Surfactant-mediated epitaxy of metastable SnGe alloys
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An effective method for molecular beam epitaxial construction of metastable, pseudomorphic SnGe/
Ge(001) heterostructures is presented. This method exploits a surfactant species, Bi, to alter Sn
surface-segregation kinetics. Using the x-ray standing wave technique, we demonstrate not only that
Bi segregates to the growth surface more strongly than Sn, but that it also dramatically suppresses
the segregation mobility of Sn. The limited Sn diffusivity, which is believed to stem from the full
coordination of subsurface Sn atoms, allows the epitaxy of well-ordered, metastable SnGe
heterostructures. €1996 American Institute of Physid$S0003-695(96)05133-9

Alloys and short-period superlattices of Sn and Ge ardechnique, Auger electron spectroscdeS), and low en-
predicted to possess a direct and tunable band gap for certagmgy electron diffractionLEED). We demonstrate that Bi
stoichiometries and superlattice structufeSMoreover, due meets these criteria, and show that crystalline Ge/Si@
to small effective masses and a lack of polar scattefimg pseudomorphic structures may be formed by SME.
herent in IlI-V compounds carrier mobilities are expected The experiments were conducted at beamline X15A of
to be high® The predicted band gap would make the National Synchrotron Light Source in an ultrahigh
SnGe, _,suitable for long-wavelength photodetectors andvacuum chamber R,,<<10 1° Torr) that allows LEED,
emitters, opening the possibility of constructing tunable, in-AES, and XSW measurementsee Ref. 18 After Ne™ ion
frared optoactive devices based on the inexpensive and welputtering(500 eV at 500 °C and annealing690 °Q, all
developed technologies of group IV semiconductors. Unforgrowth commenced on clean ®@1) surfaces exhibiting a
tunately, serious impediments hinder SnGe alloy production(2x1) LEED pattern withc(2x 4) streaks. Pure Bi, Sn, and
The lattice mismatch betweerSn and Ge is largé~15%), Ge were deposited from BN effusion cells at rates of 2, 0.5,
and bulka-Sn transforms tg@-Sn at 13.2 °C. Heteroepitaxial and 4 ML/min, respectively. Rates were calibrated using a
stabilization of a-Sn films on lattice-matched substrates, quartz-crystal oscillator; coverages were achieved by timed
however, can raise thex—@ transition temperature to depositions and verified by AES. The pressure remained
>100 °C/® Perhaps the most serious difficulty to be over-<10° Torr during Ge deposition anet3x 10~ ° Torr for
come is the low solid solubilities of Sn in Ge and Ge in Sn,Sn and Bi growth.

which are<1%2 In molecular beam epitaxiaMBE) growth In the XSW method?® a monochromatic x-ray beam is
of SnGe, this incompatibility results in rapid Sn Bragg-reflected from a single crystal sample. The interfer-
segregatior? ence of the incident and reflected plane waves generates an

The presence of a surfactant species on the growth suXxSW in and above the crystal; the XSW nodal planes are
face during MBE(surfactant-mediated epitaxy, or SMfro-  parallel to, and have the same periodicity as, the diffraction
foundly alters the kinetics of important surface processesplanes. The phase of the outgoing wave with respect to the
such as adatom diffusidhand island nucleatiot? which  incident wave shifts by 180° as the Bragg angiis scanned
can change the film's growth morpholody'? Also, SME  upwards from the low-angle side of the rocking curve, caus-
allows the construction of abrupt interfaces where segregang the antinodal planes of the XSW to move inward by
tion of the substrate material ordinarily leads to interfaceone-half of thed-spacingd,,,. The resultant modulation of
smearing. For example, when Si is deposited on bare Ge, tHbe fluorescence yield from an adatom layer is given by
lower surface energy of Ge drives its segregation into the SiY(6)=1+R(6) +2yR(8)fy codv(d)—27Py], where the
A surfactant, however, fully coordinates the outermost Geparameter$,, (coherent fractionandPy (coherent position
atoms; this raises the energy barrier for Ge exchange, inhikalso correspond to the amplitude and phase, respectively, of
iting Ge segregatiol? We will show that a surfactant also the Hth Fourier component of the spatial distribution of the
suppresses segregation in SnGe; although there is a highedatoms’ nucle{projected into a unit cell [H« (hkl).] For
driving force for Sn segregation, the kinetic barrier posed bya surface experimeni,, is the adsorption heigltiin units of
the surfactant greatly suppresses it. dy) of the atom under study relative to the outermost bulk-

SME growth of Ge/Sn/G@01) must proceed in two like lattice plane. Note that a “moduld-ambiguity” allows
stages: deposition of Sn on the surfactant-covered Ge suonly the position of the layer with respect to a bulk plane to
face, and subsequent Ge growth. The requirements for dpe determined.
effective surfactant for SnGe growth ar@) it must segre- To establish that Bi segregates upon Sn deposition, we
gate during Sn deposition, arid) it must prevent Sn segre- used AES and also monitored the Bi adsorption height using
gation during Ge growtlias for Si/Gé. This letter reports a XSW. After Bi deposition on G@01) at T,;~400 °C, the
study of the segregation and structural perfection of Bi, SnLEED pattern was (Xn), n~8, similar to Bi/S{001).}*
and Ge on G@O01) using the x-ray standing waveXSW)  The saturation Bi coverage is presumably—(1)/n,~7/8
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FIG. 1. G&004) reflectivity and Bi XSW analysis of(a) Bi/Ge(001)
(PB,=1.28+0.01, f,,,=0.93+0.09; (b) Bi/0.6 ML Sn/G&001)
(PE,=1.41+0.01,  40,~0.76=0.04; (c) Bi/40 ML Ge/0.6 ML Sn/G¢001)
(PE,=1.40+0.01, fg,=0.81+0.05; (d) B2 ML Sn/G€001)
(PE,=1.55+0.01,f4,,=0.70+0.04. The line through the reflectivity is a fit
(Ref. 13 to dynamical diffraction theory, and the lines through the modu-
lated fluorescent yield are fits using the equation in the téxhes (a)
through(c) are offset for clarity]
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FIG. 2. Normalized Sn/Ge AES ratio vs Ge deposition-e0.6 ML Sn/
Ge001). Straight lines are fits to an exponential; the line for Bi data is a
guide to the eye.

Sn/Gd001) growth by AES for several conditions. For all,
we deposited~0.6 ML of Sn on a G&#01) substrate, and
subsequently grew=7 ML of Ge (periodically interrupted

for AES analysis For a bare substrat@o surfactant Ge
deposition at room temperature reduced t8a MNN)/(Ge
LMM) AES ratio in a nearly exponential fashidfrig. 2);

this is the signature of the burial of Sn by Ge, i.e., no Sn
segregation. In contrast, when this was repeated at
T.5=300 °C, almost no decrease in the Sn/Ge ratio resulted,
consistent with strong Sn segregation. Finally, this was re-
peated for Bi/G&01) at T,=300 °C. For Ge depositions

adsorption pOSitiOI’l was then determined USing XSW. NeXt<4 ML' a dramatic decrease in the Sn/Ge AES ratio was

the substrate was heated 4800 °C, and~0.6 ML Sn was

observed, consistent with effective Sn burial. However, the

deposited. The LEED pattern weakened slightly; the Bi AESs signal saturated at a nearly constant value above this Ge
intensity did not decrease, consistent with Bi segregation. Btoverage; this is consistent with some of the Sn forming

XSW analysis was repeated. Next40 ML of Ge was de-
posited atT,;~300 °C. Again, the LEED pattern remained

two-dimensional(2D) islands that lack a Bi overlayer, and
thus are able to segregate. While the root of this small re-

(2Xn); the only change seen by AES was a marked demaining segregation is unresolved, it is clear that Bi can

crease in Sn intensity. Finally, Bi XSW analysis was re-

peated. This procedure was repeated 4a2.0 ML of Sn
deposition on Bi/G@01). (Ge deposition was not carried
out.)

Bi XSW results are shown in Fig. 1. The Bi yield curves

profoundly suppress Sn segregation. Future work will focus
on optimizing growth parameters and eliminating the small
remaining Sn segregation.

Although these data show that Bi can suppress Sn seg-
regation, they do not probe the crystalline perfection of the

change with Sn coverage. This is consistent with the Bi adburied Sn. For that, we conducted an XSW analysis of the Sn
sorption height increasing upon Sn deposition. On the Bifayers in the Bi/Sn/G®01) and Bi/Ge/Sn/G@O01) struc-

Ge(001) surface(without Sn, P5,=1.28+0.01 [Fig. 1(@)];
thus, the Bi adsorption height isg=dgs P5,=1.81 A

tures. For=0.6 ML of Sn deposited on Bi/Ge0l) at
Teu=300 °C, the datdFig. 3a@)] reveal P5},=1.12+0.01,

Since Sn is larger than the host Ge atoms, the average Biith f,,,=0.72+=0.04. Since some of this apparent disorder

position(relative to the diffraction plangsvill increase upon

is from vibrational smearing of the Sn positiofBebye—

Sn deposition if Sn and Bi exchange places, rendering Bi/SnWaller factor,~0.85"), this near-surface Sn must be fairly

Ge002). For 0.6 ML of Sn,Pgy, was 1.41-0.01[Fig. 1(b)].
For 2.0 ML of Sn,P§54=1.55t0.01[Fig. 1(d)]. The increase

in Bi position with Sn coverage indicates Bi segregation.

Interestingly, deposition of~40 ML of Ge on the Bi/0.6 ML
Sn/G€001) structure had no effect on the Bi positipRig.

well ordered (>84%). After ~20 ML of subsequent Ge
deposition aftT,;=300 °C, P§84 decreased slightly to 1.09
+0.01, while fyo, was essentially constant at 0:60.04
[Fig. 3(b)].

These adsorption positior85), are consistent with a

1(c)]. However, if Bi segregates, its position relative to the pseudomorphic, tetrahedrally coordinated Sn layer whose in-
diffraction planes would remain the same, since the deposlane lattice constants are coherent with thg0B# sub-

ited Ge film will have the substrate lattice spacing. Con-

versely, the Bi position would likely be altered if it were

strate. For Bi/Sn/G@01), the near-surface, epitaxial 2D Sn
islands may expand normal to the surface to compensate for

covered by Ge. Clearly, Bi segregates during growth of eithe local in-plane strain. For Bi/Ge/Sn/®@1), long-range

ther Sn or Ge.
The second criterion for SME of SnGe is the inhibition

elastic forces imposed by the thick Ge overlayer dictate that
the strain cannot be relievedcally, but that the average

of Sn segregation during Ge overgrowth. We analyzed Gegtrain of the Sn layer instead results in a displacement of the
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— Sn into the Ge substraf@ Although the growth temperature
E =75keV | was elevated for epitaxial ordering, the full coordination of
! the subsurface Sn atoms retarded segreg&li@gain, by

n requiring bulklike diffusion.

SME of SnGe is similar: the surfactant adlayer strongly
favors the transport of deposited 8w Ge atoms to subsur-
face sites. After subsequent Ge deposition, thew fully
coordinatedl Sn atoms would be required to break several
bonds in order to segregate, thereby mimicking bulk diffu-
sion. The sizable energy barrier to this process traps the Sn in
metastable sites below the Ge. SME could realize a signifi-
cant advantage for production of superlattices compared to
strictly thermal control, as it requires neither awkward ther-
0 20 a0 s 80 mal cycling nor growth at suboptimal_ temperatures. More-

©-0_ (ur) over, SME could be used for production not only of super-
B latticesbut alsoof random alloys by proper choice of the Sn
FIG. 3. G4004) reflectivity and Sn XSW resultsa) Bi/0.6 ML Sn/ggooy ~ @nd Ge fluxes; neither thermal cycling nor ion-assisted
(PS5=1.12+0.01, f40,=0.72+0.04; (b) Bi/20 ML Ge/0.6 ML Sn/GeooD)  growth has the potential to produce both types of hetero-
(PGoa=1.09+0.01, f00,=0.69+0.04). structures.
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