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Roughening in Plasma Etch Fronts of Si(100)
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A novel etch front roughening phenomenon has been observed in the plasma etching of Si(100). The
morphology exhibits a network structure with holes which coarsen with etech time, and a wavelength
selection with a characteristic spatial frequency decreasing with time. The average local slope is
invariant while the vertical roughness growsias~ ¢#, with 8 = 0.91 + 0.03. We suggest a nonlocal
Langevin equation based on the redistribution of the reactant gas flux by local morphological features.
Numerical calculations give results consistent with our experiments. [S0031-9007(99)09388-6]

PACS numbers: 68.55.Jk, 81.65.Cf

Kinetic roughening of film growth/etch fronts has at- rection, we arrive at a very different conclusion not only
tracted considerable attention in recent years. Surface ampiantitatively but also qualitatively. A possible novel uni-
interface roughness controls many important physical andersality class of roughening may emerge.
chemical properties of films. Very often the phenome- The experiments were conducted in a Technical
non of growth/etch front roughening occurs under far-PlanarEtch 1. The high-frequency (30 kHz) plasma
from-equilibrium conditions. Recently, by employing the generator can provide up to 500 W of continuous power,
concept of dynamic scaling combined with analytical treat-dynamically regulated to maintain preset power levels
ments including the use of stochastic differential equationsjuring operation. The samples used were commercial
considerable progress has been made in the basic undertype Si(100) wafers with10—-16 ) cm resistivities.
standing of this phenomenon [1,2]. One outstanding outThe etching was performed in the etchant gases, which are
come of the dynamic scaling hypothesis is the existence d€F; (39.0 = 1.0 SCCM) and (SCCM denotes chyimin
universalityin which the essential features of the rough-at STP) and 4% @ under a pressure 800 = 5 mTorr.
ness evolution depend only on certain symmetries and th€he plasma power used wd$®2 = 2 W. Under such
dimensionality of the system but not on the detailed interconditions, the etching is due to chemical reaction be-
actions. Classification of the universality classes of roughtween the etchant gas and the inserted sample, and the
ness evolution is a main focus of many researchers. etching is isotropic [6]. The samples were etched over a

Unlike the study of growth front roughening, such as intime period ranging from 1 td00 min. For each run,
molecular beam epitaxy, very little work has been reportedhe etching always started with a fresh Si wafer at room
on plasma etch front roughening [3—5] despite the widetemperature, and then proceeded without interruption
spread use of this technique. Plasma etching is a majao a predetermined time. The average etch rate was
tool in thin film patterning, which is an important process0.15 = 0.02 xwm/min.
for microelectronic fabrication. For plasma etching of a An atomic force microscopy (AFM) image @56 X
Si surface, for example, a reactive gas such as @fCF, 256 data points was obtained for each sample after
mixed with a small percentage 6% or SFg is used. The etching. Some representatii® X 10 um? AFM images
chemistry of etching is well known [6]. In the plasma etch-of the etched Si(100) samples for etch durations ef
ing configuration, the etching (removal of Si from the sur-20, 30, 40, and 60 min are presented in Fig. 1. The
face) is due to the chemical reaction between the etchasurface morphology for = 20 min is relatively flat, with
gas and the sample and is not due to the physical sputterimgndomly distributed holes and grains. With increasing
of the sample. Active fluorine atoms are released from thetch time, the holes become bigger and then coarsen
plasma and react with the Si surface to form volatile fluo-together to form bigger holes as seen fox 30 min.
ride species. Unlike molecular beam epitaxy, the etcharnthe similarity in the surface morphologies for= 30, 40,

(F atoms) reaches the surface from all directions. The etcand 60 min implies that the etched surface possesses a
front is amorphous (containing fluorinated Si) and the mor-self-similar structure in time scale.
phology is isotropic. To examine the possibility of dynamic scaling behavior,

In an earlier experiment [5], it was observed that the in.we have performed a quantitative study of the morphology
terface width (root-mean-square roughnegs)f the etch  of the etch front. In order to obtain reliable statistics,
front increased linearly with etch time, and the lateral cor4t is required that the scan size extend over at least
relation lengthé grew as a power law in time ~ %, 10&, where¢ is the lateral correlation length [7]. Since
In this Letter, we show that, when we extend the measurethe feature size of the morphology grows rapidly, the
ments to a much larger length scale both in the verticahctual data were taken from AFM images with scanning
(interface width) and lateral (lateral correlation length) di-areas ranging fromh X 1 um? up to70 X 70 um?. The
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t =60 min

FIG. 1. AFM images of plasma etched Si(100) substrates at room temperature=faf, 30, 40, and 60 min. The scan sizes
are10 X 10 um?.

larger area scans were performed on samples that were

etched for longer times. In Fig. 2 we plot, in log-log 107 g r——— 100 min
scale, the equal-time height-height correlation functions 63 80 min 1
H(r, t), defined asH(r) = ((h(¥) — h(0)]*) (a function 10°F  o=0.96+0.06 2000.min. 3
of the magnitude of the position for a fixed value oft). i 30 min ]
Here,h(7) is the surface height at positigth= (x, y)] on 10° 1 3

the surface. The notatiof- -) means an average over all
possible choices of the origin, and an ensemble average
over all possible surface configurations. The scaling hy-
pothesis requires thai(r) « r2® for r < &, andH(r) =

2w? for r > £ [1,2]. Here, & is the correlation length,
within which the surface heights of any two points are
correlated, andr is the roughness exponent. The value
of «, which lies between 0 and 1, describes how wiggly
the surface is. We found that the roughness exponent

is 0.96 + 0.06. The interface widthwv versus: is plot- F 0 min ]
ted in Fig. 3. We found tha8 = 0.91 + 0.03, which is - / <
close to theB value reported in Ref. [5]. The average
local surface slopg, which can be obtained from the in- T SRR
tersection ofH (r) with the vertical axis shown in Fig. 2 100 108 10° 100 100 10°
[8], was found to bed.19 = 0.06. The lateral correla- ,,(A)

tion length¢ can be determined from the autocorrelation

functionC(r) = (h(r)h(0)), in which ¢ is defined through FIG. 2. The height-height correlation functiol (r,t) as a
C(¢) = C(0)/e, wheree is the base of the natural loga- function of the distance is plotted for different etch times. All
rithm. Figure 3 also shows as a function of the etch- #(7-7) approximately overlap in the short-range spatial scaling
. . . ; ; . regime(r < ¢) and the slope give3a anda = 0.96 * 0.06.

ing time 7, which gives the reciprocal dynamic exponentTps jntersections of théf curves with the vertical axis have
z~!'=0.95 * 0.08. This resultis very different from the aimost the same value which is related to the average local
value 0.66 reported in Ref. [5]. surface slopg = 0.19 * 0.06.
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FIG. 3. A plot of interface widthw and lateral correlation
length ¢ versusetch times. The open circles represent the
interface width, and the filled squares represent the lateral
correlation length. The growth exponepgt and the inverse
of the dynamic exponent are 0.91 = 0.03 and 0.95 *= 0.08,
respectively.
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FIG. 4. The circular average of the power spectra analyzed
from AFM images of the Si(100) surface etched for= 20,

It is seen that our experimental exponeat$= 0.96 + 40, and 100 min.

0.06), B (=091 £ 0.03), and z (= 1.05 = 0.09) are

i . . . . . results of mound formation caused by the step barrier
consistent with the dynamic scaling relationship=

. [11]. However, in mound formation, the observedalue
a/B. However, the exponents obtained from our ex-,q hetween 0.16 and 0.26, afidwas less than 0.5 [11].
periments are different from those pred_lcted by eXiStiNgrhese values are much smaller than what we obtained in
universality classes [1,2]. The near-unity scaling expoy,e hresent work. The value afandz, and the unusually

nents imply t_hat thel surface morphology, _in this_casehigh growth exponentg andy, suggest that this etching
is not self-affine. It is remarkable that, while the inter- rocess might belong to a new universality class

face width and correlation length have grown more tha
2 decades, the local structure, defined by the valua of
and the average magnitude of the local surface sjops
invariant. This is seen in Fig. 2. For small the slopes
of H(r) are about the same, and &ll(r) curves can be

Recently, Hwanget al. [12] performed a detailed study
of the scattering of F atoms on a fluorinated surface.
They showed that a redistribution of the F flux occurred
at the surface due to scattering and trapping desorption.
We consider here a nonlocal model that includes the

extrapolated to intersect at almost the same point on th?edistribution of the etchant at the surface as shown in

vertical axis [8], indicating thap is a constant.
We also analyzed the power spectra of the surface

%h

Fig. 5. The etchant particle from the gas phase hits
e surface at point with a certain sticking coefficient

Figure 4 shows the circularly averaged power spectra obs—
tained from AFM images for = 20, 40, and 100 min.
A clear maximum value of the power spectrum, located
at a nonzero positioRy, indicates the existence of wave-
length selection. As the etch time increadgsjecreases,
illustrating the coarsening process. We observed that
ko ~ t~7, wherey = 1.3 = 0.3.

These results are in contrast to those obtained from
the evaporation of Si on Si(111) [9] and ion sputtering
of Si(111) [10], where neither an invariant local slope
nor wavelength selection were observed. We must point
out that, in the present experiment, the action (etching)
is perpendicular to the local surface rather than the
average surface (in contrast to evaporation deposition or
ion sputtering). The local slope selection and wavelength
selection observed in our experiment are similar to the FIG. 5. A schematic showing the etchant redistribution.
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reacts with the surface or it is reemitted from the surfacenstability of the morphology evolution. The equation for
according to a certain reemission mode (for details, seplasma etch fronts can be written as

Ref. [13]), and reaches poi8. Therefore, the flux of oh

the etchant would redistribute according to the reemission —— = »V°h — ky/1 + (Vh)? g, (7.1) + n(7.1), (1)
mechanism. If the reemission plays an important role, ) ) o

clearly we can expect from Fig. 5 that the valley of theWhere the first term on the right-hand side is due to the

surface will receive more redistributed etchant than thesUrface tensionk is a constant associated with the reac-

peak of the surface. Therefore, the valley will have alion rate and sticking coefficienty (7, ¢) is the intrinsic

higher etching rate than the peak, and that causes th¥hite Gaussian noise, angl(7,1) is the reemitted flux,
| “satisfying the following equation (to the first order) [4]:

~ LA > =
(nrr n)P(r ar7t) dA (2)

=g +g =g+ (1— Z(r, 7 0)go(F! 1) == ;
gm0+ g =g+ (= 0) [ 2O el )

whereg, is the incident flux from the plasm&,(7, 7/, 1) |
is the self-shadowing factor, aridand#’ are the surface  [1] A.-L. Barabasi and H. E. Stanleffractal Concepts in Sur-

normals atr andr’, respectively. Alsof,, is the unit face Growth(Cambridge University, Cambridge, England,
vector pointing from the point on the surface atto 1995).

the point on the surface at’ (see Fig. 5). P(r/,7, 1) [2] Dynamics of Fractal Surfacesdited by F. Family and
is the redistribution function. For thermal reemission, T. Vicsek (World Scientific, Singapore, 1991).

hand side of Eq. (2) integrates over the whole surface S'EOS-'SShJ'EElgchCShhem;c ioquzjg?f %933).' Y
except the positiorF. In fact, due to the self-shadowing [ V-K. Singh, E.S.G. Shagfeh, and J.P. McVittie, J. Vac.

) - : R Sci. Technol. B10, 1091 (1992).
effect, the main contribution to the integration is within a [5] P. Brault, P. Dumas, and F. Salvant, J. Phys. Condens.
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