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Bi: Perfect surfactant for Ge growth on Si (111)?
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We have investigated the growth of Ge on Bi-terminated BLEI-v3 X v3. In-situ measurements

of x-ray standing waves, crystal truncation rods and scanning tunneling microscopy clearly show
that, at substrate temperatures around 485 °C, smooth and homogeneous Ge films of thicknesses
exceeding 30 bilayers Ge can be grown. For Ge coverages larger than 10 bilayers, the Ge film is
completely relaxed. Bi is found to segregate to the surface during Ge deposition, and can be
removed from the surface after growth by mild annealing at 520 °C as proven by Auger electron
spectroscopy. ©1999 American Institute of Physid$S0003-695(99)03310-0

Surfactant mediated epitax{SME)! of semiconductor equipped with 400um thick Be windows, allowing x-ray
structures has attracted considerable interest recently becaueseperiments. Scanning tunneling microscof8TM) mea-
it enables the growth of structures which are not achievablsurements were performed in a separate UHV system. For
by conventional molecular beam epita®yBE) or chemical ~ Si(111) substrates 10 10X 2 mn? crystals were used. After
vapor depositiofCVD). For growth of Ge on $111) so far  polishing and RCA chemical cleaning, the samples were in-
Sk and G&~° have been reported to successfully act as surtroduced to UHV and degassed for at least 24 h at 600 °C in
factants. The use of Ga is accompanied by the formation ofrder to remove any contamination. For x-ray standing wave
stacking fault$ and is of little technological interest. How- (XSW) experiments, special care was taken to avoid any
ever, growth of Ge on the low Ga coveragexv3 surface damage to the bulk crystal structure. Therefore the tempera-
may be interesting for intentional lateral patternfrgurfac-  ture was varied at a ratec1 °C/s only. S{111)-7X7 sur-
tant mediated epitaxy of Ge on($11) is especially promis- faces were reproducibly prepared by annealing at
ing for the production of high speed devices due to the ex850—900°C for 5-10 min. Prior to Ge deposition, Bi was
istence of an effective relaxation mechanism producing @dsorbed onto the surface at 485°C. This resulted in the
dislocation network at the Si-Ge interf&cand a defect free formation of the Bi:S(111)-v3Xxv3-3 surface. This struc-
Ge film for optimum device quality. However, so far most ture consists of Bi inT; sites at a saturation coverage of
work has concentrated on Sb as a surfactint. 2/3ML™ (1 monolayer(ML)=7.83x10"cm™?). During Ge

Here we present the results of a detailed study on th&eposition the Bi flux of 1-2 ML/min was maintained in
properties of Ge growth on Bi-terminated BL1) substrates. order to compensate for Bi desorption which is not negligible
Although Bi has been shown to fail as a surfactant forat this growth temperature. As on Si, Bi occupigssites on
growth temperatures as low as 300 @g will show that at  top of Gel, as shown by XSW at low=<(1 ML) Ge
higher temperatures around 485°C Bi enables growth ofoverages!
very smooth and homogenous Ge films. A major drawback The lattice constant of both a pseudomorphically
of SME is the incorporation of the surfactant in the growingStrained as WQII asa relaxgd Ge film is larger than the Iatti_ce
film, which results in an undesirable doping of the Ge layer constant of Si. Therefore in XSW one expects a decreasing
Because of the very low solid solubility of Bi in Si and Ge contrast in the fluorescence yield with increasing film
(about three orders of magnitude lower than fop,Stery thlcknesé Fo_r the (111 Fourier component of the Ge dis-
low dopant concentrations are expected for Bi-SME. Fuyrlribution functionA,y, the calculation gives
thermore, we will show that Bi can be removed effectively N_1
from SME grown films by mild annealing at 520 °C. _ .

The samples were prepared in an ultrahigh vacuum A=y nz’o exp2mi(nd+ &)
(UHV) system with a base pressure ofx20 mbar,

equipped with a Ge and a Bi Knudsen cell as well as a low sin( 2’7TN§

energy electron diffractiodLEED) system and a cylindrical 1 2 . )

mirror analyzer for Auger electron spectroscqf\ES). Af- N7 ) ) ex;{ 2 ( (N=1) 2 o] |-
ter preparation, the samples were transferred under UHV S'”(277§

conditions into portable UHV chambers. These chambers
had a base pressure of<80 *°mbar or better and were Here, s denotes the relative difference in lattice spacing be-
tween the film and the substrat&; is the offset at the inter-

dE|ectronic mail: thomas.schmidt@desy.de face andN is the number of bilayersy (<v2, depending on
YElectronic mail: falta@desy.de the strain accounts for the buckling within th@11) planes.
0003-6951/99/74(10)/1391/3/$15.00 1391 © 1999 American Institute of Physics

Downloaded 22 Feb 2008 to 131.169.95.138. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



1392 Appl. Phys. Lett., Vol. 74, No. 10, 8 March 1999 Schmidt et al.

5 Q (G411 Ge)
o 41-0691002 (1) (220) ©%°=121£0.01
Bi . . Bi 0.8 0.9 1.0 1.1
4| fh'=0782003  reflection | |reflection  220_009:001 w0 | - - T
0 &' =1341001 o—s Bl fluo, yield 08 =102£0.02 11.5BL Ge / Bi:Si (111) | i

[

| 180 =026:0.01 s Ge fluo, yield 18 =0.054002 I
0—o neﬂecum 105 - Oint =1.75+0.16 A
| e RN | Oui=4.1720.204
. A " O =0.71£0.05ML
[ casseest s o | am =3.224+0.0164
Mﬂm T ag =3.05£0.034

N

Normalized fluorescence yield

:

Reflectivity

Gt =1.60+0.284
Ogur = 3.0420.32 &

|
H I
. - 10° | : 7
" 0 20 40 -20 0 20 0 ° = ! |
- - o ]
965 (urad) 9—0g (urad) = P v
IR VA B |
FIG. 1. XSW data obtained after growth of 15 BL Ge on B(iSil)-v3 e e ! |
Xv3 in (111 and(220 Bragg reflection, reflectivityO), Bi-L z () and Ge 5:-’- — '
Ka (A) fluorescence. = 102r | 35BL Ge/ BI:SI(111) | ' 7
]
]
]
1
1

Explanations regarding basic theory and analysis of 107

XSW can be found in the literatufé The output parameters L Osi =0.620.05 MLA r‘ﬁ\ | .
of an XSW analysis are the coherent positibp and coher- 108 L Fint =3'22£:i 0‘01; ,!' V i \ i
ent fractionf .. These are defined as the phase and amplitude | % =2.7420.05 '"‘\/AJA{ i V\-—\a\,\,
of the corresponding Fourier coefficient of the atomic distri- w0l N : |
bution function and for Ge can hence be calculated from ; . ; L ‘ l ‘ .
Ay 0.7 0.8 0.9 1.0 1.1
Q (Gy11 Si)
1 L (N-1) A -
O =-—argAyj)=—F5—9+ 9, FIG. 2. CTR datd®) and best fit(solid lines after deposition of 11.5 BL
2 2 and 35 BL Ge on Bi:Sil11)-v3Xv3, Q=1 corresponds to the€l11) Bragg
5 (1) reflection.
sin( 27N E)
= A =9 ——— The measurements of crystal truncation ré@3R) is a
Nsinl 27 sensitive tool for the investigation of film thicknesses and the
2 roughness of interfaces and surfdéé§and has even been

successfully employed for the characterization of ultrathin
buried Ge structure¥:*® Within the kinematical approxima-
tion, for a Ge film grown by SME, the CTR intensity can be
dcalculated to be

If Bi successfully acts as a surfactant then the Bi XSW
results should strongly differ from that of Ge. For SME
growth, all Bi is expected to float on the surface and occupy
sites at identical height with respect to the surface, depen
ing on the surface roughness. Conclusively, one expects a glt
large Bi coherent fraction and a small Ge coherent fraction.  1(Q)=|Fs{(Q) 7 —=iaag

Figure 1 displays Bi and Ge XSW data obtained after
growth of 15 bilayeredBL) Ge on Bi:S{111)-v3XV3 at RO R, glQNaGe
485°C. The Bi and Ge coherent position and fraction are +FcdQ) 1—eQce
also shown. The results obtained (b1l Bragg reflection
are in perfect agreement with the expected values for SME
growth. For a completely relaxed Ge films€ 0.0423, &,
~0.02, p=cos(2r(1+8)/8), N=16) Eq. (1) yields ®L*
=0.34 (which is physically equivalent t@gﬂ: 1.34) and The three terms in the model function reflect the sample
£111—0.28 in perfect agreement with the experimental resultg€ometry, i.e., scattering contributions from the Si substrate,
for Ge. In SME, the Bi coherent position is expected to shiftthe Ge film and the Bi surface layer. The bilayer geometry of
according to the number of Ge layers and the difference ifhe S{111) and Ge&ll1l) planes is found in the factor:
(112) lattice plane spacing between Ge and SDI(N)  FsicdQ)=fsicd Q)2 cos((1/8Ragicd. however Fgi(Q)
=(N—1)8+ 8o+ Ad,. From measurements at low Bi cov- = fgi(Q). Here fgices(Q) denotes the atomic scattering
erages £1 ML), we deduce the additional offset due to the factor of the corresponding elemeNg, is the number of Ge
Bi-Ge bond length to be\®,=0.02+0.011* Thus, forN layers in the film. For noninteger values Nf we used the

=16 we obtainA®1'=0.69+0.01, again perfectly repro- Weighted average dii=n andN=n+1; ag;ge are the lat-
ducing the experlmental results. tice spacing of the Si substrate and the Ge layer, respectively.

The coherent Bi fractionf!* did not change during The lattice spacings at the Si-Ge interface are denoted as

growth. After deposition of 15 BL Ge we measured the same®int- FOr the lattice spacing between Ge and &; is used.

value as for the starting Bi:@i11)-v3xv3 surface, i.e., The surface coverage of Bi is given 8;. In Eq. 2, both
f111 0.78+0.03. The difference from unity can be attrib- surface and interface roughness are described by a Gaussian
uted to the presence of incoherent Bi islands on the surfacelistribution function:RY= e~ (/24* oy with q=Q— 2/a.

These islands are due to excess Bi on the surface. Figure 2 shows CTR measured after deposition of 11.5
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work at the Si-Ge interface as also found for Sb as
surfactanf The formation of this dislocation network en-
ables the relaxation of the pseudomorphically strained Ge
film. The evaluation of the periodicity of the dislocation net-
work shows a laterally completely relaxed Ge film within the
experimental uncertainty.

Auger electron spectroscotES) was employed to de-
termine the desorption temperature of Bi from Ge films on
Si(111). At substrate temperatures exceeding 500 °C rapid Bi
desorption was observed, resulting in complete removal of
Bi from the surface within two minutes. On bare(Hil)
surfaces the same effect is found at 550 °C. Hence a large Bi
flux is required to compensate for the Bi desorption during
Ge deposition to successfully perform Bi-SME.

In conclusion, Bi acts as surfactant for Ge growth on
Si(111). A layer of Bi segregates to the surface during Ge
deposition and alters the Ge growth from a Stranski-
Krastanov mode to a layer-by-layer like growth mode for
larger amounts of Ge. Measurements of XSW, CTR and
STM show that completely relaxed Ge films are found after
deposition of more than 10 BL Ge. The relaxation proceeds
FIG. 3. STM image after deposition of 10 BL Ge on BiBi1-v3xv3at  py the formation of a highly periodic dislocation network at
485 °C. The inset shows a zoom of 40800 A”. the Si-Ge interface. Further Ge deposition leads to the
growth of Ge films with smooth surfaces and interfaces.

and 35 BL Ge on Bi:§L11)-v3XV3 at 485°C. The results Mos_t importantly for applications, the surfac_tafBi) can
for the major model parameters obtained from least squarg2Sily be removed from the surface by annealing at tempera-
fits are also displayed. From the fit we determine the G&ures above 500°C.
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