Surface roughening by electron beam heating
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The effect of electron beam heating during the preparation of clean silicon surfaces suitable for
epitaxial studies in ultrahigh vacuum conditions was investigated using surface chemical
characterization techniques and transmission electron microscopy. The electron beam irradiation
produced a disordered surface on the incident side of the sample and well-ordered monoatomic steps
on the other surface, even at electron energies as low as 3 keV. These results have significant
implications for epitaxial thin film growth. ©1997 American Institute of Physics.
[S0003-6951(97)00242-8]

Epitaxial thin films are prepared by a wide variety of nealing to provide clean surfaces on both sides. The anneal-
techniques. Various growth processes, for example molecung was performed at 3 keV and 0.1 mA beam current using
lar beam epitaxy, require deposition on atomically clean sura EMG-14 Kimball Physics electron gun. Surface character-
faces under ultrahigh vacuufHV) conditions. The pres- istics were monitored with XPS, AES, and TEM. Transmis-
ence of contaminants, native oxides, or a high concentratiosion off-zone electron diffractiofTED) and dark field DF)
of surface defects on the substrate are known to influence theere done at room temperature using a beam voltage of 200
growth modé? and reduce the quality of the thin films. kV to limit the microscope electron beam damage effects to

One of the most common substrates for epitaxial growttthe surface during investigations.
is silicon owing to its extensive use throughout the semicon- A typical clean Si(001sample displayed a strong 2x1
ductor industry. To clean the surface, several techniques areconstruction in the TED pattern, low concentration of de-
used based on wet chemical etching, ion sputtering, and thefects, and well-ordered monoatomic surface steps in DF im-
mal annealing. Direct thermal radiatidfi,passing current ages. For this experiment we deliberately selected samples
through the sample® laser annealing® galliation?  with a relatively high density of bulk defects, higher than we
electron-cyclotron-resonance(ECR) assisted hydrogen normally use, so that the same area could be identified. Fig-
plasma'®!*and direct electron beam anneafifi®are only  ure 1(a)is a DF image of the $001) surface taken using a
a few of the many thermal techniques currently available(220)type reflection and showing well-ordered steps. It was
Direct electron beam annealing has an advantage over direabserved that the fringes from the surface steps did not over-
thermal radiation and conventional electrical heating of prodap. The existence of only noncrossing steps can be attrib-
viding rapid temperature control and lower levels of outgas-uted to the presence of well-ordered steps on only one side of
sing. Also, this method does not have the posttreatment corthe specimen, although XPS and AES show both sides as
tamination problems associated with galliation or ECRhaving contamination levels at or near the detection limits of
plasma techniques. the instruments. Plan-view TEM images show both sides of

The cleanliness of the substrate surface after cleaninthe sample imaged at the same time, and one cannot distin-
treatments can be monitored by surface chemical characteguish on which surface a particular feature is.
ization techniques, such as x-ray photoelectron spectroscopy Since the electron inelastic mean free path in silicon for
(XPS)and Auger electron spectroscofyES), or by observ- 3 keV electron energy is under 50*%° and our TEM
ing the strength and sharpness of surface superlattice diffrasamples have a thickness typically greater than 200 A we
tion spots, such as those arising from thél$1)-7x7 and inferred that the electron beam irradiation during the thermal
Si(001)-2x1 reconstruction§. treatment is inducing a disordering of the incident sample

In the present study, we report atomic scale surfaceurface. We investigated this fact by alternate disordering of
roughening of samples during the preparation of clean silithe specimen surfaces and subsequent observations in the
con surfaces suitable for epitaxial studies in UHV conditionsmicroscope. The reported results are from several such ex-
using electron beam heating. periments. To simplify the discussion, we will refer to the

Samples were preparezk situby traditional transmis- side of the sample which the electron beam is incident upon
sion electron microscopyTEM) sample preparation tech- during annealing as side A, and the exit as side B.
niques. Three mm disks were cut frqurtype doped SD01) Surface B was disordered using 600 eV Ar ions for 5 s,
wafers, mechanically thinned, dimpled, and polished ta50° from surface normal. This ion energy was the minimum
roughly 30 um at the center. After chemical etching attainable with our ion gun and was found to be sufficient to
(HF:HNO; 1:9) the samples to perforation, they were intro- disorder the surface steps. Figur)lshows the same area
duced into SPEAR, a surface preparation and analysis UHMs Fig. 1(a), after ion sputtering, but the steps are no longer
system. Details of SPEAR and the attached high resolutiopresent. Common features in the images, i.e., bulk defects,
UHV H-9000 Hitachi transmission electron microscope arewere used to identify the same area. The initial state of the
available elsewher¥:*® Once inside the system, samples sample was recovered after reannealing and Ka.i€ simi-
were prepared using cycles of low energy, 1 keV, oxygerar to Fig. a) showing only a different area. Using the same
and argon ion milling followed by direct electron beam an-conditions for disordering, surface A was Ar ion milled. Fig-

Appl. Phys. Lett. 71 (16), 20 October 1997 0003-6951/97/71(16)/2301/3/$10.00 © 1997 American Institute of Physics 2301
Downloaded 08 Oct 2003 to 129.105.122.65. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



FIG. 1. Dark field image of the 8101) surface using the &20)reflection, FIG. 2. Dark field image of the §101) surface showing the presence of

E)zg;rgoéj(r)irigna%igliiﬁogiiwggogvseﬁfgriieere’e’ dngtnéi);p;ﬂs:rdt;%?gﬁcg:;i?mr\]/vell-ordered stepda) prior to and(b) after the ion beam disordering of the

; ; sample surface Aincident to electron beam during annealing step has
roughening, the surface steps are no longer present. Identical bulk defecﬁ%er?arrowed fo/r(‘reference 9 fing step

can be observed ifa) and(b). A step has been arrowed for reference.

. ) o atomic steps. Fabrication of epitaxial thin films on silicon
ure 2(b)shows the same region as Fig. 2(a), but in this casgypsirate® may be similarly influenced by the relative order
the steps are still present. The mottled contrast also presegt gisorder of the surface steps.
in the image suggests an additional slight disordering. There- The application of direct electron beam annealing to

fore, it can be assumed that the electron beam annealigerma) treatments has been shown to disorder the incident
produced a disordered surface with nonuniformly distributedy face of Si(001ubstrates even at energies as low as 3
steps on the incident side of the sample to the electron beaey |n spite of successfully cleaning the incident area, the
and well-ordered monoatomic steps on the exit surface. Resecondary effect, disordering, will potentially reduce the
versal of the current direction during resistive heating of thequality of epitaxial thin films grown thereupon. The results
reconstructed Si(001)-2x1 surface has been shown to cauggye important significance for the use of electron beam an-
the rearrangement of surface atomic st&gS.This suggests nealing for thin films growth and processing.
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