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Kinetic roughening of GaAs(001) during thermal Cl , etching

J. H. Schmid, A. Ballestad, B. J. Ru¢kiM. Adamcyk, and T. Tiedje
Department of Physics and Astronomy, University of British Columbia, Vancouver, British Columbia, V6T 1Z1 Canada
(Received 29 September 2001; revised manuscript received 11 December 2001; published 29 March 2002

The surface morphology of Gketched GaA®01) is measured as a function of etch time by atomic force
microscopy and elastic light scattering. A flat surface is found to become rougher during the etch whereas a
textured substrate becomes smoother. We have numerically simulated this behavior. It is found that the evo-
lution of surface roughness at length scales between 50 nm apan5can be described with excellent
accuracy by a continuum equation for the surface heit;b_f,t), which is given by dh/dt=vV?h
—\/2(Vh)?—KV*h+ 7, wherey is a random noise input.
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Typical processes in nanofabrication involve the patterntions with the experimental data provides a comprehensive
ing of surfaces by various etching techniques, and depositiotest of the theory even in cases where reliable scaling coef-
or regrowth of thin films on these patterned substrates tdicients cannot be obtained experimentally. An especially
create three-dimensional nanostructures. In the etching pratsseful measure for this comparison is the power spectral den-
cess, atoms on the surface chemically react and form volatilsity (PSD), which is defined as the square of the Fourier
etch products. The chemical reactions and the removal of thigansform ofh. We remark that the scaling properties of the
etch products from the surface are inherently random proparticular equation used in this work depend sensitively on
cesses, which are subject to fluctuations on the atomic scalearious saturation and crossover times and length sthles.
Surface roughness at mesoscopic length scales created By obtain accurate measurements of the predicted scaling
these fluctuations sets an ultimate limit to the precision withbehavior one would need an experiment that spans five or-
which nanostructures can be fabricated by chemical etchinders of magnitude in interface width and more than 20 orders
processes. It is, therefore, of great fundamental and practicaf magnitude in time?°
importance to gain a quantitative understanding of this pro- Etching experiments were carried out in a UHV etch
cess. chamber attached to a V80H molecular-beam epitdBE)

The reaction of GaA®01) with molecular chlorine is one system. Thermal Gletching was performed at a substrate
of the most widely studied and employed etching processesemperature of 200 °C measured with a thermocouple wire
In recent years, much progress has been made in understarah the heater, which was originally calibrated by optical
ing the adsorption of halogens on semiconductor surfacelsand-gap thermomettyto read the actual sample tempera-
and in identifying the main reactions that are taking place orture. The etch chamber has a base pressure<df® ° Torr
the surfacé=#In contrast, little is known about the evolution and etching was performed at a partial, Qrressure of 1
of surface roughness during the etch. It was found early orx 10~ # Torr. Under these conditions the etch rate is known
by optical microscopy that the thermal chlorine etch leads tdo be limited by the Gl flux incident on the sampf@and the
a smooth surface at a substrate temperature of 300 °C, but stirface remains visually smooth during the etch. To obtain
a lower (150°C) or higher temperature (500°C) the sub-smooth starting surfaces that are free of contaminants, thin
strate becomes roughScanning tunneling microscopy stud- GaAs films were grown by solid source MBE at a substrate
ies of GaA$110 surfaces show that halogen etching pro-temperature of 550 °C under an Asverpressure. Prior to
ceeds by formation of one layer deep etch patéhesthis  growth the native oxide was removed using an atomic hy-
work, we report a quantitative description of the etched surdrogen etch. The surface morphology of these grown films is
face morphology using a continuum etch equation. In thisknown to be very smooth=<0.2 nm rms roughnes$? After
approach, the discrete nature of the atoms on the surface ggowth the samples were transferred under UHV into the
averaged out and the surface height is taken to be a continetch chamber without intermediate exposure to air. Surface
ous functionh(x,t) whose time rate of change can be relatedroughness was measured by tapping mode atomic force mi-
to various spatial derivatives of Possible terms that can be €roscopy (AFM) after removing the samples from the
included in a continuum equation have been derived withivacuum system. The radius of the AFM tip is about 30 nm,
the framework of kinetic roughening thedﬁp Genera”y, in Wh|Ch tends to round Oﬂ: the Sma||eSt Surface features. Thel’e-
the limit of long times and large length scales, these equafore the PSD is cut off at spatial frequencies greater than
tions lead to surfaces with characteristic scaling properties2bout 150 um™*, where tip effects may become important.
and most experimental studies to date have concentrated on In Fig. 1 we show the PSDs as a function of spatial fre-
determining the relevant scaling coefficients for a given sysguency for etch times of 1 min and 30 min obtained from a
tem. However, a sufficiently wide range of time and lengthseries of different sized AFM scans of each sample. We cal-
scales to obtain reliable scaling exponents is often not accesulate the PSD in thgL10] and[110] crystal directions and
sible experimentally. In this work we demonstrate that thethen plot the average of the two directions since there is no
comparison of numerical simulations of the continuum equavisible anisotropy of the surface morphology. After 1 min of
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FIG. 1. PSDs of GaAs surfaces after 1 min and 30 min of FIG. 2. Surface morphologies of GaAs thin films etched for 30
etching compared to simulations based on @§using the param- min (top) and for 1 min(bottom. AFM images(left column are
eters given in the text. The PSD of the starting surface is als@ompared to simulations using Ed) with the parameters given in
shown. the text(right column. The size of all images is Jumx5 um

and the gray scale is 1.5 nm for the top pictures and 0.7 nm for the
etching, the surface has become significantly rougher obottom pictures.

short length scales but has hardly changed for spatial fre- , . . .
quenciesgsmaller than about Wm_}/- Aftergao min ofpetch- noise added in each time step is described by a conktant

ing, the sample is much rougher at large length scale@hich we use as a fitting parameter. For noise that originates
whereas for spatial frequencies of more than 8t ! the from the random removal of individual atoms during the
PSD has remained unchanged. We note that the limitin§!ch, corresponding to our etch rate of 1 nni/s; 1. In our
slope at large spatial frequencies of the PSD on a log-log plotimulations we usé¢'=12, as discussed below.

is close to—4. This behavior is expected for a fourth-order ©On the left side of Fig. 2 we show two AFM images of
linear continuum equatiohAt lower spatial frequencies the Surfaces after 1 min and 30 min of etching corresponding to
PSD exhibits a rounded shape with a lower slope. This sug'® PSDs shown in Fig. 1. After the 1-min etch the image is

gests that the surface evolution can be described by an equd@minated by short length scale roughness, which, after the
tion of the form longer etch time, evolves to a larger length scale correspond-

ing to a shift in the correlation length. For the 1-min etch, the
dh . A 5 . rms surface roughness caused by t_he atomic scale noise is
o~ vVh= 5 (Vh)*=KV*h+ 7, (1) about 0.8% of the etch depth. The images are compared to
simulations using Eq(1l) with the parameters given above
where 5(x,t) is a noise input that represents fluctuations of(images on the right side of Fig).2The simulations repro-
the surface height due to random processes present duriigice the dominant surface structures well. The simulation of
the etch. PSDs of simulations, based on a numerical solutioiie 30-min etcHtop right shows slightly more roughness at
of this equation using AFM images of the grown thin film as low spatial frequencies than the experimental AFM image
a starting condition, are also shown in Fig. 1 for comparison(top left). This is visible both in the image and in the PSD in
The parameters used in the simulations are4 nnt/s, K Fig. 1.
=600 nnf/s, and\=1 nm/s. The model can be tested further with samples that have a
The agreement with experiment is excellent over the endifferent initial surface morphology, namely, the mounded
tire range of spatial frequencies probed by the AFM. Notesurface of a GaAs thin film grown on a substrate from which
that the we have usel equal to the etch rate, which is the native oxide was removed by thermal desorption prior to
expected theoretically if the etch propagates along the locarowth rather than by an atomic H etthan AFM image of
surface normal. There is, however, no clear indication for théhis starting surface is shown in the top part of Fig. 3. The
presence of the nonlinearity from either the AFM images ormounds are elongated along the10] crystal direction and
the PSDs obtained from them, as setthvg O does not sig- have a height of approximately 3 nm. In the middle part of
nificantly change the results of the simulations. This is ex+ig. 3 we show a simulation of a 10-min-long etch with Eq.
pected as even the surface that was etched for 30 min has(@ using the same parameters as given above and the AFM
rms roughness of only=0.8 nm, while the nonlinearity is image of the grown buffer layer as an initial condition. On
expected to play a dominant role only for a rms roughnesshort length scales the morphology of this simulated surface
larger than 2/A=8 nm?3 looks very similar to those shown in Fig. 2, but at long
Nonconservative noise is included in the simulations inlength scales the remnants of the mounds are still clearly
the same way as described in Ref. 12. The amplitude of theisible after the etch. The experiment confirms this predic-
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FIG. 4. Comparison of simulated and experimentally obtained
PSDs of the surfaces corresponding to the images in Fig. 3. The

. T 2 large broad peak at low spatial frequencies corresponds to the
AFM image above as an '”'F'a' °°.”d't"’("'r."dd"3)- Thg Same pa- -~ mounds on the surface. For comparison, the open circles show the
rameters were.used n th'? simulation as in the previous ones. I?’ogxperimental PSD of a 10-min etched surface but with the smoother
tom: An AFM image obtained from a surface etched for 10 min; ol condition that is shown in Fig. 1
under the same conditions as described before but with a moundela T
starting surface. The size of all images is 1nx 3.3 um and the

gray scale is 3.5 nm.

FIG. 3. AFM image of the mounded surface of a GaAs thin film
(top), and a simulation of a 10-min-long etch with E@) using the

performed under the same conditions as described above. It
is found that the pits on the surface become wider and shal-

tion, as shown in the bottom part of Fig. 3, which depicts anower during the etch, which can be seen in Figg) 5This is
AFM image of a surface etched for 10 min under the samé&onsistent with the behavior expected from the linear
conditions as before. Note that the sample orientation is difSmoothing terms in Ec(1). In fact, a good fit to the surface
ferent for the top and the bottom images. This explains th@rofile can be obtained with the same parameters as used for
different direction of elongation of the mounds. The fact thatthe flat starting surface, as shown in Figb) Note that the
the long length scale mound structure with an amplitude ofAFM scanline was used as an initial condition for the simu-
~3 nm remains nearly unchanged after an approximatelyit'on.s whergas the scanh_ne of the etched surface was nec-
600-nm-deep etch is a remarkable experimental fact that h&ssarily obtained from a different sample.
important implications for maskless pattern transfer by The smoothening of the textured surface can also be ob-
chemical etching processes. served by using real-time elastic light scatteriid.S). For

To quantify the agreement between experiment and simu-
lations, Fig. 4 shows the PSDs of the surfaces seen in Fig. 3. 501

The mounds on the surface lead to a characteristic broac

peak at low spatial frequencieg£10 um™1). The agree- 4or

ment between the experimental PSD and that obtained from |

the simulation is excellent. They both show that the peak _

originating from the mounds on the surface is not changed § ,,| WW\/\
by the etch whereas there is significant surface roughening ag

high spatial frequenciesqg&e10 um™1). The power of the 1o}
surface roughness at short length scales has the gaiee
pendence as for the surfaces obtained by etching a flat initialg of
surface. This can be seen by comparing an experimental PS[®
obtained in the same way as those in Fig. 1, which is shown -101
in Fig. 4 as open circles.

We have further investigated the evolution of a randomly
textured starting surface during the etch. This starting surface , , ‘ , ‘ ,
was obtained by a standard thermal-desorption process at i -6 -4 -2 0 2 4 6
substrate temperature of 610 °C under an As overpressure in Surface coordinate x (um)
the MBE growth chamber. This process is known to create a F|G. 5. (a) AFM scanline of the textured starting surface ob-
surface that is randomly textured with submicron sized pitsained by a thermal-desorption procefs), simulations using Eq.
with depths of up to 30 nn¥ An AFM scanline of this (1) with the same parameters as before in comparison to a scanline
starting surface is shown in Fig(&. The samples were then of a surface etched for 20 min under the same conditions as de-
moved into the etch chamber where thermgl €&thing was  scribed befordc). The scanlines are offset for clarity.
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ness(5 nm rmg is comparable to 2/»=8 nm. One might
expect that other nonlinear or nonlocal effects not included
in Eg. (1) could also be important for the evolution of a
textured surface. We mention here the shadow etfect,
which, for the case of etching, leads to additional
smoothening® This may explain the initially faster than ex-
ponential decay of the ELS signal at 16m?, a feature
that was observed quite consistently in the course of the ELS
measurements.

Having identified an equation that describes the surface
evolution of GaA$001) during thermal chlorine etching, it is
important to consider the physical meaning of the various
terms in Eq.(1). First, the second-order linear ternV?2h
. . . . describes the effect of different desorption rates of atoms
800 800 1300 1800 depending on a surface chemical potential that is propor-

Etoh Time (s) tional to the curvature of the surfaéd=or the etching pro-

FIG. 6. Elastic light-scattering signals recorded during etchingcess' which proceeds b_y desorptlon of atoms from the sur-
of a textured surface for three different spatial frequencies on 42C€: the presence of this term is expected. Even ﬂ;OUQh we
logarithmic scale(dotted. Results from simulations using Eq)) ~ nave only weak evidence for the nonlinearity/2) (Vh)*, as
are shown as dashed lines. it is overshadowed by the linear terms, its presence is ex-

pected for etching that propagates along the local surface

normal. The fourth-order linear terfV*h is known to arise

these experiments, light from a He:Nel laser was |nC|dent_ OB om surface diffusion of atoms driven by a curvature depen-
the sample during the etch and the diffusely scattered I'gh&ent chemical potentidl. The exact species of molecules

from the sample surface was measured with a phOtOmult"fhat are diffusing on the surface is not important for this term

plier tUb(.J‘(PMT) ﬁttEd with a wavelength selective fil'ger US” 10 be present as long as they contain Ga or As. The surface
Ing Iopk—m teghmques. The etch cha_mber has four V'ewport%actions in the etching process are very complex. However,
with line of sight to the sample at different angles allowing for the etch conditions chosen for our measurements, it is

fobrl dg‘ferentb measfurement Eeometrtles. Itn Itk]l's way \{l‘;esar?nown that the chlorination proceeds stepwise from the
avle 1o probe surtace roughness at spatial Irequerg monochlorides to the trichloridéswWe believe that the dif-

-1 -1 -1 o
16 um =, 9 um =, and 6 um = In the limit of surface = ¢ qjnq species on the surface are As or Ga chlorides, al-
roughnes; that is muc_h smaller than the wavelepgth c.)f thfhough it is not known which of the chlorides are the impor-
incident light (632 nm in our cage the scattered intensity tant ones. Finally, the random noise inpyicorresponds to

measured by the PMT _is directly proportional to the PSD Ofthe random desorption process of atoms leaving the surface.
the surface at the spatial frequency probéd.

Results of the ELS measurements of the smoothening q-go fitthe data it was necessary to use a valuerfd?2 times

; . . rger than ex from the random removal of surf
the textured surface at three different spatial frequencies arg ger than expected from the random removal of surface

hown in Fia. 6 on a logarithmi le and compared t oms at the etch rate. The origin of the excess noise is not
shown g. © on a loga ¢ scale and compare cknown, however, the noise term in Ed) increases with the
simulations using Eq(l). For a purely linear etch equation,

an exponential decav 1o the equilibrium value of the PSDsize of the surface unit cell. We speculate that the excess

ith P d q ty i ? ta byaf—+Kq® noise is due to atomic scale correlations, namely, that the
with ‘a g-dependent rate constant given byq q’) toms are removed in patches. This is consistent with STM
would be expected. Since a small amount of light scattere

e . . tudies of etched surfacés.
inside the etch chamber contributes to the measured inten- In conclusion, we have shown that the surface evolution

sity, we have subtracted a constant background from the si 5t GaAg001) during thermal chlorine etching can be accu-

nal. Again we have used the same parameter set to obtain ?Qtely described by a simple stochastic differential equation

excellent fit for the initial smoothening of the pits. For thesefor the surface height. In particular, we use the same equa-

pararr:ﬁters thtethselcontt:ir;ordelr Imeabr c}gmt]h dgrli]énates trﬁaon to model quantitatively both the roughening of an ini-
smoothening at the fength scales probed in the measurﬁé"y flat surface due to atomic scale noise and the smooth-

ments. Clearly, the dependence of the smoothening rate Oéhing of a textured starting surface. The results provide a

the spatial freqL_Jency is well Qegcrlbed by this term. We alsc%tringent experimental test for the kinetic roughening theory
note that there is a small deviation from the purely exponen-

. L well new insights into the mechanism of thermal ClI

tial decay at the early stage of the measurements. This deS et as ne sights into the mechanism of thermal C
. ; .~etching of GaAs.

cates the presence of nonlinear terms in the etch equation.

The inclusion of the nonlinearity in our simulations does

improve the fit to the data although the effect is quite small. We thank Richard Mar for assistance with some of the

The nonlinear term is more important in this case than in thédAFM scans, and NSERC and the BC Science CouiA.)

roughening experiments because the initial surface roughoer financial support.
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