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Surface roughness in XeF , etching of a-Si/c-Si(100)

A. A. E. Stevens® and H. C. W. Beijerinck
Physics Department, Eindhoven University of Technology, P.O. Box 513,
5600 MB Eindhoven, The Netherlands

(Received 27 July 2004; accepted 18 October 2004; published 15 Decembgr 2004

Single wavelength ellipsometry and atomic force microscopiFM) have been applied in a
well-calibrated beam-etching experiment to characterize the dynamics of surface roughening
induced by chemical etching of @12 nm amorphous silicote-Si) top layer and the underlying
crystalline silicon(c-Si) bulk. In both the initial and final phase of etching, where either only
a-Si or only c-Si is exposed to the XeFflux, we observe a similar evolution of the surface
roughness as a function of the Xgffose proportional t®(XeF,)? with 8~0.2. In the transition

region from the pure amorphous to the pure crystalline silicon layer, we observe a strong anomalous
increase of the surface roughness proportiond tgeF,)? with 8~ 1.5. Not only the growth rate

of the roughness increases sharply in this phase, also the surface morphology temporarily changes
to a structure that suggests a cusplike shape. Both features suggest that the rear&irnpatches

on the surface act effectively as a capping layer which causes the growth of deep trenches in the
c-Si. The ellipsometry data on the roughness are corroborated by the AFM results, by equating the
thickness of the rough layer to®, with o the root-mean-square variation of the AFM’s distribution
function of height differences. In the AFM data, the anomalous behavior is reflected in a too small
value of o which again suggests narrow and deep surface features that cannot be tracked by the
AFM tip. The final phase morphology is characterized by an effective increase in surface area by a
factor of two, as derived from a simple bilayer model of the reaction layer, using the experimental
etch rate as input. We obtain a local reaction layer thickness of 1.5 monolayer consistent with the
1.7 ML value of Loet al.[Lo et al,, Phys. Rev. B47, 648(1993)] that is also independent of surface
roughness®© 2005 American Vacuum Socief{pOl: 10.1116/1.1830499

[. INTRODUCTION surface diagnostic to look at the surface roughness. There-
gjre, ellipsometry is applied to a beam etching experiment to

Plasma etching is the standard etching technique in th , \
production of integrated circuits, MEMS devices, and photo_charactenze the surface roughness. The fact that ions and

nic devices. The main advantage of plasma etching is th§tchant can be manipulated independently helps in revealing
directionality that is imposed by the ions that bombard theth€ role of ions and etchant in the roughening process on a
surface of the devickHowever, the etch process gives rise More fundamental level. Alieet al.”™ looked into the initial
to surface roughness depending on the various plasma pétage ofc-Si surface roughening caused by X%eétching
rameters, such as ion energy and ion-to-etchant flux ratio. A®ith ellipsometry. This work will report on the roughness
device dimensions continue to shrink, any roughness, causé@used by Xef-etching of an amorphous silicda-Si) layer
by the device production process, plays a key role in evenand subsequently the underlying crystalline silicon
tual device performance. [c-Si(100] sample. Thea-Si layer is produced by 2.5 keV

In optimizing plasma etch processes, the main problenfAr™ ion bombardment. The amorphization ®fSi has been
one comes across is the tremendous complexity of thetudied quite intensively in terms of roughness, damage pro-
plasma environment. This makes it exceedingly difficult tofiling, and simulations by Refs. 15-21 and many others, al-
get an understanding of the reaction mechanisms involvedhough most studies are done by surface probe measure-
To circumvent the difficulties associated with plasma etch-ments, such as atomic force microsc@gy¥M) and scanning
ing, many experiments have been perforfribdt give a pic- tunneling microscopy(STM), and for ion energy ranges
ture of the processes involved. In several beam etching systher than 0.5-2.5 keV as presented here. In Sec. Il the
tems, fairly complete and accurate models have beesllipsometric characterization of theeSi layer will be ad-
developed. The present system has also been studied intefressed and also the surface roughness caused by the imping-
sively by etch product analysis™* However, surface rough- ing ions. This information is required in Sec. IV, addressing
ness caused by the etching has never been characterizedtife subsequent chemical XeBtching of thea-Si layer and
detail, although various authdrs*® mention the importance the underlyinge-Si sample. A comparison will be made be-
in fully understanding the obtained models inspired by etchyeen the roughness determined with situ ellipsometry
product analysis. o and the roughness of samples which have been anakzed

Ellipsometry is by far the most commonly us@usitu ity with atomic force microscopyAFM). The surface

roughness caused by the Xegtching affects the interpreta-

¥Electronic mail: a.a.e.stevens@tue.nl tion of the existing reaction layer models for Xe€tching of
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6.86x 10'8 m~2, the surface density of @00). The Ar" ion
sample chamber flux can be varied from 0 to 0.11 ML/s and the ion energy
ranges from 0.5 to 2.5 keV. The ion beam impinges at a 45°
_acllipsometer angle of incidence. The XegFflux can be varied from
2 0 to 3.6 ML/s and impinges at a 52° angle of incidence.

detector B. Ellipsometry

ghamber This section gives a brief outline of ellipsometry. A full

theory can be found in the book by Azzam and BasRara.
Ellipsometry is a surface diagnostic that uses the change in
ellipticity that a light beam undergoes during reflection at a
surface. The Fresnel equations require that reflection coeffi-
cients for polarization parall€¢R;) and perpendiculaiRy) to

the plane of incidence differ. This is usually expressed as a

reflectance ratig:
Fic. 1. Revised setup in horizontal cross section. The sample is mounted in
a rotatable sample holdét) that can be operated manually via an external _
drive (2). Samples can be exchanged between the sample holder and the p=
sample storage8) in the load lock with a linear magnetic drive. The ion gun
and the Xek source(4) are at 45° and 52° from surface normal, respec- Equation(l) defines the eIIipsometric ang|eE andA. The
tively. The ellipsometer is at 74° from the sample surface normal. Etc . . .
products are detected in a separate detector chamber perpendicular to ctor tan¥’ is the ratio of the reflected amplitudes of tpe
sample surface. and s waves. The phase difference between the reflepted
and s waves is calledA. Both angles are traditionally ex-
pressed in degrees.
silicon deduced from product analysis. A discussion based on The reflectance ratip that is measured depends on the
the bilayer modél* will address the issue of silicon-fluoride refractive index and the morphology of the surface under
reaction layer thickness in Sec. V. The gathered informationnvestigation, as well as on the wavelength used, the angle of
from ellipsometry and AFM can be used to obtain a geodncidence, and the presence of thin films on the surface. A
metrical picture of the rough surface. Some characteristignedium consisting of a mixture of two different substances
measures of the rough surface are described in Sec. VI. Fitabeled 1 and Ris modeled as aeffective mediumThe
nally, some conclusions are made in Sec. VII. dielectric constant, of the effective medium is found by
solving the Bruggemann equat?c?n

Loadiock

Magnetic

linear drive 0 500 mm

EE; =tan¥) x €2. (1)

[I. EXPERIMENTAL DETAILS

The setup used has been described extensively in earlier 0=w
publications3f’4 In this section only the two modifications that
have been made recently will be discussed. These are ttidere the(compley dielectric constants of media 1 and 2 are
addition of a sample exchange mechanism and the additiof@lled e, 1 ande; ,, respectively. Medium (i=1,2) occupies
of an ellipsometer. A brief description of ellipsometry and @ volume fractiony;, with 2;»;=1. The complex refractive

€17 € €27 €

(2)

+ Vo .
€11 26 €2% 26

measurement interpretation will also be given. index of a medium is given by=T. In the case of a rough
top layer, one of the media is vacuum wigh=1.
A. Vacuum apparatus The interpretation of the measurddandA is quite cum-

o ) ] ) bersome. The Fresnel equations have no easy proportionali-
A schematic view of the setup and relative orientation ofjjes jn them. In the case of a substrate with a film on top, all

the beams onto the sample is shown in Fig. 1. The samplgyiernga| reflections in the film have to be taken into account,
holder has been replaced by a rotatable two-slot samplg, ther complicating matters. This is why the interpretation
holder. This sample holder has two slots in order to enablgs tne data measured is done by comparison with computer
the calibration of the mass spectrometer. In the standard pQjmulations. For this work, a computer program based on the
sition of the sample holder, the sample surface is Oriente?mpedance algorithfd was used. This allows the interpreta-
toward the multiple-beam setup. The sample can be rotateghn of measurements on substrates that have several thin

to be in the path of a magnetic linear drive in the vacuumy,yers stacked on top of one another. The refractive indices

With this linear drive, the sample can be transported to thg,geqd in the analysis of these measurements are given in

load lock. The load lock has a capacity of six samples and g4pe |.

base pressure 0f>410°8 mbar, achieved by a turbomolecu-

lar pump of 56 I/s. A valve separates the loadlock from the . .
h C..Rotating-compensator ellipsometer

main chamber. The sample chamber has a base pressure of

1Xx10°® mbar and is pumped by turbomolecular pumps. All  The setup for the ellipsometry is a rotating-compensator

fluxes impinging on the sample are measured in monolayersllipsometer in the polarizer-compensator-sample-analyzer

per second (ML/s); one monolayer corresponds to configuration. The laser light used is linearly polarized

JVST A - Vacuum, Surfaces, and Films
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TasLE I. Numerical values of the refractive indices for the various layers different position. Rotating the sample back and forth for
assumed for data analysis and for reference. product flux calibration resulted in variations of less than
0.05° in the angle of incidence.

Used for Material Assumed
Modeling Crystalline silicon(c-Si) 3.88-0.02j%
Sio, 1.46°
Amorphized silicon(a-Si) 4.58-0.77F D. Product flux calibration
Reference Amorphized silicofa-Si) 4.63-i0.76 To calibrate the pulse counting system of the mass spec-
Rough Sik L& trometer to absolute values of the flux leaving the sample an
Sicl 1.66 ; . . : . :
inert Ni sample is used, which does not interact with XeF
ZReference 32. For this purpose the sample holder is rotated such that a Ni
Reference 33. sample is in the focus of the beams and the detector accep-

‘Reference 26.

dReference 15. tance. The XeF count rate is calibrated with the absolute
*Reference 29. value of the impinging Xef flux of 0.9 MLs (=6.2
'Reference 30. X 10" cm? s7Y). Rotating the Si sample back into position,

the loss of Xek flux due to etchingas visible in the loss of
XeF" count ratg is equal to the Sifflux leaving the sample,
because SiFis known to be the only etch product at room

. . temperaturé.This absolute flux is used to calibrate the SiF
632.8 nm light from a He—Ne laser. The angle of incidence peratu I ute s d ! >

o th | h 0 b d74° f _“~count rate which is used as a fingerprint of SiNow, the
onto the sample was cnosen fo be aroun Oof Maximurg, 4ss spectrometer count rates directly represent an absolute
sensitivity on silicon. The light is made circular with\d4

. . , flux of reagents and products, an essential condition for un-
retarder. The polarizer and analyzer used are dichroic she

. . o - %rstanding etch dynamics. The etch rate is now expressed in
polarizers with an extinction coefficient of 40They can

the production coefficiend defined as
both be manually adjusted to within 0.05° of the desired P

settings. The rotating compensator is driven by a synchro- _ 2®(SiFy)
nous motor at line frequency, with a 2:3 transmission in be- dy(XeF,)
tween for noise suppression, rotating at 33 Hz. An encodin

system gives off trigger pulses at every/256 radians. The i : i
compensator itself is a zero-ordef4 retarder, with a double the product f!ux Iea_w_ng thg sample. The production coeffi-
antireflective coatingR<0.05%). The polarizing properties cient or etching eff|C|ency. is defined such thixt1 corre-

of the compensator are also expressed in terms of eIIipsome?ponds to thg 'full conversion of r'eact'ant into products. The
ric angles¥ and A. The light beam enters and leaves theetCh rate of silicon at the sample is given by

vacuum through stress-free, nonpolarizing quartz windows. d[Si] §

The reflected light is detected by a photodiode, and ampli- ~ g §<I>S(XeF2), (4)

fied. Then the detected signal is fed into a 12-bit parallel

Samp”ng ana|og-to-digita| Converte(ADC) (re50|ution which reflects that we need two reactant molecules to form a
2.44 mV). The ADC is read at every trigger pulse. The re-product molecule. By inserting the thicknessiy;
sulting signal is Fourier-analyzed in real time by a computer=0.138 nm/ML of a monolayer of Si, the Si etch yield
The resulting values oF andA are extracted from the Fou- Ysi (NM) is related to the total dosB(XeF,) (ML) of reac-

rier coefficients. Furthermore, the computer program used@nt delivered to the surface, as given by

3

%vith d(XeF,) the impinging flux on the sample ade SiF,)

for the measurements allowed synchronously monitoring S

various chemical species coming from the sample by the YsFasED(Xer)- ©)
mass spectrometer. In Sec. Il D a brief description of the

product flux calibration is given. This relation allows tracking of the total amount of Si re-

Before each insertion into the vacuum systemrkgpe  moved during our experiments. Further details concerning
Si(100) samplesp=10-30() cm) are cleaned with alcohol, the mass spectrometer and the product analysis have been
leaving the native oxide layer in place. All measurementseported in the past*’
presented here are performed at room temperature. Prior to a
series of measurements, the plane of incidence onto the
sample was calz|grated using the native oxide Iayer,_as dqnl‘?l. AMORPHIZATION OF c-Si
by Smetset al”™> Subsequently, the compensator is cali-
brated. Again, the native oxide layer serves its purpose by The production of the amorphize@-Si) layer by Ar
allowing the determination of the angle of incidence of theions will be described briefly, since ellipsometry has never
laser beam on the sample. The native oxide layer is found tbeen performed on Arsputtering with ion energies in the
be 2.2+0.3 nm thick from sample to sample. The angle ofange of 1.0-2.5 keV. Furthermore, this information is re-
incidence is found to vary between 73.95° and 74.15°, sincquired to described the XgFetching in the following sec-
each sample is inserted into the sample holder in a slightlyion. A more elaborate treatise will be published elsewlitre.

J. Vac. Sci. Technol. A, Vol. 23, No. 1, Jan/Feb 2005
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Fic. 2. ¥, A-plot of a measurement of Aisputter etchingconnected dojs o . . . .

The drawn lines are simulations on the basis of Fig. 3. The large dot repre=iG- 4. aSi thickness as a function of Afon energy(®) including SRIM
sents(W, A) for a cleanc-Si sample. At=0 thec-Si is covered by a 2.1 nm simulations(straight ling and a result obtained by Bucknet al. (Ref. 16
native oxide layer. When Arions are switched on steady std#,A) situ- ().

ations are reached for the various ion energies. A corresponding amorphized

layer thicknessl, ; and a rough layer thicknesk is found by matching the

simulations to the measurement. a-Si layer with a rough layer on top, eventually going to a
steady state values &f andA. Subsequently the ion energy
is increased with steps of 0.5 keV up to 2.5 keV keeping the
ion flux constant. The ellipsometric parametkrincreases
In Fig. 2 an ellipsometry measurement of the' Atching  with increasing ion energy whereas little variation can be
of ¢-Si is shown(connected dojs The large dot represents observed forA. At each energy a steady state situation is
the model values o andA of a cleanc-Si sample, i.e., no reached.
native-oxide layer, roughness or amorphized Si layert At  Next, a multilayer model is required to obta@rSi layer
=0 thec-Si sample is covered by a thin native oxide layer.thicknessd, g; and rough layer thicknesd, in which the
By matching the simulation of an increasing native oxiderough layer is constituted from 50% void and 5@&i via
layer thickness on top of eSi bulk layer[Fig. 3@] to the  the Bruggemann equation E¢R). The complex refractive
measured¥ and A the native oxide layer thickness is ob- index used fora-Si is mentioned in Table | and has been
tained. In this case the native-oxide layer thickness is foundietermined in a more extensive stifiNote that the values
to be 2.1 nm. The refractive indices required for the simulafor n andk used here are in good agreement with the values
tions are listed in Table I. reported by Friecet al*® (See Table), although they used
Next, Ar" ions with an energy of 0.5 keV and a flux of 20 keV Ar* ions to amorphise a Si sample. The simplest
0.011 ML st (=7.5x 102 cm™2s1) are switched on result- model to describe the measurement is showfFig. 3b)].
ing in an increase o andA. The ions initially remove the Two simulations by means of this model are shown in Fig. 2.
native-oxide layer. Simultaneously the ions generate amoth simulations result from increasing theSi layer from
0 to 15 nm keeping the rough layer thickness constant at O
and 1 nm, respectively. The following sections will show
e Ids;02 that this multilayer model gives a good description of thé Ar
etching ofc-Si.

A. Model

B. a-Si layer thickness

The a-Si layer thickness is determined by matching mea-
_ surement and simulation at the steady sttendA for each
p50% _Y°‘d. dr ion energy. The resulting-Si layer thickness as a function of

% ion energy is shown in Fig. 4. The errors are derived from
i ten measurements on ten different samples. at& layer
asi da-Si thickness for 1.05 keV Arions determined by Bucknest

-Si bulk al.’® is also included. Buckner used the complex refractive
index determined by Friedt al® (Table I). The difference

(b) between his result and ours is an indication of the difference

in a-Si layer thickness resulting from the difference in com-
Fic. 3. Layer models used in the ellipsometry simulations(&@rthe bare plex refractive index.

sample with a native oxide film on top and f@b) the Ar* ion sputter S ; : Q; : in
etching. The model for the Arion sputter simulation consists of aaSi With increasing ion .energy the-Si layer th|qkness n -
layer and a rough layer on top, which is a mixture of 50% void and 50%Cr€ases, because the ions penetrate deeper into the silicon

a-Si. sample. Note that tha-Si layer thickness is in fact an effec-

JVST A - Vacuum, Surfaces, and Films
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tive layer thickness, since the amorphous to crystalline tran-
sition is not discrete but gradufl A comparison with, e.g.,
(SRIM)17 is therefore not straightforward. Here, a compari-
son is made by looking at the distribution of vacancy-causing
collisions (vacancies/nm/ionas a function of depth. The
solid line in Fig. 4 represents the depth in SRIM that corre-
sponds to a level of vacancy-causing collisions equal to
0.1 vacancy/nm/ion, which is in good agreement with the (a)
measured effectivea-Si layer thickness. These conditons = p------g------3---
clearly define the depth of the effective discrete transition x% [\ void

from a-Si to c-Si.

dr

C. Roughness (100-x)%\/ c-Si

The rough layer is simulated using the Bruggemann effec- c-Si bulk
tive medium approximatiofEg. (2)] using a mixture of 50% ©)
voids and 50%a-Si. The rough layer thickness is on the
Orde_r of 0'6510'05_ n_m and shows no clear dependence_ O, 5. Layer models used in the ellipsometry simulations(&@short term
the ion energy. A similar degree of roughness caused by iognd for(b) long term Xek etching.
etching was reported by various authors not only off S}
but also on other materiafé:? The minor differences can be
easily related to the difference in diagnostic tool or experi-c-Si bulk sample will be addressed. The different models
mental conditions such as ion angle of impingement, iorused to analyze the ellipsometry data are discussed, elaborat-
flux, ion dose, and ion energy differences. Note that here thag on the approximations made. The evolution of the rough-
ions are still switched on when the roughness is determinediess in time will be compared to AFM measurements and the
Surface probe measuremerisSFM/STM) afterward might amorphous-to-crystalline transition region will be discussed
give a different roughness due to surface relaxation once thi@ detail.
ions are switched off. More importantly, surface probe mea-
surements give a different measure for surface roughness model
(root-mean-square roughness than the rough layer thick- . Lo
ness from ellipsometry which makes a quantitative compari- 10 OPtain the surface roughness, agamulti-)layer mod-
son not straightforward. els describing the surface are required. The used models are

The rather low roughness result can be explained by suS"OWn in Fig. 5. In time, the-Si layer will be etched away
face smoothing’ After impact of the energetically incident @nd in the process the roughness incregsigs X&)]. When
ions, a heat spike of 1 ps melts the surface locally, allowingn€ &Si layer is completely removed, the etching continues
the surface to relax. One would expect this surface smootH" the underlying bullc-Si [Fig. Sb)]. In general, a ratio of
ing process, thus also the surface roughness, to be ion enezﬁf% void/50% material is used to model the roughness.
dependent. Here, the surface roughness shows no clear de¢'®: the percentage voidis used as an additional fit pa-
pendence on the incident ion energy. The energy deposited RMeter- , _
the surface by the impinging ions with energies between 0.5 1hese models lack the presence of a SiF reaction layer
and 2.5 keV results in a lowering of the binding energy 0fcontnbu'uon.. The question therefore is whether this is a valid
surface atoms and consequently in an improvement of thEepresentation of the surfgce layers. !n Ilteratyre no reference
sputter yield. A higher sputter yield may lead to a higherc@n be found on the optical properties of SiF except for a
roughness. But simultaneously more energy is available fofPMplex refractive index for a rough SiF layer bF1.6
surface relaxation. Apparently, the two effects cancel outdetermined by Oehrleiff. Layadi and coworkefS deter-

Hence, a pronounced ion energy dependence of the surfafdneéd a complex refractive index for a SiCl layer of
roughness is not observed. =1.66, which should be somewhat similar to SiF considering
To conclude, the ion damage layer thickness and surfaci'® nature of F and CI. However, smcg&%(he reaction layer is
roughness obtained with ellipsometry can be explained anf"oWn to be just a few monolayers thickhere a first ap-
the results are in good agreement with literature. This insighPr@@ch will be to consider the contribution of the SiF layer to

in the amorphization process provides the necessary inform&€ Negligible in contrast to the surface roughness. Hence, no
tion to study the chemical XeFetching of a 2.5 keV At SiF contribution will be incorporated in the layer models.

created, 12 nna-Si layer and subsequently the underlying
c-Si bulk. B. Results ellipsometry

In Fig. 6, simulations are shown in which the rough layer
IV. CHEMICAL XeF, ETCHING is assumed to have a certain thickness and the thickness of
In this section the ellipsometric characterization of thethe underlyinga-Si layer has been varie@long each thin
XeF, etching of a 12 nma-Si layer and the underlying line). At a given point in time, the measurement matches a

J. Vac. Sci. Technol. A, Vol. 23, No. 1, Jan/Feb 2005
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' " ' J ' ) ' etch direction
200 - - - a-gi (M) .
da'Sl e 0 ia-S’
2
' 5
150 | dr, c-Si".‘ ]
. \ dr
S e B W @)
(b)
< 100} . g
e i ¢-Si bulk
50+ E
é 6 é 1'2 1'5 1’8 Fic. 8. Representation of a cusplike surface roughness. A lower void per-
centage in respect to tteeSi percentage for the rough layer implies a cusp-

¥ (°) like shape.

Fic. 6. Ellipsometry trace of the XeFetching of first thea-Si layer fol-
lowed by etching of the underlyingSi bulk (thick line). In region(a) the 9°, the measurement comes close to the simulation with a
model in Fig. %a) is used(thin line). The rough layer thickness  ; is set 0 . 0 . . . 0 .
at a fixed value, whereas the amorphized layer thickdggsis varied. In 40% V°"?V6,0 /OC'S_l ratio, then going bQCk to the 50 & VQId/
region(b) the model in Fig. B) is used(dashed ling which is shown here ~ 50% c-Si simulation. A 40% /60% ratio for %void/%-Si
for a constant void percentage 50% (50% void/50%c-Si) and a variable  can be seen as a surface that has a cusplike shape as is
rough layer thlcknesdryc._Si. By matching the S|mu_|at|o.ns to'the measure- j||ystrated in Fig. 8. Such a rough layer can only arise from a
ment the rough layer thickness as a function of time is derived. . . .

process that etches faster in the direction parallel to the etch

direction than in the lateral direction, perpendicular to the

specific simulation. In this way, the rough layer thicknessetch direction.

and a-Si layer thickness can be obtained. Eventually, the

a-Si is fully removed, leaving only a rougtSi layer on top ~ C. Evolution of roughness
of the bulkc-Si [Fig. 5b)]. A simulation of this model with
a 50% void/50%c-Si as a function of rough layer thickness
can be seen in Fig. @ashed ling A fair agreement with the
long term behavior can already be observed.

In Fig. 7, the measuremegthick line) and simulations for
three %void/%c-Si ratios are shown as a function of the
rough layer thicknessl, . g;, originating in the pointd, g
=0 (dot). For the two cross lines the %void/@eSi ratio has

i i 0, 0, 0, 0,
been varied in the range of 20%/80% to 70%/30% forIayer is shown and on the right-hand side, the measured SiF

drc.5i=15 and 20 nm, respectively. By matching the simula-, oy, ion coefficients is shown. The letterga) and (b)

tion to the measurement, the rough layer thickness as a fung- : :
. . L rr n which m | from Fig. 5 h n for
tion of time can be derived. Note, that fé between 6° and orresponds to ¢ odel fro g. 5 has been used fo

curve-fitting the data. Initially, the roughness slowly in-
creases followed by an intermediate phase starting at

The recorded ellipsometry trace {i¥’,A)-space for the
XeF, etch process in time is shown in Fig(#ick line). At
t=0 the etch process starts. First bdthandA decrease as a
function of time[region (a)] followed by a region[region
(b)] whereW increase again but keeps decreasing. In Fig.
9 the results of the analysis of the ellipsometry data as a
function of the dosé@(XeF,) of the impinging reactant flux
is shown. On the left-hand side, the thickndssf the rough

. . ' . ; T D(XeF,)~2x10® ML, in which the roughness shows a
200} . rapid increase. Finally, atD(XeF,)=~1.2x10* ML, the
roughness increases slow again. In the initial and final phase
150
~ 30} ‘ ‘(b .o
'S @) .

’ 40.1

20/8

50| Y%void / %c-Si 40/60 ]

d (nm)

r

Fic. 7. Simulations and measurement of the long term X&Ehing of the
c-Si bulk resulting from the layer model in Fig(t9. For three %void/%
c-Si ratios the rough layer thicknesls..q; is varied, resulting in thégray)
lines from pointd, ..5;=0 (dot). For the two(gray) cross lines the %void/%
c-Si ratio has been varied in the range of 20%/80% to 70%/30%,fok;
=15 and 20 nm, respectively. Matching the simulation to the measuremerffic. 9. Rough layer thicknesd, (left axis) and the simultaneously moni-
givesd, ..s; and the corresponding %void/@eSi ratio as a function of time.  tored SiF production coéfficien® (right axig as function of Xek dose.

" = L 0.01
107 10° 10*
D(XeF,) (ML)
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Fic. 11. Representation of rough layer thicknessand root-mean-square

roughnessr. The AFM measures a distribution of heights relative the mean
eight. The roughness from AFM measurements is given by the standard
eviation or root-mean-squake of the heights distribution. Ellipsometry

measures the total width of the heights distributibnStatistically relevant

are the heights between plus and minus Bherefore d, =~ 60.

Fic. 10. Roughness as a function of Xe#ose in terms of rough layer
thicknessd, from ellipsometry and root-mean-square roughnesfrom
AFM measurements. All samples have been measured twice, resulting in t
two series of points

an increasa, ~ D(XeF,)? with 8~0.2 is observed, whereas

in the intermediate phase a strong anomalous increase is ob- Here,d, is assumed twice thec3interval of heights dis-

served, corresponding @~ 1.5. The two completely differ- tribution, hence

ent models show clearly a convergence, which is a first in- d, ~ 60-. (6)

dication that the models are indeed a good representation of

the XeR, etch process and that the silicon-fluoride reactionThis definition is based on the statistical statement that a

layer can be considered transparent to the ellipsometer.  height data point outside theo3interval is most probably
The production coefficient or etch efficiendyfirst shows ~ erroneous: This way the statistically relevant part of the

an increase proportional t®(XeF,)%! up to a dose 5 height distribution function is taken into account. Thus, by

x10® ML of XeF,. Next, a switch to an increase Pplotting the rough layer thickness against the corresponding

5~D(XeF,)%7 can be seen, which then levels off at root-mean-square roughness comparison on basis of Eq.

D(XeF,)=~1.2x10* ML. By etching through the (6) can be mad¢Fig. 12.

amorphous-to-crystalline transition the total surface area in- The comparison seems valid for the long dosed samples.

creases significantly. A significantly larger surface arediowever, at short-term and mid-ter@ Si to c-Si transitior)

would imply that more sites are available to the incomingthe measurements showy>60. This is related to the way

etchant. Etch products can be created more easily, hence the

etch rate goes up.

100 ¢

D. AFM data

To have an independent measurement of the surface
roughness, samples are prepared for various,Xieses and
are analyzecex situwith an atomic force microscop@NT-
MDT Solver P47 in noncontact mode. Here, the AFM re-
sults are compared to the ellipsometry results.

In Fig. 10 both the rough layer thickness from ellipsom-
etry and the roughness from the AFM measurements are
shown as a function of the XgRlose. Two series of AFM
measurements are shown, taken at different positions of the ‘
sample with X 1 um scan size. Both show a similar trend 0.1
in roughness evolution. Comparing AFM and ellipsometry
measurements is not straightforward since the measure for
roughness is defined differently for both diagnostics. Thq:m. 12. Rough layer thicknesd, from ellipsometry as a function of the
root-mean-square roughness(or interface widthw) mea-  corresponding root-mean-square roughnesérom AFM measurements.
sured by AFM is the standard deviation of the heights meakines Wit: ?_r:z;iog, i{f' alng 4; are Shownc', As a Con_SGQUfenﬁe of A';M tip
sured in the rough layer, whereas ellipsometry measures . S1E% LS, 1 e = o wiceesiaten o e ovghnes
total thickness of the rough layek. An illustration of the  ihe surface roughness;~ 6o is a good quantitative comparison between
two measures is shown in Fig. 11. ellipsometry and AFM. Note that, remains well above thedline.

r

Ellipsometry d (nm)
S

AFM 6 (nm)

J. Vac. Sci. Technol. A, Vol. 23, No. 1, Jan/Feb 2005



133 A. A. E. Stevens and H. C. W. Beijerinck: Surface roughness in XeF  , etching of a-Si/ c-Si(100) 133

100 : .
etch direction (a) (b) <
. .'.
os € |inital a:Si thickness al
i Orarm = 10F // T~
»n : transition
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dr . * \{ & :
1F __
. . D(XeF,)| . [D(xeF,), ]
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| D(XeF,) (ML)

Fic. 13. Underestimation of the roughness occurs when AFM tip ragjus ~ Fic. 14. Si etch yieldY; as a function of XefdoseD(XeF,) (®). The lines

is larger or on the order of lateral dimensigmnd£<d,. Consequently the ~ Ymax™ Ysi+ /2 andYp,n=Ys=d,/2 cross the initiak-Si layer thickness at

sampled roughness Ay is smaller than the real roughnegs D(XeF,); andD(XeF,),, respectively. These boundaries define #&h8i to
c-Si transition region.

the roughness develops. If the roughness develops more rap-

idly in etch direction but lateral dimensighstays smaller or  considered, the transition region. The anomalous behavior of
is on the order of the AFM tip radiug;,=10 nm, the AFM  roughening is contained in this transition region. In this re-
is not able to sample the surface prope(fig. 13. The gion the shape of the structures, i.e., the surface morphology,
consequence is an underestimation of the roughness obtainebdanges.

with the AFM. In the long term, the lateral dimensign To conclude, in the analysis of the ellipsometry data with
grows and becomes larger than the AFM tip radis, model Fig. %b) in this transition region the best description
which results in a proper sampling of the surface by AFM,is obtained for a 40% void/60% Si ratio, while a 50%/50%
hence the comparison on basis of E8). shows good agree- ratio is relevant for the final phase of puceSi etching for
ment with the experiments. In additionggs 40 comparison ~ D(XeF,) >1.2x 10* ML. This suggests a cusplike shape of
line is added, which merely illustrates how sensitive is thethe pits in the surface in the transition region. Both features

comparison on the basis of E@). suggest that the remainirsgSi patches on the surface effec-
tively act as a capping layer which causes the growth of deep
E. Anomalous roughening and narrow trenches in the butkSi. As a result the number

of surface sites, i.e., the total surface area, increases. More
All independent diagnostics for the surface roughnessgites are available to the incoming etching and, hence, the
i.e., the ellipsometry data, the AFM data and the etch effiptch rate increases. The ellipsometry data on the roughness
ciency show anomalous behavior roughly centered at thgre corroborated by the AFM data, where in this transition
transition from thea-Si top-layer to thec-Si bulk. Here, an  regjon the measured variation of the height distribution
attempt is done to qualitatively explain this behavior. First, afynction is way too small as compared to the thicknéss
simple plot to define the extent of the transition region isThjs again suggests narrow and deep surface pits that cannot
introduced. The average thickness of the layer removed ble tracked by the AFM tip in the transition region. Figure 15

etching is given by the integral version of E&), equal to  jjjustrates the full etch process in the three phases.
1 t
Ysi(t) = EaSiJ At")Dy(XeF,)dt’ (7)
0 V. ROUGHNESS IN REACTION LAYER MODELS
wheret’ =D(XeF,;t")/ d(XeF,). A severe surface area increase will have consequences for

In Fig. 14 the Si etch yield/s; is shown as a function of the kinetic reaction dynamics models that have been pro-
D(XeF,) for easy comparison with our earlier plots. Addi- posed in the past. Some issues concerning the reaction layer
tionally, plots of the functionsY,,=Ys+d,/2 and Y., during XeFk etching, such as the “real” or local reaction
=Yg—d,/2, which represent the upper and lower bounds oflayer thickness, are still open for debate, hence a discussion
the structures on the roughened surface. The ¢wsgointin  in the following section is an attempt to explain the local
etching timg whereY,o,=12 nm, the thickness of th@Si  reaction layer thickness on basis of surface area increase due
layer att=0, represents the time where the fiesbi patches to roughening.
start to become *“visible” to the reactant. Conversely, the The local reaction layer thickness is the reaction layer
dose whereY,,;,=12 nm, determines the point in time where thickness at the atomic scale, which is the parameter of most
the last cap of-Si disappears from the sample. These twointerest. However, when the surface area increases signifi-
values D(XeF,);=4%x 10°* ML and D(XeF,),=8x 10> ML cantly, the reaction layer thickness obtained with almost all
determine the region where bo#thSi andc-Si have to be diagnostics tools is an area-integrated layer thickness. There-

JVST A - Vacuum, Surfaces, and Films



134 A. A. E. Stevens and H. C. W. Beijerinck: Surface roughness in XeF  , etching of a-Si/ ¢c-Si(100) 134
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e e e 301 @ (b) oo
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N 40.1
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c-Si bulk 101 g
(initial phase) o
\/ cSi \/
c-Si bulk 1t
(transition phase) 102 1'03 : 1 64 0.01
D(XeF,) (ML)
Fic. 16. Surface area increapgSiF, ,, and Sik surface coveragén ML)
-Si and SiF production coéfficient,cyaeqr€Sulting from the bilayer model, as
well as the measured,casureq @S @ function of Xek: For a Xek dose less
c-Si bulk than 16 ML, p is equal to 1 and the SjFeoverages follow from matching
SealculatedWith Smeasureddy determining the back bond breaking probabikity
(final phase) and etching probabilitk.. For XeF, dose above FOML, the increase in

surface area is the only variable used to madghaedWith Smeasured
Fic. 15. Initial (a), transition (b), and final (c) phase of the Xef
etch process.

J SiF SiF SiF
[SiFs] _ kbq)s(Xer)([ 1l | 3]>
ot pNo PNo
fore, this measure is no longer equal to the local reaction [SiF,]
layer thicknesgli,.,, but is an effective reaction layer thick- - keq)s(X8F2)<—3)r (10)
Nessdes, pPNo
et = pAhoca ®) in which k; is the fluorination probabilityk, is the back-bond
(5] ocal

breaking probability andk., the etch probability. Here,

wherep is the ratio of the area along the ragged peaks andiSiF1,,] and[SiF;] are the surface concentrations of the cor-
valleys of the rough surface as compared to the effective aregsponding species in ML on a flat surface. The parameger N
by looking at the bulk of the sample. Thysis the relative is the Si surface concentration for a flat surfdpe 1, Ny
increase in available surface sites due to the roughening. =1 ML). The formation of etch products is expressedias
_ Some expe_riments_in the past have lead to the interpreta- 5_ 2k SiFs], (11)
tion that the SiF reaction layer should be several monolayers
(up to 10 ML) thick in order to explain the observatiohs. Which has already been shown in Fig. 9. With the proper
However, Loet al™® concluded from x-ray photoemission parameter values fgs, ki, ky, ke, and N, the value ofs can
spectroscopyXPS) measurements that the SiF layer thick- be calculated and fitted to the measugdh Fig. 16 agains
ness is only 1.7 ML and the observed thick reaction layer ids shown as a function of XgFdose, together witlp and
a consequence of surface roughness and not as suggested gagerage of SiE, and Sik speciegML).
to fluorine diffusion into the silicoA.Vugts et al. arrived at A discrimination is made between short-term and long-
the same conclusion by estimating the roughness on the bagi@ym parameter values. The bilayer model simulations are
of accurate TDS) measurements with a mass spectrometer.obtained as follows. For a XeFdose below 1dML
In this article, the surface roughness has been characterize@short term the surface area increageis assumed to be
all information is present to review the available reactionclose to 1. The true reaction layer growth can be observed.
layer models. The SiR , species first start to generate a monolayer cover-

A simple but adequate model for XgEtching of Si, the age. This layer gets covered for about 50% by;Sifecies
bilayer model’*?is used here for the discussion. A fast fluo- leading to the steady state reaction layer. To perform the
rination of Si—Sk surface sites results in Si-SiF and Si—SiF simulationsk; is taken from Vugtst al,” p and N, are fixed,
species. Next the Si-Si back bonds are broken, leading to¢yhereask;, and k. are used to fit the calculated to the
SiF; species at the surface. Then, the last bond can be brokéheasured. The fixed and fitted parameter values are listed
leading to Sif etch products. Basically, a simple descriptionin Table Il. For a Xek dose above TOML due to the etch
to visualize the reaction layer is a subsurface monolayer oprocess the roughness increases, which results in an increase
SiF and Sik species(partially) covered by a layer of SiF  of the surface area. Thereforig;, k,, ke, and N, are kept
species. The rate equations for the bilayer model are as fofixed to their values derived from the short term fit to the

lows: measured. Only p is used to fit the increase in the measured
6. The concentration of SiF» species grows with the same
ASiF o] — kD (XeF )<1 _ [SiFl,Z]) (9) factor as the surface area increase, thus also more sites are
s 2 pNg available to harbor Si~species. Hence, more SiBpecies
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TasLE II. Bilayer model parameters used for short term and long term simu-
lations, including the indication whether the parameter is used as fit param-
eter or as fixed value.

Parameter Short term values Long term values
ks 0.03(fixed)® 0.03(fixed)®
kp 0.03(fit) 0.03(fixed)
ke 0.03 (fit) 0.03 (fixed)
No 1 ML (fixed) 1 ML (fixed)
p 1 (fixed) var. (fit)
Dy(XeF,) 09 MLs? 0.9 MLs?

®From Reference 7.

are available for Sifretch product formation, which trans-
lates into an increase ifi The increase i implies a factor

of two increase in surface area. The corresponfiif, | is

in this case about 2 ML with still a 50% SjFcoverage:
[SiF;]=1 ML. The local reaction layer thickness is 1.5 ML,
but the effective thickness is 3.0 ML, if one assumes that the
stoichiometry of 1 ML SiF layer to be equivalent to $iF Fc. 17. Geometrical model for the rough lay@) and corresponding unit
coverage. The local reaction layer thickness of 1.5 ML is incell (b). The rough layer thicknegs is the peak-to—peak height difference
very good agreement with the 1.7 ML reported by pp and¢ .is the peak—to—peak Iqteral dimension. The average surface-slope
al.®®> who used XPS to measure the local reaction Iayer‘:’1 nle is the angley as defined inb).
thickness. It also shows that the effective layer thickness is

twice the local reaction layer thickness, since the surface area

has increased with a factor of two.

The effective thickness is basically the measure usuallyyramid pointing downwardgFig. 17b)]. Now, the surface

reported in literature, because almost every diagnostic givegrea increasp can be geometrically calculated by
the area integrated layer thickness instead of the local layer

thickness. It is therefore questionable whether the assump- e
\/1+ g—;

(b) unit cell

tion made by various authors that a rather thick reaction ,=
layer is created in the etch process due to fluorine diffusion,
is in fact a 1.5 ML thick reaction layer stretched out along a
rugged and rough surface profile. Thus, the assumption that which d, is the peak-to-peak height difference. Dimension
the SiF-layer contribution to the ellipsometry measurement equals the peak-to-peak lateral dimension. Actually, this
can be considered negligibly small is valid. Even when theformula is valid for both the three-dimensional and two-
effective layer thickness becomes 3 ML, the roughness islimensional cases. Thus, the lateral dimensiohere is
such that the SiF-layer contribution is much smaller than theequal to ¢ defined in Fig. 13. Since and d, have been
surface roughness. It should be noted that the rougheningxperimentally determined the lateral dimensiércan be
thus also surface area increase, may be related to experimerglculated.
tal conditions such as Si crystal orientation, doping level, At the beginning of the transition[D(XeF,);=4
etchant naturéxeF,, F,, F, Ch, Cl) and flux, sample history, X 10° ML, Fig. 14] ¢ is found to be equal to 6.6 nm with
and maybe many more experimental parameters. The rek=5.9 nm and at the end of the transiti¢D(XeF,),=8
ported SiF reaction layer of several monolayéup to X 10° ML, Fig. 14] £=12.9 nm withd,=18.7 nm. In the
10 ML) thick in past observatiofisnay well be explained by transition phase becomes smaller thad, and is smaller
an increase in surface area, depending on the specific expetitan the AFM tip radiug;,=10 nm. Again this substantiates
mental conditions. the fact that this type of surface roughness cannot be prop-
erly tracked with the AFM. In the final phase Bi(XeF,)
=2X10* ML, the value ofé¢ is found to be 15 nm withd,
V1. SURFACE MORPHOLOGY =27.8 nm. Here{ is significantly larger than thé;,, hence
With the rough layer thicknes$ obtained from ellipsom- the roughness can be tracked properly.
etry and the surface area incregsebtained from the prod- Now, the average surface-slope angle can be determined,
uct coéfficients, a detailed description of the surface mor- as given by the angley as defined in Fig. 1D). For
phology can be derived. A three-dimensional geometrid(XeF,)=2x 10* ML the angle is found to be 62°. At 54°
representation for the rough layer is required. The chosewith respect to the $100) crystal plane lies the 8ill)
geometry is a repetitive patteffrig. 17a)] of the unit cell, plane, which is close to the 62° that is found here. This
which is constructed of a pyramid pointing upwards and asuggests that the roughness growth in the final phase has

(12)
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