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ABSTRACT 

We have measured surface roughening kinetics during low energy Xe ion sputtering of Ge 
(001) surfaces. The results are interpreted in terms of an instability theory developed by Bradley 
and Harper [l]. Although the calculated magnitude of the roughening rate does not agree with 
the measured value, the variation of the rate with ion flux and energy is in agreement with the 
theory. 

INTRODUCTION 

Sputtering by low energy ions is common in semiconductor processing and 
characterization. Ions are used, for example, in surface cleaning, reactive ion etching processes, 
and sputter depth profiling. Control of surface morphology during processing is becoming 
increasingly important as the feature size of advanced devices continues to decrease. Although it 
has been known for a long time that ion sputtering can lead to macroscopic roughening of 
surfaces [2], the atomistic origins of the roughening process have not been well understood. 

We have used X-ray reflectivity (XRR) to measure the kinetics of surface roughness 
evolution during low energy sputtering [3,4].In this work, we focus on the dependence of the 
sputter roughening rate on ion energy and ion flux. We hterpret these results in terms of a 
microscopic model developed by Bradley and Harper [l] that explains the roughening phenomena 
in terms of a linear instability. 

SPUTTER ROUGHENING INSTABILITY 

The instability theory developed by Bradley and Harper relies on a theory of sputtering 
originally proposed by Sigmund [5]. While previous theoretical studies of sputtering have 
assumed that the sputtering yield is independent of the surface curvature [2], Sigmund's theory 
explicitly includes a curvature dependence. The consequence of the curvature dependence is that 
for periodic surface features, the troughs sputter faster than the crests so that sputtering increases 
the amplitude of the perturbation and leads to an instability. We briefly describe this theory 
below; for details, the reader is referred to the original papers [1,5] 

In order to quantitatively describe the evolution of the surface morphology, we deiine the 
surface height profile, h(r,t), as the height at point r relative to the average surface height. The 
effects of the various kinetic processes are most easily understood by considering their effect on a 
single Fourier component of the height profile, 

h(q,t) = h(r,t) e(-iS.r) dr. 

The evolution of an arbitrary surface can be understood as a superposition of the Fourier 
components. 

The following linear equation describes the evolution of lh(q,t)l2: 
L 
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The constant term, g which is independent of spatial fiequency describes the stochastic process 
of random atom removal. The positive Sq2 term in % is derived fiom the Sigmund theory and 
indicates the dependence of the sputter yield on the curvature. It has the following dependence 
on the sputtering parameters [l]: 

where f is the ion flux, a is the range of the ion in the solid, p is the atom density, 0 is the angle of 
incidence and Yo@) is the sputter yield on a flat surface. is the azimuthal angle between the 
incident ion direction and the surface wavevector, q. I'l and I'2 are dimensionless coefficients 
that describe the curvature dependence of the sputtering rate and depend on the range and lateral 
extent of energy deposition and on the angle of incidence. 

flow (F) and surface diffusion (D). The rates of smoothing , driven by surface energy 
minimization, have been calculated by Mullins [6] and Herring [7]: 

The negative terms in lead to smoothing of the surface by the processes of viscous 

F = y/q (4) 

where y is the surface energy and q is the coefficient of viscosity, and 

D = 2Dsy$22~/kT ( 5 )  

where Ds is the surface diffusion coefficient, $2 is the atomic volume, and v is the number of 
molecules per unit area of surface. 

Integrating this equation yields the time dependent behavior of h(q,t): 

where b ( q )  is the initial roughness spectrum. 

decay during sputtering. Because the surface remains crystalline during sputtering at the 
temperatures investigated in this work, we can ignore viscous flow smoothing and set F=O. In 
this case, % is positive for all q < S D ,  with a maximum value of R* = S2/4D when q* = S/2D. 
The existence of a critical wavevector (q*) that grow faster than all others is consistent with the 
development of a pronounced ripple morphology on the surface which has been observed 
experimentally [2,3,4,8]. 

The sign of % in eq. 6 determines whether a particular spatial frequency will grow or 

EXPERIMENT 

We use X-ray reflectivity to measure the evolution of the surface roughness during 
sputtering. This technique allows us to measure the roughness in real time during the sputter 
bombardment with a resolution of 0.05 nm; for details of the measurement technique, see ref 9 
and 10. All the results reported in this work are for Ge (001) surfaces and Xe ions. The 
sputtering is performed in a UHV vacuum chamber mounted on the X-ray system. The sputter 



source is a Kauhann style gun and the chimber is backfilled during sputtering to a pressure of 
10-5 torr. The ions are incident on the sample at an angle of 550 fiom normal and along a <110> 
azimuth. 

The surface roughness was obtained by fitting the XRR spectra using an optical multilayer 
theory [SI. The roughness was assumed to have a gaussian form. The measured mean square 
roughness, 02, is related to the spatial frequency spectrum by 

02(t) = I lh(q,t)I2 d2q /L2 

where L is the lateral length scale ofthe measurement (typically 0.5 - 1 pm for the XEUX 
technique). 

ENERGY AND FLUX DEPENDENCE OF ROUGHENING RATE 

The evolution of the surface roughness with time is shown in figure 1 for ion energies of 
300,500 and 1000 eV as indicated on the figure. Sputtering was performed at a temperature of 
3500 C. The dependence of roughening on ion flux is shown in figure 2 for sputtering by 1000 
eV Xe ions at 3000 C . The ion flux corrseponding to each data set is indicated on the figure. 

The solid lines in figure 1 represent a fit to the form given by eq. 6.  In order to obtain this 
fit, a value for the surface diffusivity (DS) of 4 x cm2h was used (consistent with values 
obtained fiom previous measurements[4,11]). Fitting the data to this form allows us to determine 
the dependence of S on ion energy and flux. For the data in this work, the value of S can be 
obtained equally well by measuring the exponential roughening rate and equating this to the 
critical roughening rate, R* = S2/4D. 

Since in the Bradley-Harper theory the critical roughening rate depends on S2, the 
measured exponential roughening is predicted to depend on the square of the flux. The measured 
roughening rate vs. the square of the ion flux is shown in figure 3. The linearity of the data 
indicates that the roughening rate does indeed depend on the square of the ion flux. 

shown in figure 4. The solid line represents a power law fit, indicating that S scales l i e  E312 over 
the energy range measured. 

In figure 5, we compare the results of our measurements of Slf with calculations using 
values for a and Yo@) obtained from TRIM90 calculations [12]. As shown in the figure, the 
energy dependence of S is well explained by the TRIM calculations (a straight line indicates 
perfect correlation). As indicated by eq. 3, the energy dependence of the parameter S depends 
primarily on the sputter yield and the projected range. The other parameters, rl and r2, depend 
only weakly on ion energy. 

measurements (a factor of roughly 550) is surprising since good agreement was obtained between 
the calculated values for Si02 roughening and the experimental values [3]. However, the same 
level of disagreement was observed when we measured the temperature dependence of Ge sputter 
roughening [4]. Uncertainty in the value of D could account for some of the disagreement 
between the theory and the measurement. However, it is unlikely that D is incorrect by 4 orders 
of magnitude as would be required to obtain agreement. Also, measurement of the sputter ripple 
frequency on Ge surfaces [4] require that D has roughly the value that we use here. An 
alternative explanation is that the theory was developed for amorphous surfaces, not the 
crystalline Ge(001) surface in this work. In fact we obtain good quantitative agreement with 

The dependence of Slf (where S has been normalized by the ion flux) on the ion energy is 

The large discrepancy in the magnitude of S between the calculations and the 
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Figure 3. Dependence of sputter roughening kinetics on square of ion flux. Roughening rate is 
determined from rate of exponential increase in surface roughness of data in figure 2. Linearity of 
data indicates roughening rate depends on square of flux as predicted by theory (R* = S2/4D). 
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Figure 4. Energy dependence of 
sputter roughening parameter S fiom 
data in figure 1. S is normalized by ion 
flux. 
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Figure 5.  Comparison of measured value 
of normalized sputtering parameter (S/Q 
with calculations. 
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Figure 1. Evolution of Ge(OO1) surface roughness during Xe sputtering at energies of 300,500 
and 1000 eV. Surface temperature was 3500 C. Solid lines represent fits to data using kinetics 
described in eq. 6. 
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Figure 2. Evolution of Ge(OO1) surface roughness during 1000 eV Xe sputtering for fluxes 
indicated in figure. Surface temperature was 3000 C. 
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results for the sputter roughening of amorphous Si02 [3]. Finally, we know that during 
sputtering a significantly larger number of defects than the sputter yield are created transiently on 
the surface [13]. Ifthe diffusion of these defects is biased by the surface morphology, then the 
rate of roughening could be significantly larger than that calculated by the Bradley Harper theory. 
More extensive AFM measurements of the development of the surface ripple structure at different 
energies and flux would be useful in resolving some of these issues. 

CONCLUSION 

* We have measured the roughening kinetics of Ge (001) surfaces during sputtering with Xe 
ions. The energy and flux dependence of the roughening rate is consistent with the predictions of 
the Bradley-Harper instability theory. Because the roughening is due to an instability, the 
roughening rate depends on the square of the ion flk not lime&ly on the ion flux. Although the 
trends in the data agree with calculations of the roughening rates fiom the theory using 
parameters obtained fiom TRIM simulations, there is a large discrepancy between the magnitude 
of the calculated roughening rate and the measured rate. Although we do not know the origin of 
this discrepancy, possibilities include the effect of surface crystallinity, surface diffusivity or 
transient ion-induced defects. 

ACKNOWLEDGMENTS 

We gratellly acknowledge Barney Doyle for his usell comments. This work was supported by 
the U.S. Department of Energy under Contract No. DE-ACO4-94AL85000 

REFERENCES * .  

1. R M. Bradley, J. M. E. Harper, J. Vac. Sci. Technol. A& 2390 (1988). 
2. G. C. Carter, B. Navinsek, J. L. Whitton, in Sputtering by Ion Bombardinent I& R Behrisch, 

3. .T.M. Mayer, E. Chason’and AJ. Howard, J. Appl. Phys. 76. 1633 (1994). 
4. E. Chason, T.M. Mayer, B.K. Kellerman, D.N. McIlroy and AJ. Howard, Phys. Rev. Lett. 72, 

5. P. Sigmund, Phys. Rev. 184,383 (1970); Jt Mater:Sci, 8, 1545 (1973). 
6.’W. W. Mullins, J. Appl. Phys. 30, 77 (1959). . 
7. C. Herring in Physics.oofPawder Metallurgy, W. E. Kingston, ed. (McGraw-Hill, NewYork, 

8. E. H.Cirlin, J. J. Vajo, R. E. Doty, T. C. Hasenberg, J. Vac. Sci. Technol. A S  1395 (1991). 
9. E. Chason, T. M. Mayer, A. Payne, D. Wu, Appl. Phys. Lett. 60,2353 (1992). 
10. E. Chason, D. T. Warwick, Mater. Res. SOC. Symp. Proc. 208.351 (1991). 
11. E. Chason, J.Y. Tsao, K.M. Horn, S.T. Picrauq H.A. Atwater, J. Vac. Sci. Technol. & 

12. J. F. Ziegler, J. P. Biersack, Ut Littmark, The Stopping and Range of Ions in Solids, 

13. J.A. Floro, B.K. Kellerman, E. Chason, S.T. Picraux, D.K. Brice, K.M. Horn, J. Appl. Phys. 

ed. (Sphger, Berlin, 1983). 

3040 (1.994). 

195 1). 

2507’(1990). 

(Pergamon Press, New York, 1985). 

-Y 77 2351 (1995) 


