. Microcrystalline growth occurred when the
thickness of the deposited layer was reduced to a certain value in each cycle. The etching stopped
when a noticeable crystalline volume fraction was produced; for long hydrogen treatment times no
film growth was observed. €999 American Institute of Physid$S0021-8979)06404-X]

The growth of microcrystalline silicongc-Si:H) is the  periments, the deposition chamber was initially cleaned by
subject of several present investigations. One controversigjlass blast and then covered with several of a-Si:H cap-
issue being discussed concerns the mechanism which caugsiag layers. Thus the cathode and the chamber wall
microcrystalline formation in the layer-by-layetLbL) (=plasma shield are never etched clean during H plasma
process. In contrast to conventional plasma enhancedireatment. The chamber was kept under vacybase pres-
chemical vapor depositiofPECVD) techniques, where a sure 10° Torr) and sample loading was via a loadlock.
continuous discharge of silane (SjHhighly diluted in hy- Figure 1 shows the total thickness of three series of LbL
drogen (H) is used for the deposition qfc-Si:H, the LbL  samples prepared at different plasma excitation frequencies
process involves deposition under amorphous siliconith 15 cycles and the deposition time per cytie,, held
(a-Si:H) growth conditions alternating with a hydrogen constant at 12 &y series.
plasma treatment. The hydrogen treatment tintg was varied in the range

It was proposed that the hydrogen treatment transformgf 30—270 s. We observe a characteristic shape for all three
the a-Si:H into the crystalline phase within a certain growth ¢cyrves with a linear decrease in thickness forbelow a
zone below the film surfacghemical annealing’® Alterna-  certain valuet. For longer hydrogen treatment, the thick-
tive models include preferential etching of the amorphousyess shows a “plateau,” i.e., it is independenttgfover a
phasé&® and enhanced mobility of film precursors on the SUr-certain range. For still longes, no film growth occurs. The
face due to hydrogen coverajéRecent results showed that piateau of constant thickness is less pronounced at lower
chemical transport within the deposition system also has §|asma excitation frequencies, hardly able to be observed at
be taken into account and that under conditions Whgre this MHz, and most likely absent under (3.56 MH2 con-
mechanism is excluded the hydrogen treatmend@i:H  gitions. The vertical shift of the three curves indicates that
causes only etching but no §truptural chahgehis could  the net growth ratédeposition minus etchingncreases with
mean that the growth ofcc-Si:H in the LbL process is a vex @s the deposition timege=12s was kept constant

surface ph_enomenon a”‘?' not _caused_ by a vo_Iume phaf\?vhich was the shortest time available to yield stable depo-
transformation. To further investigate this we applied |0IasmaSition conditions in our experimental sejup
excitation frequenciesve from the very high frequency Raman measurements show that the onset of the plateau

(VHF) range to the LbL techmque. of constant thickness &¢ coincides with a structural change.
Samples were prepared in a parallel plate PECVD SYSThis is shown for the 95 MHz series in Fig. 2.

tem with a variable frequency VHF generator. All process The films in the range, <t are clearly predominantly

ipna[rzrglegelrs of the layer-by-layer deposition are Summ"jmzeglmorphous. As Raman spectroscopy has a detection limit for

. ow crystalline volume fraction$the existence of small vol-
To alternate between the deposition and hydrogen treat- : : .
d umes with crystalline structure near the film surface, caused
ment step we opened and closed the appropriate mass flow

controllers using a computer algorithm. This allowed exact Iyghzm: al transport IO ' phzsa t:anstfore;nmast(;%n,s)cafn?hqt Ee ex-
time control and resulted in samples of high reproducibility.C u _(_9 - Hlowever, prolonge reatm '3 ot thick
As substrates, we used glasorning 7059 and glass cov- a-Si:H (several 100 nmfilms always resulted in net etching

ered with chromium. The chromium was used to cut out an)5ind no observable structural change for any of the tige
contribution by the substrate in the Raman spectra. Thgon(_jrlrt:or:js. in thick h il
thickness of the films was measured with a step profiler. To e decrease in thickness fr<tc means that materia

guarantee stable and reproducible conditions for the LbL ex'S etched away. The corresponding etch rates can be com-
puted from the slope of this approximately linear decrease as

dElectronic mail: o.vetterl@fz-juelich.de indicated in Fig. 1. These etch rates are identical to the etch
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TABLE I. Deposition parameters of layer-by-layer deposition. T . 9sMHz
A toup = 125
Parameter ty series tgep SETiES //\ ggs
S
Substrate temperatur&s 290°C 190°C 3 /\\__«_M 1208
Deposition total pressure, 300 mTorr 300 mTorr > //\\ —
Deposition time gep 12s 15-40 s 2 c=185s | 1505
Hydrogen treatment time, 30-270 s 150 s 2 /-./L N
Number of cyclesp 15 15 Sk 180s
Plasma powerP ow 10w E A 2108
SiH,/H; flow during tge, 10/10 sccm 10/10 sccm o '__’//k o400
SiH,/H, flow during ty 0/100 sccm 0/100 sccm 7708
Plasma excitation frequenoyg, 27, 50, 95 MHz 50 MHz P ‘V
400 500 600 700

Raman shift [cm™']
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. . FIG. 2. Raman spectra of the samples prepared at 95 {|iHgerie$. The
rates of Com'nUOUS|y growa-Si:H eXposed toa prolonged crystalline phase is only observed for hydrogen treatment tigdenger

hydrogen plasma. We suppose that,at tc the amorphous thant..

phase is deposited and etched alternately. If there would have

been a transformation from the amorphous to the crystalline

phase in the near surface region, a significant decrease of the The reduction of film thickness to a certain value in each

etch rate would be expecté®The lower etch rate for the layer-by-layer cycle might be crucial in the process of mi-

crystalline phase compared to that of the amorphous phasgocrystalline growth. In this case a variation of the initially

can also explain why the film thicknesstat>t: is indepen-  deposited layer thickness with constagtwould show simi-

dent ofty over a certain range. Crystalline regions are mordar critical thickness. The results of such an experiment are

stable under hydrogen treatment and therefore the increase sfiown in Fig. 3.

ty no longer results in a measurable decrease of thickness. The substrate temperature was lower in this series, caus-

Figure 2 also shows an increase of crystalline volume fracing a shift in the time values by rate effects. Nevertheless,

tion with ty within the plateau of constant thickness. This the shape of the curve shows the behavior expected i.e., for

means that either more of the amorphous phase around tlieposition timese, longer than 30 s the thickness increases

crystalline regions is removed or that the crystalline growthlinearly while the structure of the films is amorphous. The

is enhanced. slope of this linear increase is in good agreement with the

For even longet,, the resulting thickness drops to zero. deposition rate of 2.5 A/s foa-Si:H measured in a separate

This abrupt transition to “no growth” doesot correspond  experiment. Only by reducinge, to less than 30 s could

to an etch rate. The deposited amorphous films are conmicrocrystalline growth be achieved. Also, a plateau of con-

pletely etched away in each individual sequence, i.e., aftestant thickness is observed.

the first sequence of deposition and hydrogen treatment a The critical thickness for microcrystalline silicon film

bare substrate is left for the second deposition which is agaiformation in each LbL cycle seems to increase with the

completely etched away, etc. Thus ideally one would expegplasma excitation frequendgee Fig. 1. A plateau of con-

a step function above some critical timg . The finite slope  stant thickness was observed at a net growth rate of 15 A

is due simply to the experimental uncertainties concerninggycle for v, =27 MHz, 20 A/cycle forve,=50 MHz, and 38

e.g., the thickness measurements. Alcycle for v, =95 MHz. Whether this can be interpreted as
an increase of the “interaction depth” with increasimg,
cannot be determined at present.
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FIG. 1. Thickness of the layer-by-layer samples with 15 cycles and constarftlG. 3. Thickness of layer-by-layer films prepared with 15 cycles at con-
deposition timetqe;=12 s (t, serie$. The three curves correspond to the stant hydrogen treatment tinig= 150 s(tye, Serieg. The plasma excitation
three different plasma excitation frequencies. The etch rates indicated wefeequency was 50 MHz. The deposition rate was computed from the slope of
computed from the linear decrease of thicknesstfprtc. The lines are  the increase of film thickness fogie,> tc qep @nd equals the deposition rate
guides to the eyes. for the continuous deposition @f-Si:H.
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In summary, application of very high plasma excitation
frequencieg27-95 MH32 in the LbL process gave the fol-

resin lowing results.

(1) In the LbL process the thickness of each layer grown

o P undera- Si:H growth conditions must not exceed or must

3 K be reduced to a few nm by hydrogen treatment until

= .lw-SEIH microcrystalline formation is obtained.
. (2) Continuous hydrogen treatment of pure bal&i:H re-

v sults in net etching. No formation of the crystalline

Si substrate phase due to subsurface reactions or chemical transport
is observed.

FIG. 4. Transmission electron microscopy micrograph of a layer-by-layed3) Subsurface reactions caused by hydrogen treatment seem

film deposited at 50 MHz with 50 layer-by-layer cycles atg,/ty to be limited in their interaction depth to a few nm and

=12s/150 s(see Ref. 1L The cyclic nature of the layer-by-layer process can explain our results if one assumes the presence of a

cannot be observed. . s .
substrate(e.g., already grown crystalliteswithin this

few nm necessary for phase transformation.

The films deposited in our study exhibit columnar crys-

tallites extending from the substrate to the surface and

not a layer like structure corresponding to the cyclic na-

ture of the LbL process.

The thickness of microcrystalline silicon grown per LbL (4)
cycle is only a few nm. Thus a distinction between the “sur-
face” or “bulk” process is difficult. We suppose that in each
cycle the material deposited has to be etched down close to
the layer which was developed during preceding process The authors thank A. Lambertz and D. Steinbacher for
steps. If this layer includes crystallites, preferential etchingechnical assistance. This work was supported by the

will mainly remove the amorphous phase.In the next  Bundesministerium fuBildung und ForschungBMBF).
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