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Dissociation, transformation, and recombination of Si-H bonds in hydrogenated crystalline
silicon determined by in situ micro-Raman spectroscopy
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In situ Raman measurements are applied on plasma hydrogenated Czoc{Ca)s&ilicon samples. The
thermal evolutions of several hydrogen related defects, i.e., Si-H b@uisesponding Raman peak at
~2095 cm?) at the thin surface layer of the sample, Si-H boffdaman peaks at 2105 and~2110 cm?)
at the inner surfaces of the hydrogen induced platéhies), and H, moleculesRaman peak at 4150 cm?)
in the open space of the HIPs are investigated. We find strong evidence for an Si-H bond dissociation and
recombination at elevated temperatu(@s= 350 °C) and at room temperatu@®T), respectively. The disso-
ciation energies of about 2.2 and 2.4 @ésuming a jump frequency of ¥s71) for the Si-H bonds at the thin
surface layer and at the inner surfaces of the HIPs are obtained, respectively. It is found that at RT the hydrogen
atoms which are released at elevated temperatures are trapped again by the HIPs and passivate the silicon
dangling bonds at the inner surfaces of the HIPs or forgnntblecules in the open HIP volume, possibly
relating to the basic mechanism of the hydrogen-induced exfoliation of the silicon wafer and the so-called
“smart-cut” process.
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INTRODUCTION EXPERIMENTAL

Hydrogen in silicon has been intensively studied for about The substrate wafers were the boron dofgaD]-oriented
three decades since it plays a major role for a lot of importan€z silicon wafers. The resistivities were 5—-Q0cm, the di-
processes in the semiconductor indus#yinfrared (IR) ameter 12 cm, and the thickness 4Q@. Plasma hydroge-
spectroscopy and Raman spectroscdRyp) are powerful nations were done in a PECVD-setup. The applied plasma
methods for the examination of hydrogen-related defectpower was 50 W. The samples treated with a plasma fre-
within silicon, such as Si-H bonds, V-H complexes, and H quency of 13.56 MHz were labeled sample #1. The samples
molecules. Numerous IR-absorption investigations on thdreated with a plasma frequency of 110 MHz were labeled
thermal evolution of various Si-H or V-H IR bands have sample #2. The plasma hydrogenations were applied for 1 h
been carried out since the late 1978se, e.g., Refs. 336 at a substrate temperature of about 250 °C and a hydrogen
However, definitive assignments for specific absorptionflux of 200 sccm. After hydrogenation, the wafers were cut
peaks are still somewhat problematic, and some of them aréto square pieces with sizes ef1x 1 cn?. The samples
even full of controversies. were fixed on a small hotplate, which was mounted on the

Recently, due to the discovery of the HIPs, which play asample stage under the microscope of th&aman system
basic role in the so-called “smart-cut” technoldgyis issue  to keep the measurement spot on the same position of the
has attracted an intense interest again. A lot of differensample.
structural models of the HIP have been suggested based on Thein situ u-Raman measurements were carried out fol-
both, theoretical and experimental investigati¢sese, for in-  lowing two different procedures.
stance, Refs. 6 and 8-11Generally, it is suggested that the ~ Procedure A:in situ Raman measurements at elevated
HIPs trap H molecules, build up an internal pressure andtemperatures. In this case only the Si-H stretch mode related
finally lead to cracking.RS is an effective method to inves- Raman spectra were recorded. The measurements were done
tigate both the Si-H bonds and the, Hholecules within in several steps(1) The Raman system was adjusted to an
silicon!? With applying RS on the beveled surface of the optimum status by maximizing the intensity of the Si phonon
plasma hydrogenated Cz silicon wafers, the assignments f@eak(at 520 cm?). This was done via adjusting the focus of
several specific Si-H peaks have been achieved, i.e., the Raman laser on the sample surface. The first Raman
peak at~2095 cm! stemming from the Si-H bonds at the spectrum was then measured on the as-plasma treated sample
thin surface layer of the sample, and the peak 2110 cm*  under ambient conditions~27 °C). (2) The sample tem-
from those at the inner surface of the H®sThese recent perature was rapidly increased to a desired temperéunh
works imply that the evolution of certain Si-H bonds, H as 450 °Q in about 3 min and maintained within +0.5 °C.
molecules and HIPs can be related to each other. The pufwenty minutes later the Raman system was refocused and
pose of this paper is to investigate the thermal evolution ofhe second Raman spectrum was measured at the desired
certain Si-H bonds and of the,Hnolecules in the hydrogen- temperature. Refocusing of the Raman system was necessary
ated crystalline silicon by thim situ u-Raman spectroscopy, due to the change of the measurement temperatoe RT
i.e., the measurement is carried out on the same positioto elevated temperature(3) A series of isochronal spectra
during the sample annealing process. was measured at the desired temperature every 20 min, until
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the annealing duration reached 340 mi@) Finally the [T,
sample was slowly cooled down to RT within about half an Procedure A
hour, the Raman system was refocused agaécause of the (a) Sample #1 (b) #2

Counts (arb. units)

local position of the sample surface for the series of Raman
molecule stretch modes were recorded. The steps were as

I\q iif) 40 min A
(~27 °C). (2) The sample temperature was rapidly in-
system was refocused and the second Raman spectrum Mom
cooled down to RT again, then the Raman system was
the same local position of the sample surface for the series FIG. 1. Series of Raman spectra measured on samp(a) #hd
times. The center of the spectral window was set tognnealing, for details see section “Experimentaks can be
(for H, spectra. The spectral resolution of the measured Ra-ghout 10 criit to a value of~2085 cnit due to the measure-
H-plasma treated Cz silicon samples, the Raman spectruince the concentration of the Si-H bonds is proportional to
entz subpeaks, which originate from the corresponding Viprocess the dissociation process of the Si-H bonds in sample
whole peak represents the intensity of all kinds of Si-Heyated temperaturfsee the changes between spectria)
RESULTS 450 °C, 500 °C, and 550 °C. The recombination of Si-H
shown, respectively. The spectrum marked with “as plasmafore the samples are cooled down to RT, while the Si-H peak

temperature chang@nd the last Raman spectrum was mea-
sured at RT. The measurement spot was kept on the same
spectra obtained at every desired temperature. 350 °C
Procedure Bin situ Raman measurements at RT. In this § as plasma
case the Raman spectra related to both Si-H bond and H P
follows. (1) The Raman system was focused for an optimum " / k bt i) 20 min I,/ \.., dnoywotl
status, and then the first Raman spectrum was measured on
the as-plasma treated sample under ambient conditions
creased to a desired temperature in about 3 min and main- " J \,. " :")6,0 mli" " ,ﬂ\ A
tained within £0.5 °C. The annealing duration wasni. ]
(3) When the annealing step was finished, the sample was AR . 1.002“':'%",/\%
rapidly cooled down to RT in about rhin. The Raman
was measured at RT4) The sample temperature was rap- i )
idly increased to the desired temperature again and main- horoh ,/\,,‘ ) D I vt it
tained again for 5nin, sothat the total annealing duration
for this sample was 1fnin. The sample wagapidly WWRT
AAMMARALA) LARMALAAL] LAAERAAL) LA R AL MR LA LA AR LAAALALAA) LALLALLLLY LALLLALALY
refocused and the third Raman spectrum was measured at 1900 2000 2100 2200 2300 2000 2100 2200 2300
RT. Step(4) was repeated until the total annealing dura- Raman shift (cm™)
tion reached 12@nin. The measurement spot was kept on
of Raman spectra obtained at every desired temperature#2 (b) by procedure A at 350 °C. Spectiia and(viii ) are measured
In both procedures A and B the collecting time of Ramanat RT. Spectrdii)—(vii) are measured at 350 °C.
measurements was set to 1 min, and the average factor 15
2100 cm* (for Si-H spectraor 4000 cm* (for H, Spectra,  seen in Fig. 1, for the spectra measured af §ctra(i) and
so the recorded spectra extended from13001t0 (vji)], the peak is centered at2095 cmi. For the other
~2700 cm* (for Si-H spectraor from 3400 to 4500 ¢ gpecira, the Raman shift of the peak center is reduced by
man spectra was-0.7 cnit. A special 50< objective, which  ment at higher temperature. The intensity of the Raman peak
related to Si-H bond stretch modes always showed a vente peak intensity, one can conclude that the dissociation of
broad and complex peak. Lorentz function fitting was em+he Sj-H bonds occurs in both samples #1 and #2 at 350 °C.
ployed to decompose the Si-H Raman peak into several LOHowever, it is obvious that at the beginning of the annealing
brating species. The area which was enveloped by a subpeas is faster than for sample #1.
is a measure for the concentration of the corresponding Vi- The intensity of the Si-H bonds increases when the
brating species. Consequently the total area underneath tRgmples are cooled down again to RT upon annealing at el-
bonds. Similar mathematical treatments were also employeghg (viii) in Fig. 1], hinting at the recombination of the
for Raman spectra related to the hholecules in HIPs. Si-H bonds at RT. Figure 2 shows the Raman spectra mea-
sured on samples #1 and #2 by procedure A at 400 °C,
bonds is even more evident at 400—500 °C for sample #1,
In Figs. Xa) and 1b), the series of Raman spectra mea-and at 400 °C for sample #2, because the intensities of
sured on samples #1 and #2 by procedure A at 350 °C iSi-H bonds at the desired temperatures are nearly zero be-
is measured at RT on the as plasma treated saltijgle  suddenly appears again at RT.
before annealing while the spectrum marked with “RT” is Figure 3 shows the Raman spectra measured by procedure
also measured at RT but on the annealed sartigle after B on sample #1, of both Si-IifFig. 3@] and H, [Fig. 3(b)]
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Procedure A (a) SiFH Procedure B, 450°C (b H,
(a) Sample #1 (b) #2 Sample #1
~2070 ~2095 ~4150
400 °c i) 340 min ! ~2110 ~4130 | ~4160
A A ol At AW Ay nap ot ) B Das ! i
2] ! plasma
o i) RT = SORAREY e
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o ! 45 min :
500 "C v) 340 min M"! it .. TR :

P AMH A A S 60 min | i

vi) RT Y A Iy : ::h.._
Ww Lx vil) 7S min |/

550 °C vii) 340 min i b9, 99 rmin .
Mg it AA X) 120 min o’

viii) RT

2050 2100 4100 4150 4200
1900 2000 2100 2200 2300 2000 2100 2200 2300 Raman Shift (cm™)
. -1
Raman shift (cm™) FIG. 3. Series of Raman spectra measured on sample #1 by

procedure B. The sample is annealed at 450 (&Cshows the spec-
FIG. 2. Raman spectra measured on sample@yand #2(b) by 45 related to the Si-H stretch modes, ail shows the spectra

procedure A at 400-550 °C. Spectfig, (i), (v), and (vii) are  ejated to the K stretch modes. The spectra are fitted with Lorentz

measured on the sample during annealing. The annealing durationds,tion (plotted by the dashed and dotted lineSeveral subpeaks

340 min. Spectrdii), (iv), (vi), and(viii) are measured on the an- ,; ~2070, ~2095, ~2105, ~2110, ~4130, ~4150, and

nealed sample at Rii.e., after annealing ~4160 cm? are indicated by the vertical dash-dot or dash-dot-dot
lines.

stretch modes. The annealing temperature is 450 °C. The

annealing duration covers the range from 5 min to 2 h. Thaemperature. As an example, for the annealing temperature of

spectra are measured at RT and at the same local position 850 °C we plot IN(A) versus the annealing duratioim Fig.

the surface of the sample. By Lorenz fitting the Si-H peaks4. Here we exclude the Si-H concentration of as plasma

can be decomposed into one, two or three subpeaks depengeated sample, because its Raman spectrum is measured at

ing on the annealing duration. The subpeaks are centered RT. Figure 4 shows that within the measurement error

~2070,~2095,~2105, or~2110 cm™. In Fig. 3b), based -In (A) is proportional tot. For both samples #1 and #2 a

on the Lorenz fitting, all of the Kpeaks can be decomposed

into three subpeaks, i.e4130, ~4150, and~4160 cm™. 80— T T
It has been suggested that the subpeaks-4150 and er “'s )
4160 cm* can be contributed to the ortho,Hnolecules ki y 231 ¢ .
(with parallel nuclear spinsand para-H molecules(with [l N ]
anti-parallel nuclear spinsrespectively:3-14 " L4 = Co ,
€ 7of i§§ $ W 0 P
68 ."“%-m. l.*‘* ii % %
DISCUSSION esf AMAL g T beed
sal o mamamiesy B V'Y LA A S
Dissociation of Si-H bonds [ 4 A (samplett) A0 T Aag
€21 . iear Fitng of A N S i
According to the first order kinetic theoty,the concen- B[ e PR ofinA) :
tration of Si-H bondsN can be expressed as D 3600 7200 10800 14400 18000 21600
t(s)
_ —Eq
In(A) =In(Ag) ~t- »- ex keT /' @) FIG. 4. Annealing duration dependence of the area of the

Si-H Raman peaks measured on sample(éicle) and #2 (up
whereA, is the initial concentration of Si-H bondsjs the  triangle at 350 °C by procedure A in the natural logarithmic scale.
annealing durationy is the jump frequencyE, is the disso-  The inset shows the dissociation energy deduced from the Raman
ciation energykg is the Boltzmann’s constant, arfidis the = measurements at different temperatures.
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slope ofb=-3+0.3x 10°° st is deduced. If we set the jump osf '210;‘21'10 L ' ' R
—o0~ sub-peak ~ em

frequency v to 10'3s7%6 the dissociation energg, is osf
2.17+0.01 eV. This energy is much lower than the activation o4}
energy when the hydrogen atom is released from Si-H bondg °3f
to the free spacé~3.6 eV), but rather similar to the energy 5 °3f
when the released H atom is trapped in the bond-center po-g o1
sition in the crystalline silicon bulk~2.5 eV), as was esti- §12
mated byab initio density-functional calculatioR§. < 1o}

The dissociation energies deduced from the isochronal °f
Raman spectra measured at 350, 400, and 450 °C by proce

—a- Si-H peak b
--e--sub-peak ~2095cm”
- A gub-peak ~2105cm” A
-v- subpeak ~2110cm” ]

dure A are compared in the inset of Fig. 4. The dissociation ,:;7,.«;-:1‘-:-;:;“_“_‘ - ]
energy increases with the annealing temperature, implying gof aa-a-ea-a DT e N -
different thermal stability of different Si-H species. This is- o 1200 200 | 3600 4800 | 6000 7200
sue will be discussed again below, combined with the discus- t(s)

sion of the transformation of the Si-H bond species. FIG. 5. The normalized area of the Si-H subpeaks apgéak

measured on sample #1 at 450 °C by proceduréaBShows the
Recombination of Si-H bonds area of the H peak and the sum of the Si-H subpeaks-&105
. nd 2110 cmt. (b) Shows the area of the whole Si-H peak and
. Wh.e.n the samples are. cooled down to RT ag.aln-, th? pea%everal subpeaks at2095,~2105, and~2110 cm™. P
intensities increase, both in samples #1 and #2, indicating the
recombination of the Si-H bonds at RT upon the dissociatiomealed out or aggregated to voids so that the recombination
at elevated temperature. However, one can discuss whethef VH cannot occur after the sample is cooled down to RT
the spectra obtained by the situ Raman measurements at again. Nielsoret al1%?°have also reported that this defect is
elevated temperature and RT are comparable or not. In gestable up to 200 °C in proton implanted material.
eral, the observed Raman intensif§tokes scatte¢rcan be As shown in Figs. &) and 5b), it is evident that the
expressed a8 intensity of the subpeak at2095 cm! decreases almost
monotonously with the annealing duration. This peak has
) been assigned to the _Si-H bonds which are located at the
H-plasma damaged thin surface layextend from surface
N ~ down to~0.2 um depth.!® However, two other subpeaks,
wherew, andy, are the wave numbers of the exciting radia-j e | at~2105 and~2110 cm?, show different tendencies as
tion and the excited vibratiom is a constant without impact Compared to the Subpeak»aQOQS cm-1. If the annea”ng is
of the temperaturd, andkg is the Boltzmann’s constant. In applied for a duration between 20 and 60 min, the subpeak at
the case of Si-H stretch modes, the wave number is-2110 cm? is dominant. If the annealing lasts longer than
2100 cm! at RT. It is several cnt lower at higher tempera- 90 min, the subpeak at2110 cm? disappears, while the
tures than at RT. The estimation shows that the change of treubpeak at~2105 cn! becomes dominant. The latter one
intensity due to the different measurement temperatures igppears for the first time after annealing for 75 min. It is
less than 5%f(i.e., if comparing the values for RT and found that the sum of the intensities of the Si-H subpeaks at
500 °O). Therefore, it is expected that the recombination of~2105 and~2110 cm* is almost proportional to the inten-
Si-H bonds can be investigated by situ Raman measure- Sity of the H, peak[see Figs. 3 and(8)]. This significantly
ments at RT and elevated temperature, at least qualitativelproves that they stem from the Si-H bonds at the inner sur-
So there is no doubt that Figs. 1 and 2 clearly reveal thdaces of the HIPs. The subpeaks-a2105 and~2110 cm*
recombination of the Si-H bonds at RT after they have beef§an be possibly assigned to the dihydri&H,) at the(100)
dissociated during annealing at elevated temperatures. ~ orientated smooth and rough surface of the silicon,
respectivelf Based on the annealing dependence of the

three Si-H subpeaks and the kholecule peak, we conclude
that the hydrogen atoms released from the hydrogen dam-

As can be seen in Fig. 3, it is evident that the transformaaged surface layer at elevated temperatures are trapped by
tion of various Si-H bond species occurs during the annealthe HIPs, where they combine and form folecules. These
ing. For a guantitative comparison, in Figabwe plot the  newly formed B molecules increase the internal pressure of
time dependence of the sum of the areas of the peaks tlte HIPs so that they can anisotropically grow along the
~2105 and~2110 cm?, together with the time dependence (100 direction. In addition the inner surfaces which are cre-
of the area of the Klpeak. The time dependence of the areaated during the annealing are also passivated by hydrogen
of the individual Si-H Raman subpeaks and the time depenatoms. As a consequence, the intensity of the subpeak at
dence of the area of the whole Si-H peak are plotted in Fig~2095 cm? decreases, while the intensities of both the H
5(b). molecule peak and the subpeak-a2105 or~2110 cm?

The subpeak at~2070 cm! only appears for the as increase with the annealing duration. The transformation of
plasma treated sample. Due to its frequency and thermal athe subpeaks at 2105 and~2110 cm* after long time an-
nealing behavior, we assign it to the vacancy-hydrogen comaealing is possibly due to th€x 1) reconstruction of the
plex (VH). After annealing the vacancies are probably an-internal surfacé.

_ .4
o= AT e heudke T
Y

Transformation of Si-H bond species

045206-4



DISSOCIATION, TRANSFORMATION, AND.. PHYSICAL REVIEW B 71, 045206(2005

The first order kinetic theory is also applied to deduce theplained considering the three-layer structure model of the
dissociation energy of the Si-H bonds at the hydrogerH-plasma treated silicon, where a hydrogen plasma damaged
plasma damaged surface layee., related to the subpeak at (HPD) surface layer with a thickness 6£0.2 um, a HIP
~2095 cm’). The intensity of the subpeak at2095 cm*  sub-surface layer of~0.5 um, and a transition region of
is measure_d by the above-mgntioned procedure B at_RT. The1 um are definedf3 The treatment app|y|ng a H-p|asma
deduced dissociation energy is 2.30+£0.01 eV. Keep in mingyith higher frequency110 MH2) is “softer” for the silicon
that in this case the kinetic process indeed includes thregafers as compared to a 13.56 MHz H-plasma exposure, so
steps{(i) the dissociation of the Si-H bondg,) the diffusion  {hat fewer platelets are induced. The HIP plays the role of a
of the hydrogen atoms, an(ii) the recombination of the a5 center for the hydrogen atoms. Therefore, a smaller
Si-H bonds. The reported diffusion energy for the migration,,mper of hydrogen atoms are trapped in the HIPs in sample
of the hydrogen atoms between bond-center sites is abowb as compared to sample #1, and, as a consequence, a larger
0.3 eVit#ie, much less than the dissociation energy.nymber of hydrogen are still remaining at the HPD surface
Therefore, the diffusion of the hydrogen atoms is a fast projgyer, The penetration of the light from the Raman laser is
cess as _compareql to the dissociation of the Si-H bonds anghited to a depth of~0.3 um. Therefore, the Si-H intensity
can be ignored either at RT or elevated temperatures. Thef the as-plasma treated sample prepared with higher fre-
Si-H recombination can also be neglected at elevated temyyency is higher than for the sample with lower frequency.
peratures. The Si-H dissociation energy obtained by proceas proved above, the Si-H bonds at the thin surface layer are
dure A at 350 °C is 2.17+0.01 eXsee aboVk i.e., rather |ess stable than those located at the inner surface of the HIPs,
close to the dissociation energy obtained at RTgg that at the beginning of the annealing process the Si-H
(2.30£0.01 eV. Therefore, we can conclude that the mainponds dissociate faster in sample #2 than in sample #1.
dissociating Si-H species at 350 °C is the Si-H bond at thesagmple #1 contains more HIPs, so that the recombination

thin surface layer of the sample. It is also further proved thatan still be found after higher temperature annealing.
none or just a few of the hydrogen atoms released from the

H-plasma damaged surface layer at elevated temperature will SUMMARY

recombine with the silicon dangling bonds there again at RT; ) .

otherwise the dissociation energy deduced by procedure B TWO differentin situ Raman measurement procedures are

for the subpeak at-2095 cmit should be much lower than described in d(f.'Fal| and applied on the H-plasma_treate_d and

23 eV, annealed Cz silicon samples. It is found that the intensity of
As mentioned above, we find the dissociation energy det® Si-H bond Raman peaks decreases during annealing,

duced from then situ Raman spectra measured by procedurd©WeVver the intensity increases again when the sample is

A at higher temperaturésuch as 450 °Cis larger than the cooled down to RT. This is strong evidence for Si-H bond
one deduced at lower temperatseich as 350 °C This is dissociation and recombination at elevated temperatures and

evident due to the different thermal stability of various @ RT. respectively. The dissociation energy of the Si-H
Si-H species. As shown in Figs. 3 and 5, at 450 °C thePonds at the thin surface layer of the sample deduced from
Si-H bonds at the hydrogen plasma damaged surface IayQPth Procedure A an(_j B is about 2.2 e\(, while the dissocia-
are dissociated very quickly. Therefore, it is reasonable t§ion €nergy of the Si-H bonds at the inner surface of the

assign the dissociation energy deduced by procedure A &{IPs is about 2.4 eV. It is found that the released hydrogen
450 °C (i.e., 2.43+0.01 eYto the Si-H bonds at the inner atoms at elevated temperatures are trapped again by the HIPs

surface of the HIPs. This assignment fits very well with the®t RT and passivate the silicon dangling bonds at the inner

results obtained biylyers et albased on the nuclear-reaction Surfaces of the HIPs or form Hnolecules in the open space
analysis method2.5+0.2 e\.22 of the HIPs. The results are possibe related to the basic

Several questions remain. First, the recombination of thd"€chanism of the hydrogen-induced exfoliation of the sili-
con wafer and the so-called “smart-cut” process.

Si-H bonds occurs at RT for the sample #1 which are an-
nealed at 350 °C, 400 °C, 450 °C, and 500 °C, while for
the sample #2, it only occurs at RT after annealed at 350 °C

and 400 °C, as shown in Figs. 1 and 2. Second, the Si-H Katrina Meusinger and Boguslaw Wdowiak are acknowl-
intensity of the as-plasma treated sample #2 is much highexdged for the technical support in the PECVD experiments.
than for sample #1, but the dissociation of the Si-H bonds aThe authors Y.M. and Y.L.H. would like to thank the German
the beginning of the annealing process in sample #2 is alsAcademic Exchange Servid®AAD) for the financial sup-
much faster than in sample #1. These questions can be epgert.
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