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Si/Sk ¢LCq 03 SUperlattices grown on @01) substrates by Sb surfactant assisted molecular beam
epitaxy are characterized by situ reflection high energy electron diffractidRHEED), atomic

force microscopy, transmission electron microsc6pM), and high resolution x-ray diffraction.

The RHEED shows that, in the absence of Sb, the growth front roughens dugigiGaaj; growth

and smooths during subsequent Si growth. In contrast, when Sb is present, the growth front remains
smooth throughout the growth. This observation is confirmed by cross-sectional TEM, which
reveals that for samples grown without the use of Sb, the Si{Sj 5 interfaces(Sij ¢Cp o3 0N S)

are much more abrupt than the §iCy o4Si interfaces. In the case of Sb assisted growth, there is no
observable difference in abruptness between the two types of interfaces. Atomic force microscopy
micrographs of the §uLCy o3 surface reveal features that could be the source of the roughness
observed by RHEED and TEM. @996 American Vacuum Society.

[. INTRODUCTION alloys strained to Si decreases only slightly wjthThere-
fore, it is essential to develop growth techniques that allow
By introducing carbon into the Si/Ge material system, onghe introduction of substantially more than 1% carbon to
could increase flexibility in the design of electronic structureachieve band gap differences and band offsets that are larger
in a Si-based electronics technology. The reason for this ighank,T at room temperature.
that the SiGeC alloys may provide useful conduction band  oyr experiments show that for carbon concentrations in
of_fsets for layers grown coherently strained tp Si. This offsetgycess of 2%, the normal, two-dimensional layer-by-layer
might allow fabrication of noveln-type devices such as growih of S{1002 is disrupted, resulting in a rough surface.
n-type resonant tunneling devicéBTDs) or high-electron-  This roughness manifests itself in reflection high energy
mobility transistors(n-HEMTSs) that are compatible with  gj0ctron diffraction(RHEED) as “spottiness” in the pattern,
VLSI processing lines. In addition, due to the smaller 'atticerather than the normally streake@x1)+(1x2) pattern as-

constaEt of diamonday=0.357 nm vs2,=0.543 nm for Si g5 ciated with growth on atomically smooth, two-domain-
anday=0.566 nm for Gg¢ carbon could be used for strain reconstructed 8001 surfaces.

compensati.on of SiGe struptures, resulting in Qlloy layers 10 this article, we report a study of surfactant-mediated
that are lattice-matched to Si and therefore in devices that ar&rowth of Si/ShoCogs Superlattices through the use of

Sta\%ﬁ duréljg ggh.temperatureh procttlasatng.stedpf. 801 RHEED, transmission electron microscopyEM), atomic
en Si_,Ge is grown coherently strained to (8D1), force microscopyAFM), and high resolution x-ray diffrac-

the compressive strain causes the fourfold-degenekate .
band to become the lowest conduction band state. The congl-On (HRXRD). The RHEED and TEM results were reported

s . - o . in Ref. 3; here we explain the RHEED analysis in detail and
bination of strain splitting and compositional shift cancel for . .

. T ; correlate the previous results with AFM measurements. Ac-
this band, resulting in almost no conduction band offset for . : . .

. ) : tual composition and layer thicknesses were confirmed using
Si;_,Ge, alloys grown strained to Si.

While conduction band offsets can be achieved in theHRXRD' We demonstrate that through the use of a surfac-

Si/Si,_,Ge, system by growing tensile-strained layers on re-tant’ the tendency for the 1S'y(.:y ;urface to rogghen durmg
laxed Sj_,Ge, buffer layers, the incorporation of carbon growth can be reduced or eliminated, allowing layers with

may provide this desirable feature without the substantia?yen higher carbon concehtratlong to be growp. This tech-
defect densities and complicated processing inherent fdfidue has been used previously with encouraging results to
growth on relaxed buffer layers. Since, Sj_,Ge,C, alloys suppress Stran§k|—Krastanov islanding during the'growth of
can be grown lattice matched to Si, the strain splitting of the>/C€ superlatticésand Ge-,C, alloy layerS on Si sub-
conduction band can be eliminated and a useful conductiontates. _ .

band offset might be provided by a compositional shift in The article is organized as follows. First, the sample

band gap. According to estimatkthe band gap for $i,C, growth is described: .Details of th_e superlattice _structure and
postgrowth compositional analysis by HRXRD is presented.

*published without author corrections. We.then present an analysis of digitizgd RHEED qlatg takgn
dElectronic mail: peo@ssdp.caltech.edu during growth of the samples and discuss the findings in
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comparison with cross-sectional TEM micrographs and AFM Streaked RHEED pattern
images of the sample surfaces. Finally, we put forward an

explanation as to how the surfactant might suppress the is-

landing.

a) Spotted RHEED pattern

)

-~

Il. EXPERIMENT d

R~04

The samples used in this experiment consisted of two 15-
period, 26.1 nm Si/4.4 nm §iC, o3 Superlattices grown at
525 °C on 100-nm-thick Si buffer layers. Prior to growth
2000() cm Si00]) substrates were degreased in trichloroe- Pixel 300 0 Pixel 300
thane and acetone for 2 min each, followed by rinses inF L Anavis of the RHEED " tudes of the intensi
met.han0| .fOI’ 10 mll’_l an.d de-ionized,@. A 15 s (?llp in 5% a:gng .therllﬁzl{i]sarcl)(eg i?'l white ir’(a‘)JZtrng(nc.)] ari srTjvar:uirtfs a?ndt(di. I'Ir']:ﬁansny
HF just prior to loading into the MBE syste(®erkin—Elmer areas enclosed by the solid curves and the dotted linés iand (d) repre-
Model 4303 was used to hydrogen passivate the wafer Sursent the total intensity associated with that streak or spot. By calculating the
faces.In situ, the wafer surfaces were cleaned at 875 °Cratio of the spot intensity to the total intensity of the pattern, we obtain a
under the influence of a slight Si flabout 0.1 A/ untjl ~ dualitative measure of the roughness of the surldsee Eq.(1)]. This

. ratio can be used as a qualitative measure of surface roughness since, for a
the RHEED pattern consisted of the usuyak1)+(1x2) spotty patterr(c), the areas associated with the spots will dominate, making
streaked pattern indicative of a clean, reconstructéd03i R~1. On the other hand, when the RHEED pattern is strediipdall the
surface. areas are comparable, giving Bnof about§:0.4.

After deposition of a 100 nm undoped Si buffer layer,
approximately one monolayé6.8x10'* atoms/cm) of Sb
was deposited on the surface of sample SL-Sb. Sample djl- RESULTS
received no such Sb predeposition. The superlattices were The RHEED pattern from both samples prior to growth of
then grown on each sample using growth rates of approxithe Si buffer layer exhibited the usualx1)+(1X2)
mately 1.8 A/s and 0.015 A/s for Si and C, respectively,streaked pattern typical of a clean(®1) surface. During
evaporated from electron beam sources. TheShoslayer  growth of sample SL, immediately upon opening the carbon
was grown with both shutters opened, so the growth rate fogshutter, the pattern became spotty in appearance, indicative
this layer was 1.815 A/s. Closed-loop control of the flux wasof a rough surface. Each subsequent Si layer caused the pat-
accomplished for Si through the use of a Sentinel Ill depo+tern to revert back to th€2x1)-reconstructed pattern, sug-
sition controller and for C by monitoring the amplitude of gesting that the Si deposition caused the surface to become
amu 36(C;) with a residual gas analyzéRGA) and adjust- smooth again. This alternating behavior of roughening fol-
ing the power to the electron gun to maintain a predeterlowed by smoothing persisted throughout the growth of this
mined signal. Growth rates, layer thicknesses, and compossample. For sample SL-Sb, the half-order streaks originally
tions were determined later using HRXRD. From thevisible in the pattern diminished in intensity after Sb depo-
superlattice peak positions, the average carbon concentrati@ition due to a realignment of the surface reconstruction.
and superlattice period were measured and, together with Bhe observed1x1) pattern exhibited no spottiness during
knowledge of the shutter opening times, used to calculatéhe subsequent growth of the superlattice and remained
individual layer thicknesses and the carbon content of thatreaked'smooth.

Si,—,Cy layer. In order to study the differences between the spotted and

During superlattice growth, images of the RHEED pat-streaked patterns observed in the growth of sample SL, we
terns were digitized and captured for later analysis. The setupmployed the following analysis of the digitized RHEED
consisted of a standard RHEED systéRerkin—Elmey, a  data. First, the intensity along a lifenarked in white in
black and white CCD camer(BONY CCD-IRIS, and an Figs. 1a) and Xc)] perpendicular to the streak direction and
S-VHS VCR (Panasonic AG 7355 Data were recorded on intersecting thg10) and (10) spots was digitized. The am-
S-VHS videotape and digitized at a resolution of 812  plitude of the intensity along the line is shown in Figsh)l
pixels with a 256 level grayscale using a comput8un  and Xd). Then, the intensity associated with a certain spot or
Sparc 2 and a video capture boar@®ata Cell S2200 In streak f0) was integrated along the line, to take into ac-
order to filter out some of the background due to stray lightcount the intensity from the full width of the streak or spot,
from the e-gun sources, we inserted a green filter betweeto give the quantityl,,,. The background intensity due to
the camera and the RHEED screen. light from the e-gun sources was subtracted, as indicated by

The AFM measurements were performed in laboratorythe dotted lines in Figs.(bh) and 1d). Finally, we calculated
ambient without any surface preparation using a Nanoscopie ratio,R, of the spot intensity to the intensity of the whole
[l from Digital Instruments. The TEM cross sections were pattern[see Eq.1)]. This ratio can then be used as a quali-
prepared by mechanical polishing and ion milling and thetative measure of surface roughness since, for a spotty pat-
micrographs were acquired at an acceleration voltage of 30trn, 11y and |, will dominate, makingR~1. On the other
kV on a Philips EM430 electron microscope. hand, when the RHEED pattern is streafsde Figs. (a)

Intensity (au) .
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The surface of the superlattice is marked A near the top. Sample) $tas

terminated with a SisCq o3 layer resulting in rough surface morphology

(see Fig. 5. Sample SL-Skb) was terminated with a Si layer. Clearly, the
interfaces that are formed wheny$iCy 3 is grown on Si are much more

Fic. 2. Roughness rati@ vs growth time. See Fig. 1 for the derivationRf ~ @Prupt than the interfaces formed when Si is grown @£} o5 In the case

An R of 1 indicates a spotted RHEED pattern andRuwof 0.4 indicates a ~ ©f Sample SL-Stb), both interfaces appear equally abrupt. In comparison

streaked pattern. For sample $to Sb predeposition immediately upon with sample_ SL, they appear more abrupt than the case for Whlc_h Si is

opening the C shutter the ratio is shown to increase rapidly, saturating at &70Wn 0N Sis1Coos and less abrupt than the case for which ¢l o5 is

value near 1. Half=13 nm of the Si layer thickness was required to 9rown on Si.

completely recover the original pattern. During growth of sample SL-Sb, the

RHEED pattern remained unchanged from {fh& 1), streaked pattern ob-

served immediately following Sb predeposition.

Time (s}

are much more abrupt than the interfaces formed when Si is
grown on S} 4/Cg oz In the case of sample SL-$big. 3(b)],
both interfaces appear equally abrupt. In comparison with
sample SL, they appear more abrupt than the case for which
Si is grown on §j¢/Cy 3 and less abrupt than the case for
which Sp ¢LCq 03iS grown on Si. Sample SL was terminated
R— l10t 110 . ) with a Sp 910 03 layer, resulting in a rough surface morphol-
1o+ |go+|oo+ 130+ 110 ogy evident in the TEM a_nd AFM .mlcrog_rapl(nsee F!g. 5..
Sample SL-Sb was terminated with a Si layer, which gives
In Fig. 2(d), the ratio,R, is plotted as a function of time the superlattice a smooth surface morphology.
during growth of the two samplé€ shutter opens d@t=0 ). In Fig. 4, we display HRXRD of the two samples. The
For sample SL(no Sb predeposition immediately upon

peaks associated with sample SL are larger in magnitude and
opening the C shutter the ratio is shown to increase rapidiyhave narrower widths than those of sample SL-Sb. One rea-

saturating at a value near 1. During subsequent growth of thgon for this could be that the 3j,Cy (4Si interfaces(when

Si layer, the RHEED pattern slowly recovered its original Siy o/Cp ¢3iS grown on Sjiin sample SL are more abrupt than
(2X1)+(1x2), streaked pattern and the ratio returned to apthe Si/Sj 4/Cy o3 interfaces in sample SL-Sb, as seen in the
proximately 0.4(smooth. From Fig. 2, we note that fully TEM image(see Fig. 3. Another reason might be that there
half (=13 nm) of the Si layer thickness was required to com-is a higher density of defects that look like stacking faults in
pletely recover the original pattern. During growth of samplesample SL-Sb as compared to sample SL. These defects
SL-Sh, the RHEED pattern remained unchanged from theould reduce the lateral coherence of the superlattices and
(1x1), streaked pattern observed immediately following Sbthus broaden the HRXRD peaks. The defects are discussed in
predeposition. Data were not available for SL-Sb duringmore detail below. As mentioned above, the superlattice peak
Sig 9o 03 deposition because stray light from the e-gunspositions were measured to calculate the layer thicknesses
washed out the pattern. Nevertheless, it was possible to vieand carbon content of the samples.

the pattern visually during these periods and no spottiness In Fig. 5, we show an AFM micrograph taken from the
was observed.

and Xb)], all the terms are of comparable magnitude, giving
anR of about¢=0.4.

surface of sample SL, terminated with, $iCy o3 The figure
In Fig. 3, we present cross-sectional TEM images of theshows features on the order of 1.5 nm peak-to-valley perpen-

samples that show features consistent with the RHEED obdicular to the surface and 40.0 nm laterally. There does not
servations. Figure (8) is an image taken from sample SL, appear to be any directional dependence to the features. The
showing alternating thick and thin layers corresponding toRMS roughness of this surface was measured to be approxi-
the Si and §j4/Cp o3 layers, respectively. The surface of the mately 0.36 nm. These features are apparently responsible

superlattice is marked A near the top of the figure. Clearlyfor the spotted pattern observed in the RHEED image of Fig.
the interfaces that are formed when §C, o3is grown on Si

1(c), since additional samples we have studied, for which Si
J. Vac. Sci. Technol. B, Vol. 14, No. 4, Jul/Aug 1996
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HRXRD of S¥Si, ,C, superlattices lattice layers 7 and 1Qcounting up from the bufferlaygr
Only a small fraction(0.4%) of the volume of the superlat-
tice is enclosed by these defects.

10 . -

Sample SL-Sb

100 | Semete St :  IV. DISCUSSION

The data presented in the above section suggest that one
or more of the species in the carbon flux disrupts the epitax-
ial growth of Sj¢/LCp o3 On Si(sample S These species
form surface nucleation centers where diffusing adatoms can
incorporate in competition with surface steps, resulting in 3D
growth. Residual gas analysis of the growth flux shows that
it primarily consists of monomer&C), dimers(C,), and tri-
mers(C,). In principle, any of the carbon species could act as
nucleation centers. We expect the monomers to be the most
, mobile on the surface, and hence, the most likely to simply
S8 e Ser e n e oeE e oo be incorporated in step flow growth. Of multiple carbon spe-

2 © (degrees) cies the dominant is the dimers.
All of the multiple carbon species, however, are potential
Fic. 4. HRXRD of a 15 period Si/§iCo o3 Superlattice grown by standard candidates for nucleating the rough growth. First, the C-C
MBE (sample Sb.and by Sb assisted MBESample SL-Sh The sample SL ~ hon( js 1.8 times stronger than the Si—Si bond and based on

superlattice peaks are sharper than those of sample SL-Sb. This is probah], . - .
due 1o the SilSig,Co o3 interfaces being less sharp in the SL-Sb santate e observation that the Si dimer is stable up to 60bdte

observed in the cross-sectional TEM micrographs, Figor3a higher den-  €Xpects the C dimer and trimers to be stable up to 1100 K or
sity of stacking faults in sample SL-Sb as compared to sample SL. about 800 °C. Since the growth temperature used in this ex-
periment was 525 °C, the carbon dimers and trimers imping-
ing on the surface remain undissociated. Another argument
in one sample and Sb-terminateq SC, o15in another were  for the stability of the carbon dimers is that the equilibrium
grown on S{001), lack these features and have streakedconstant for sublimation of solid carbéto monoatomic car-
RHEED patterns. The feature height observed in the AFMoon ga3, K, is 3107 at the growth temperature men-
micrograph agrees with the thickness variation seen in théoned above.
TEM image[see Fig. 83)]. Second, the diffusion length of these dimers and trimers is
In addition to the interface structure, the TEM images alsexpected to be negligible compared to that of the monomers
reveal that here are defects that look like stacking faultsbecause of the large activation energy due to the bond bend-
possibly originating from point defects such as C dimers ofing and stretching required for a dimer or trimer to move on
trimers in the SL-Sb sample. These defects are also preseffte surface. Thus, while the monomers might diffuse to a
in the SL sample, albeit at a lower density. Most of the de-step and thus contribute to step flow growth, the dimers or

fects in sample SL-Sb originate in the region between supeitrimers will incorporate at the site of impingement and form
nucleation centers.

Third, the nucleation center density generated by the
dimers and trimers is large enough for 3D growth to domi-
nate over 2D step flow growth. To show one possibility for

%y: 200 nmjdiv how this could occur, we need to consider this probability of
z: 5 nm/div . . .

an adatom attaching to a dimer or trimer rather than to a step.
To assess the relative probability, we follow M al’s
argument Adapting his argument, we consider a square with
the side aligned with a step on a slightly miscut substrate. We
set the length of the side equal to the average terrace width
W of the steps which is given by the degree of miscut of the
substrate. Under the conditions of our experiment, this
square is the area from which this portion of the step accu-
mulates adatoms. Let us say that the square has a dimer at
the center and assume that both the step and the dimer are
perfect sinks for adatoms. According to the 2D random walk
theory, the number of hops required for an adatom impinging
Fie. 5. AFM micrograph of the top layefSios/Coo9 Of @ 15 period  at a random site in the square to reach the dimer is on aver-

Si/Siy 47Co 03 SUperlattice grown by standard MBEEample Sl The features _ 2 ;
are on the order of 1.4 nm tall and 40 nm on the side. These surface featurasge (W/a) , wherea is the Iength ofa hOp. The number of

apparantly give rise to the spotty RHEED pattern obsefeee Fig. 1c)] %ops re(guired _for the adatom finc_i the step is also on average
and the variation in thickness seen in the TEd¢e Fig. 3. ~(W/a)“. In this case then, both island growth and step flow

-
=1
T

©

Intensity {counts/s)
>
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10

10.000 nm
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growth will take place. For both sample SL and SL-Sh, theSL-Sh, whereas the surface roughens during ¢$%i; o3
fluxes of the dimers and trimers were about 10% and 5% ofrowth on the sample grown without $eample Si.

the monomer flux, respectively. These fluxes yield a dimer

and trimer density of about #®molecules/crhin the time V. SUMMARY

required to complete a monolayer of$iCq oz growth.

Given a I!m|t|r1_g case ofiwafer miscut of gbout 0.5°% theygg growth of Si/Sj 4/Co .05 SUperlattices. Our analysis of
terrace width isW~2x10"" cm. At the density calculated |efiection high energy electron diffraction, transmission elec-
above, we get four dimers per square, so 3D nucleatiof,n microscopy, x-ray diffraction, and atomic force micros-
should compete effecpvely with 2D step-flow growth. copy data shows that Sb induces 2D growth ofe%io s

We speculate that in the case of sample SL-Sb, where the,jer conditions in which standard MBE yields 3D growth.
surface stays smooth throughout the growth, the surfactaiipiiaxial growth on the 21 Si(001) surface could be easily
assisted growth mechanism prevents the dimers and t”mefﬁsrupted by carbon dimers and trimers which introduce ad-
from formir_1g effe_ctive nucleation centers. Th_e primary role gitional sites for incorporation of Si adatoms. The Sb-
of the Sb is to ride as a surface layer, burying the carboReminated Si surface could prevent direct contact between
dimer and trimers. An impinging silicon adatom diffuses On,e carhon dimers and the silicon, and hence suppresses the

the Sb layer until it reaches a proper site. At that site, thgengency of the surface to roughen. In conclusion, the use of
adatom undergoes an exchange with a surfactant atom al as a surfactant during growth of high-carbon-content

incorporates. Again, the cgrbon clusters do no_t diffuse on th%iomco.os alloys was shown to result in sharper film inter-
surface; rather, they are incorporated immediately by SOM@,ces and appears useful for achieving carbon contents in

exchange mechanism. Since dir.ect contact between Si adgyess of what would normally be possible for growth on
toms and the carbon clusters is reduced, the clusters Nre Si001).

longer serve as effective nucleation centers and the growth
stays relatively smooth as shown by AFM and the streaked -k NOWLEDGMENTS
RHEED pattern.
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