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Single crystal Si_,Ge(011) layers with x<0.35 have been grown on double-domain
Si(011)“16 X2" surfaces from SiHg/GeHg mixtures at temperature3=400-950°C. D
temperature programmed desorption was used to show that the structure of0th®" %6 x2”
surface unit cell, more correctly written §; 7%] since the unit cell vectors are nonorthogonal, is
composed of 16 adatoms and eighbonded dimers with a dangling bond density half that of the
1X1 surface. Si_ ,Gg(011) overlayers are “182" when x<x.(Ts) and “2X8"” with X
>X.(Tg). The value ofk, decreases from: 0.10 atT ;=475 °C to 0.08 at 550 °C to 0.06 at 650 °C.
Both the “2X8"” and “16X2"” Si;_,Geg(011) surface reconstructions gradually and reversibly
transform to X1 at T between 650 and 725 °C. Film growth kinetics exhibit three distinct regimes.
At low temperaturesT,=500 °C), the film deposition rates;c. decreases exponentially withTL/

in a surface-reaction-limited growth mode for which the rate-limiting step is hydrogen desorption
from Si and Ge monohydride phas&s;;.becomes essentially constant within the intermediate
impingement-flux-limited rangels=500—-650°C. AtT;>650 °C, Rgjge increases again with g

due initially (Tg=650—-725°C) to an increase in the steady-state dangling bond coverage as the
surface reconstruction gradually transforms #0011 The continued increase Rg;ge at even higher

T, is associated with strain-induced roughening. Ge/Si ratios in as-deposited films are linearly
proportional to the incident Gelg/Si,Hg flux ratio JGPQHS/JSiZH6 and nearly independent af

indicating that the reactive sticking probabilities oft%j and GgHg have very similar temperature
dependencieﬂSiGe(JG%HG/JSiZHG,Ts) in both the surface-reaction-limited and flux-limited regimes

is well described by a simple kinetic model incorporating second-order dissociative chemisorption
and second-order hydrogen desorption as rate-limiting steps.

I. INTRODUCTION the final step being hydrogen desorption from Si and/or Ge
monohydride. The models exhibit very good agreement with
experimental results. In the case of SiGe (001) growth,

fShOVﬁ” to prmﬂdefseyera(lj ad_vantagelf over sholid—s_ourlcz MBEe segregation as a function of steady-state hydrogen cover-
or the growth of Si and $i,Ge, alloys. These include: age is also accounted f3f.

elimination of hot crucibles and the change in deposition rate Si,_Ge/Si011) offers potential benefits over
. : . : —x

associated with charge depletion, higher ;amplg throthpl_Jéil,xGex/Si(001) for certain types of device applications.

better conformal coverage, better lateral film thickness uni

. ) . . Strained Sj_,Ge/Si(011) heterostructures have additional
formity, and the potential for selective epitaxy on patterned : Si-GedSI0LY uctu v "

substrates. While initial GS-MBE experiments were carriedd.egrees of freedom fo'r band gap engineering. the maximum
. . film/substrate conduction-band offset is predicted to be sub-
out using SiH and GeH, more recent results have demon-

strated that the use of $ls and GeHg as precursors for &i _s,tantiglly !argeﬁ t.he OE tical banq 9ap decreases more rap-

and Gé growth yields reactive sticking probabilities up to idly W.Ith Increasingx, gr_ld optical sel_ectlon r.ules aIIo_vv

two orders of magnitude higher. This is primarily due to thehoIe—mtersu_bband transitions to be excited by light polarized

ease of cleaving IV-IV, compared to IV-H, bonds. Predic-para”t:.JI 0 S-l‘X.GeX/S'(Oll) multiple qggntum weII.Iayer@..

tive models of the grO\;vth rates of GS-MBE SGe? and The Si_,Ge/Si(011) system also exhibits novel dislocation

Si, ,Ged on S(001) as functions of incident qu>£es and structures and highly asymmetric in-plane strain relaxation.
—X

deposition temperatures have been developed based up hile a/2(1100 misfit dislocation glide is allowed on all

dissociative chemisorption of the dihydride molecules fol- 11 planes along all{110 interfacial directions in

lowed by a series of surface decomposition reactions WithSiPXGe“/ Si(OO&heterostru_ctures, they are constrained to
glide only on @11) and (11} planes and only along one

%1@ in-plane direction[110], in Si;_,Ge,/Si(011).

Gas-source molecular beam epitd@S-MBE) has been

dpresent address: Department of Materials Science and Engineering, Lehié

University, 5 East Packer Avenue, Bethlehem, PA 18015. ) Another striking diﬁerenc? b_e_tweenlSkGQ((o_ll) and
PElectronic mail: jegreene@uiuc.edu Si;—,Geg(001), which has a significant effect on film growth
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kinetics and mechanistic rate limitations during gas-sourcssj, _ . Ge(011) films by rapid-thermal chemical vapor depo-
film growth, is the higher complexity of the Si,Gg(011)  sition from SiCkH, and GeH at T¢=625 °C and found that,
surface unit cell. Initial reflection high-energy electron dif- compared to deposition on (8D1) substrates, the 011 film
fraction (RHEED) and low-energy electron diffraction growth rateRgg. Was a factor of two to three times lower
(LEED) studies of the $011) surface revealed a variety of although the Ge content was similar. BothRg;g, and x
reconstructions, including 21, 4x5, 5x1, 7X1, 9xX1, increased with increasing Gelflow rates.
“X,” and faceted structures® However, subsequent LEED In this article, we present the results of an investigation
and Auger electron spectroscofAES) results by Ichi- of composition- and temperature-dependent surface phase
nokawaet al1° demonstrated that all are due to Ni contami- transitions and their role in controlling the kinetics of
nation and that the clean(81L]) surface has a complex re- Si;_,Gg(011) growth by GS-MBE from $Hg and GeHg.
construction which they termed “262.” Yamamotoet al!! Al films were deposited on 811) at T;=400—950 °C with
confirmed the Ni-induced reconstructions and reported alihydride precursor quxe§Si2H6=2.2>< 10 cm?s ! and
“16-structure” for the clean surface. Jaep,=0-7.8<10" cm ?s™. D, TPD analyses reveal that
Based upon an analysis of LEED results, Amgtcal">  the unit cell of the SD11)"16x2" reconstructed surface
proposed that the &l11) clean-surface reconstruction is “16 ¢gnsists of 16 adatoms and eightbonded dimers with a
X2" with a unit cell composed of upper and lower terracesmaximum dangling bond density which is only half that of
of equal widths and separated by single-atom-height stepgie 1x1 structure. RHEED and LEED results show that the
along the[211] direction. Miuraet al'® demonstrated that Si(011)“16 x2” surface gradually transforms to a bulk ter-
the S{011) surface structure, while labeled “¥&"” based minated X1 structure over a temperature range between 700
upon observed diffraction pattern periodicities, actually has @and 725 °C. Si_,Geg,(011) films grown on SD11) at tem-
3'3] reconstruction. This was verified by van Loenen peratures below thexd1 transition have the “182" surface
et all* using scanning tunneling microscof§TM). The de-  reconstruction at low Ge concentrations but transform to a
tailed atomic configurations on the upper and lower terrace$2 X8” reconstruction at a critical concentration which
were, however, still unknown. Proposed configurations intanges from=0.10 atT;=475°C to 0.06 afT;=650°C.
clude structures in which the surface atoms form dimers an8oth the “16x2” and ‘2 X8"" Si,_,Gg(011) surface re-
trimers?® adatoms®'” or adatoms and dimeté72° Re-  constructions also transform reversibly t& 1 The transfor-
cently, Kim et al?! used temperature programmed desorp-mation temperature range varies frorY00—725°C at low
tion (TPD) to show that the $011) surface unit cell is com- Ge concentrations to 650—725 °C fop §Ge, 35
posed of adatoms and dimers. For a given Jgepn,/Jsin, flux ratio, Sh_,Ge(011)
Ichinokawa et al1° found, based upon LEED results, growth kinetics are characterized by three primary tempera-
that the “16x 2" surface reconstruction undergoes a gradualture regimes. At low temperatures, growth proceeds in a
and reversible transition toXI1 during high temperature an- surface-reaction-limited mode in which the rate-limiting step
nealing. The transition temperature, as determined by LEEDs hydrogen desorption from the monohydride phase and
and RHEED investigations, was reported as 760 °C by bothog(Rsicd = 1/Ts. In the intermediate temperature range, film
Yamamotoet al!* and Shimaok&? In a later article, Yama- growth is limited by the flux impingement rate and is essen-
motoet al?® observed, using STM, that the “3®@” to 1x1 tially independent ofT. At higher temperatureRgsige in-
transformation starts at 710 °C and is complete at 770°C. creases again as the, SiGe, surface reconstruction gradu-
Much less data are available on the surface structure dllly transforms to X1 with a higher surface dangling bond
Si;_,Ge(011), and local atomic configurations are com-density. RsicdJcep,/Jsing Ts) results in the surface-
pletely unknown. Miuraet al'® used LEED and AES to reaction and flux-limited regimes are well described by a
show that depositing Ge, with coveraggés. up to 4.1 ML,  simple kinetic model incorporating second-order dissociative
on Si011) and post-annealing for one minute at 650 °C re-chemisorption and hydrogen desorption as rate-limiting
sults in Ge/Si intermixing which in turn gives rise to several Steps.
reversible temperature-dependent surface phase transitions
upon subsequent heating. The “4@" reconstruction was
obtained withfge<0.3 ML andT<720°C, a['3 ~1] recon-
struction at 0.3 6g¢<0.7 ML with T<640°C, and 459 All films were grown in a multichamber ultra-high-
reconstruction at 0.8 Mk 6g.<4.1 ML with T<<620°C. At  vacuum systenidescribed in detail in Refs. 2 and)2&vacu-
higher temperatures, all three reconstructions transformed tated using a combination of ion and turbomolecular pumps
1x 1. Butz and Lth** used STM to investigate the surface to provide a base pressure 0k80 ! Torr. The GS-MBE
structure of Si_,Geg, films grown by solid-source MBE. system contains a film growth chamber equipped withinan
Si;_4Ge, layers withx=<0.06 had surface terraces of width situ RHEED apparatus. A sample transfer chamber connects
3.9 nm, with step edges alorﬁgl_s’] and[1T3], while the  to an analytical chamber with provisions for TPD, LEED,

terraces of films wittx=0.10 were only 1.9 nm wide with AES, and electron energy loss spectrosc@piLS).

step edges alongL12]. The film growth experiments were carried out at tem-
There are no detailed studies in the literature on thé)eratures'l'_szzf?O—950°C using a gflg flux Jgjp =2.2

growth kinetics of Si or Si_,Ge, deposited on $011) by ~ X10'° cm™?s™* and GeHg fluxes Jgeu,=0-7.8<10"

gas-source techniques. Lai al® reported the deposition of cm ?s L. During deposition, the Silg and GgHg molecular

IIl. EXPERIMENTAL PROCEDURE
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FIG. 1. (a) RHEED pattern obtained along t}ﬁeTl] azimuth of a 300 °C $011)“16 xX2" surface.(b) Schematic SD11) reciprocal space map showing
segments of thé, andL, Ewald spheresa; andb? are unit vectors along the edges of the ‘48" reciprocal-space surface unit celt) LEED pattern,
obtained with a 42.8 eV primary electron beam, from a 300 °(@©13)“16 X2" surface.(d) Simulated LEED pattern.

beams are delivered to the substrate through individual, di- TPD experiments were carried out in the analytical
rected tubular dosers located 3 cm from the substrate at asthamber which is equipped with a differentially pumped
angle of 45°. The dosers are coupled to feedback-controllequadrupole mass spectrometer. As-deposited samples were
constant-pressure reservoirs in which pressures are sepaeated to 200 °C and exposed to atomic deuterium until satu-
rately monitored using capacitance manometers. Valve seation coverage(Additional experiments involving HTPD
quencing, gas flows, and substrate temperature are all coras well as flash heating followed by, DPD were carried out

puter controlled. to show that all H was removed by this procedure, even for
The substrates used in these experiments wer@ A’ the lowest growth temperatures uskusitu AES results also
plates cleaved from 0.38-mm-thicktype (resistivity=0.5—  established that the Ge coverage remained constant during

2.0 Qcm) Si(011) wafers with a miscut of 0.36° along the deuterium site exchange procgs®euterium, rather
[772]. Initial cleaning consisted of degreasing by successivéhan hydrogen, was used in order to reduce the background
rinses in trichloroethane, acetone, propanol, and deionizegignal and obtain greater sensitivity., Dvas delivered
(DI) water followed by four consecutive oxidation/etch through a doser identical to that described above with a hot
cycles composedfa 2 min dip in an oxidizing solution of W filament near the outlet to crack the gas. The samples
6:1:1 H,O:HCI:H,O,, a 30 s rinse in DI water, a 20 s etch in were placed 2 mm from the 5-mm-diameter hole in the skim-
dilute (2%) HF, and a final 30 s rinse in fresh DI water. The mer cone of the mass spectrometer and heated by direct cur-
substrates were then blown dry in ultra-high-purity,Nex-  rent at a linear raté=5°Cs *.

posed to a UV ozone treatment in which they were irradiated  Si; _,Ge, film thicknesses and alloy compositions were
from a low-pressure Hg lam@5 mW cnf) for 30 minin air ~ determined by Rutherford backscattering spectrometry
to remove C-containing speci€sand introduced into the (RBS). The RBS probe beam consisted of 2 MeV 'Hens
deposition system. The substrates were heated by direct cuncident at 15° to the sample normal with the detector set at
rent to 600 °C and degassed for 5 h, then rapidly heated & 150° scattering angle. Backscattering spectra were ana-
100°Cs* to 1100 °C for 1 min to remove the oxide. Tem- lyzed using therumP?’ simulation program. The reported
peratures were calibrated using chrome-alumel thermdfilm compositions are accurate to within 2 at. %.

couples and an optical pyrometer. RHEED patterns from  Cross-sectional transmission electron microscopy
substrates subjected to this procedure were sharp<2l6  (XTEM) examinations were carried out using a Philips
as described in the following section. No residual C or O wasCM12 microscope operated at 120 kV. Specimens were pre-
detected by AES. pared by gluing two samples film-to-film and then cutting a
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(a) Si(011):D

Intensity (a.u.)

FIG. 2. RHEED pattern obtained along th&11] azimuth of a 750 °C
Si(011) 1x1 surface.

Temperature (°C)

vertical section which was thinned by mechanical grinding to
a thickness of=25 um. Final thinning to electron transpar- (b) Si(011):D
ency was done by Arion milling. The incident beam angle £=5°Cs"
and energy were progressively reduced from 15° to 11° and

from 5 to 3.5 keV, respectively, in order to minimize radia- O/ 05 = 1.0
tion damage artifacts and to obtain samples with uniform
thickness distributions.

IIl. EXPERIMENTAL RESULTS

A. Si(011)“16 x2” and 1 x1 surface reconstructions

Intensity (a.u.)

The RHEED pattern shown in Fig.(d was obtained

along the[111] azimuth of a clean 8011) surface. It is
composed of well-defined diffraction spots, rather than
streaks, with sharp Kikuchi lines and essentially equi-intense Temperature (°C)

fundamental and partial-order reflections indicating A, 3. (a) D, TPD spectra from $011) surfaces with relative deuterium
atomically smooth surface with relatively large terraces. Theoveragesy/fp = 1.0, 0.97. 0.78, 0.55, 0.40, and 0.08, s the satu-
pattern consists of curved rows with 15 partial-order reflec+ation coverage(b) Fitted (solid and dashed lingsand measuredopen
tions between the fundamental reflections in the zero-ordefircles D> TPD spectra from a 11 sample with fp/6p sa=1.0. B2
Laue zonek, and the corresponding reflections in the firt- 277 0 e Sisere nasd (o e scaon monecevience,
order Laue zond ;. (See, for example, the set of partial- ate in all experiments was=5 °C s

order reflections between the specular Bragg reflection la-

beled 00 inLy and the 11 irL;). The rows along the growth

direction are curved because the incident beam is in the

[1T1] direction while the sides of the reciprocal space unit[ln

) — i >3] reconstruction and show, in addition, that the surface
cell are oriented alonf100] and[111]. Within each Laue (qnsists of a double-domain structure in which the two sets

zone arc, there are half-order reflections between every set gfr domains are rotated by 73°. The two-domain nature of the

fundamental Bragg spots. , “16 X2” reconstruction is not observed in the RHEED pat-
Based upon the overall symmetry, this surface reconterng since the unit cell is nonorthogonal. Thus, only one

struction was originally designated “3&"1° even though domain is visible for a given RHEED azimuth.

in the Wood’s surface notatiéhscheme, 1&2 implies that Our RHEED and LEED observations show that the
the vectors defining the surface unit cell are orthogonalgj11) surface reconstruction gradually transforms from
which is clearly not the case here. The symmetry is more.g «o» tq 1x1, in agreement with previously published
clearly seen in the reciprocal space map in Figp) in which g jtsl0.11.22.235¢ T, between 700 and 725 °C. RHEED pat-
arcs of theLo and L, Ewald spheres are labeled togethergms obtained at temperatures within this range exhibit a

with the incident electron beam direction. The reconstructiorhominuous decrease in the intensity of the partial order re-
171 T

is [3'3] with real-space unit cell vectoras=17a+b and flections with increasing’s. Figure 2 is a typical RHEED

bs=2a+2b. a5 andbg in Figs. Ib) and 1d) are the unit pattern obtained along tHel 11] azimuth of a X1 recon-
vectors along the edges of the reciprocal-space unit cell destructed Si011) surface atT¢=750°C. The reflections are
fined byaj = (a* —b*)/16 andb? = (—a* +17b*)/32. Fig-  still sharp and distinct but there is a much higher diffuse
ures Ic) and Xd) are the corresponding experimentally ob- scattering intensity due primarily to the Debye—Waller ef-
served(using an electron energy of 42.8 g¥ind simulated fect. The “16x2"” to 1 X1 transition was found to be revers-
Si(011)“16 X2” LEED patterns. These results confirm the ible upon sample cooling.

300 400 500 600
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(@)  Ixlunitcell  "16x2" unit cell s ! and 2.550.02 eV for 8}, and 2x 10" s™! and 2.68
TR RS +0.02 eV forB; .
Bg : oo In contrast to our $011) results, Si001) TPD data is
S e ROAR AIDREERNNNNE w:ll best fit using only two peaks: a low-temperature dideuteride
upper terrace 10WeT terrace® = ** iy 10T peak centered at 405°C and a high temperature monodeu-

teride peak at 515 °@ While 8, desorption from $D01) is
second order,B; follows first order kinetics due to
m-bonding-induced pairing of dangling bonds on single
dimers. However, the pairing mechanism is not expected to
be important on the more open(&l1) surface. This is con-
sistent with the observed second-ordei0$l) 3, desorption
kinetics.

* Si surface atom &g T-bonded dimer ~  Si adatom The bulk-terminated $011) surface consists of zigzag

FIG. 4. (a) Bulk-terminated S011) with labeled X1 and “16X2" unit m-plane rows of atoms alon@ll]' as shown in Fig. ea)
cells. (b) Adatom/dimer model of the 81116 x2" reconstructed sur- Each surface atom has one dangling bond at an angle of 36°

face. with respect to the surface normal. Previously suggested
atomic models for the reconstructed ®il) surface include
dimers and trimery® adatoms®!’ and adatoms plus
TPD was used to probe atomic positions within thedimers®™® as the building blocks. The existence of a
Si(012)“16 x2" surface unit cel?! Figure 3a) is a typical ~ Si(011) 8, TPD peak at the same temperature as@h@eak
set of D, TPD spectra from $011) surfaces dosed for suc- in Si(111) spectré! together with the fact that bulk-
cessively longer times. The upper curve corresponds to satterminated011) surface atoms have only one dangling bond,
ration coverageédp s The spectra are very similar to those argues strongly in favor of the presence of adatoms on the
we obtained from $111)* and consist of a low temperature reconstructed surface and against the dimer/trimer model. By
desorption peak centered at 430°C and a high temperatuigalogy with the SiL11) case, we propose that Si adatom

feature at 550°C. The primary difference between th&,ackhonds are broken to form dideuteride species during
Si(011) and S{111) TPD spectra is that the h|gh-temperaturedeuterium adsorption on @iL1).

Si(011) feature contains a more obvious shoulder peak, split After desorbing the dideuteride, phase, the remaining

in this case by 30°C and centered at 520°C. deuterium on the $011) surface is present as a monodeu-

The S{111)7x7 surface reconstruction has the dimer/, . )
adatom/stacking-fault structure in which Si adatoms havete”de' However, the TPD spectra clearly show that the high-

three backbonds to surface atoms. At low coverages off Mperature desorption feature is composed of two peaks,

Si(111)7x7, deuterium adsorbs on the single dangling bond$31 @nd 1, indicating the presence of two types of mono-
of adatoms and rest atontfirst layer atoms not bonded to deuterides. The 8)11) surface structure which is most con-
adatoms giving rise to a high-temperature monodeuterideSistent with our TPD results is the adatom/dimer model
feature. Detailed analyses have shown that the two seconghown schematically in Fig.(8). A similar adatom/dimer
order S{111)7x7 monohydride components are separatedoundation has been proposed for(GEl) based upon STM
by =10 °C, with the higher temperature peak at 530°C atobservations? Both the Si adatoms, giving rise to thes
tributed to hydrogen desorption from rest atofisThe  peak, and the surface atom@,, have three backbonds and
Si(111) dideuteride peak at 430 °C is first observed at highebne dangling bond.
coverages as hydrogen begins to insert into adatom back- For S{111), the difference in B desorption energies
bonds. Dihydride-bonded adatoms form disordered islands iffom the two monohydride phases, for which the Si—H bond
w_h|ct130the majority species are SiHwith some isolated gjrections on both adatoms and rest atoms are normal to the
SiHs. N ) surface, is only 0.04 e¥? Based upon the §11) surface
The posmop of Ithe Iovy;tem_perlature r;])eak It:] th@éﬁﬂ)f structure model in Fig. @), in which the adatom Si—H bond
TI.DD sgfctra 's almost identical to that obtained oM o i js close to normal but the surface Si—H bond is far
Si(111)," but the splitting in the high-temperature feature is, . .

- ) from normal, a larger splitting in the monodeuteride desorp-
as noted above, larger in tHB11) spectra. We have fit the tion peaks would be expected. This is consistent with our
data using standard Polanyi—Wigner analysBsst fits were p_ P . . *
obtained using, as in the case of18i1)7X7, one low tem- expenrneptal resultg, Where the difference it03D) 51 and
perature and two high temperature second-order desorptidft activation energies is 0.13 ev. o

I o - The[171] Si(0112) primitive unit cell is shown in Fig. 4
peaks while ignoring the small peak near 375 °C which we L2 2 _ ) AR
attribute to O desorption from trideuteride species. An ex- It contains 16 adatom monodeuteride species plus an addi-
ample is shown in Fig. ®) for a sample exposed to satura- tional _16 surface atqm monodeuteride species glenerated by
tion deuterium coverage. The low temperature dideuteridéhe D-induced breaking of the-bonded dimers. This results
peak is labelegB, and the two monodeuteride peaks @  in 32 dangling bonds per unit cell, compared to 64 on the
and B, . Frequency factors and desorption activation ener- unreconstructed surface. Therefore, the maximum dangling
giesE, are 1x10'°s ! and 2.22-0.02 eV forB,, 2x 10"  bond coverage for this surface is 0.5 ML.

(b) upper terrace lower terrace
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FIG. 5. RHEED patterns from a §iGey,(011) layer grown at
Ts=650 °C. The patterns were obtained along Eh@l] azimuth and are

J. Appl. Phys., Vol. 85, No. 1, 1 January 1999

indexed aga) ‘2 X 8" at 300 °C and(b) 1x1 at 800 °C.

B. Si;_,Ge,(011) surface reconstructions

Si; _,Ge, layers were grown on 8111) at temperatures
Ts=400-950°C using a @i flux Jgu =2.2x10"
cm ?s™! and GeHg fluxes Jgeu =0-7.8<10" cm™?s™%,

Taylor et al.
Si,_Ge (011): D
£=5°Cs )
6/65 =10 | B
ior, /P
GeOID!  fo)\Si e, @11} isicoln)

:" B1
’

Intensity (a. 1)

FIG. 7. A D, TPD spectrum from a GS-MBE §iGe&, (011)''2X 8" layer
grown atT,=650 °C. S{011)"“16 X2" and Gg011)c8x 10 TPD spectra are
also shown for comparison. The linear heating rate in all experiments was
é=5°Cst,

>X., the “2X8" reconstruction is obtained immediately
upon initiating deposition.

Figure Ja) is a typical “2xX8"” RHEED pattern obtained
along the[111] azimuth, in this case from a SiGe, .
layer grown afT ;=650 °C. There are seven partial-order re-
flections between the 00 specular reflection and the 12 and
12 fundamental reflections along the zero-order Laue zone
Lo. The half-order reflections lie along thg,, zone.

Our RHEED observations show that thg SiGe (011)
surface, like Si011), transforms to a X1 reconstruction at
temperatures between 650 and 725°C. Figylp B a 1x1
RHEED pattern obtained at 800 °C along fHel1] azimuth
of the S} ,dG&, ,(011) layer corresponding to Fig(d. This

Film thicknesses and Ge concentrations ranged from 5 tpattern is identical to those obtained from((8i1)1x1. The

8500 A and 0 to 35 at %, respectively.; SiGe(011) sur-
face reconstructions were determined usimgitu RHEED

transformation between both the “X&” and “2 X8 sur-
face reconstructions and thex1 is completely reversible

and LEED. Below a temperature-dependent critical Ge conwith temperature.

centrationx.., the surface reconstruction of;SiGe, is “16

Figure 6 is a surface reconstruction phase map, plotted

x2", identical to that of the substrate. At Ge fractions aboveas a function ok andT, for Si;_,Ge,(011) films grown on

x:(Ts), the reconstruction transforms to XB”. x. varies
from =0.10 atTs=475°C to 0.06 af =650 °C and is not
a function of film thickness. For $i,Ge, films with x

900

Temperature ( C)
D ~ [*2]
g & 8

w
[ =
=3

~
(=3
(=]

FIG. 6. A surface reconstruction phase map, plotted as a functiarantl
Ts, for Si;_,Ge(011) films grown on §D11)“16 X2” at T;=400-950 °C.
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Si(011) at T,=400-950°C. It shows that the composition
range over which the “182" reconstruction is stable be-
comes increasingly narrow at higher temperatures.TAt
=650°C, “16x2" is only obtained for samples witlk be-
tween 0 and=0.06. Raising the temperature still further re-
sults in the gradual transition tox1l, through a two-phase
“16 X2" +1X1 region, afT =700-725°C. The “X8" to
1X1 surface phase transformation occurs over a somewhat
wider temperature range extending, for example, fre650
to 725°C for S} 6:Gey 35

While there are no published STM data on the atomic
structure of the Si,Ge(011)'2x 8" surface, insight can
be gained from TPD measurements. Figure 7 is a typigal D
TPD spectrum from a §EGey5(011)‘2X8" layer grown
at T;=650°C. S{011)“16 X2" and Ge(0118x 10°* TPD
spectra are also shown for comparison. The primary spectral
feature shifts to lower temperature, from 550 ftbe 8,
monodeuteride peakfor Si(011)16 X2" to 330°C for
Sig.sGey(011)*'2X 8", In fact, the alloy TPD peak occurs
quite close to the position of the monodeuteride peak, at
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FIG. 8. GS-MBE Sj_,Gg,(011) growth rateRg;ge from SihHg/Ge,Hg mix- T T T y T T T T 10
tures as a furzsctiog2 ojltemperatuﬁ-g. Incidept precursorAflux?zs leere 008 (b) Si, Ge/Si(011) Surface| Ry | x
Jgip,=2.2}10'° cm 257" with Jgep,=6.0x 10" and 7.8<10" ecm 257", JSizHo=2.2xlOchm'zs'l 62| o (%],
"2x8" | o |o
300°C, from Ge(01198x 10. This is completely analogous 006 T=30°C %
to TPD results from the $i,Ge/Si(001) systerh* where 2 I{ % {06
the very rapid decrease in the position of the monodeuteride 50'04_ ‘_E >
TPD peak with increasing alloy composition is due to strong ~ loa
Ge surface segregatidnThus, we assign the 330°C TPD %
peak, labelledy, from the SjGey(011)‘2X 8" layer to ~ ol ¢ :
D, desorption from the Ge monodeuteride phase and the . 0 — 1%
high-temperature shoulder near 400 °C, labethd to D, = o
desorption from the Si mono_deuf[eride phase. o 000 . 001 00 003 0o®
The observed decrease in Si—D surface binding energy, T i
and the corresponding increase in the Ge—D binding energy S
with Si;_,Geg(011) alloy formation is, as in the case of 020 (— — 10
Si;_,Ge,(001) 2# due to long-range electronic interactions (0) Si,_Ge /Si(011)
which reflect the effect of GgSi) alloying on the Si . Tou =22%10° cm?sH 08
(Ge band structure. Furthermore, again in analogy with 015} + } T =650°C
GS-MBE Si_,Ge,(001)2* a comparison of integrated ~ S
Si;—,Ge(011) a and B, TPD peak intensities as a function E { Mt R.slc.eTX Hos6
of bulk alloy composition reveals thalg, increases much 3010 meg' | o |o o
faster thanx indicating the presence of strong Ge surface 3 —3 404
segregation during $i,Ge(011) film growth. i~ ¢
005+ o
C. Si;_,Ge,(011) film growth kinetics I I 102
A plot of GS-MBE Sj_,Geg(011) film deposition rates n " T
Rsigeas a function of I¥4 is shown in Fig. 8 for films grown 000 oI]o 0,61 0.'02 0,'03 Py
with a SpHe flux Jg . of 2.2<10" cm?s™* and GgHg YoerMsi,

fluxes Jge,, Of either 6.0<10'* or 7.8x 10 cm st At .
T,<650°C, these fluxes correspond to film compositions,

IG

within the “2Xx8” surface reconstruction regime. For depo- 475, (1) 550, and(c) 650 °C.

sition temperatures between650 and 725 °C, the surface
reconstruction is two phase, *8” +1X1, during growth
with the 1X1 fraction increasing to 100% &fts=725"°C.
Upon cooling, however, the surface reconstruction returns to
pure “2x8". At all growth temperatures, increasin];;eZH6
from 6.0 to 7.8<10" cm 2s™! results in an approximately
proportional increase iRRgjge. The Ge fractionx in alloy

. 9. GS-MBE Sj_,Geg,(011) growth rateRgic. and Ge concentratiox
s a function of precursor flux ratlﬂbeZHa/JSizH6 at temperature3 ;= (a)

950 °C and are characterized by three primary temperature
regimes. With T;<500°C, Rgjge increases exponentially
with decreasing T/, the signature of surface-reaction-
limited growth. Rgice for Si;_,Ge(011) in this mode is
nearly a factor of four lower than reported; SiGe (001)

growth rates for layers deposited using the same precursor
fluxes® In the second regimeT,=500-650°C, Rgige

is essentially independent of T/, characteristic of
impingement-flux-limited growth. HereRgice is nearly an
order of magnitude lower than equivalent; SiGe (001)
growth rates In addition, the transition between the surface-

layers grown with)ge .= 6.0x 10" cm™?s™* is 0.20+0.03
while x=0.31+0.02 with I = 7.8% 10" cm™?s™%, inde-
pendent of temperature.

Overall film growth ratesRgge in these experiments
range from 0.004emh™ ! at T,.=400°C to 0.23gmh ! at
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FIG. 10. The bulk composition ratie/(1—x) of GS-MBE Si _,Ge,(011)
layers grown on 011) as a function of precursor flux ratise p, / Jsin, at
Ts=475, 550, and 650 °C.

Film

reaction and impingement-flux-limited regimes occurs at Qo torinfa o
500 °C, compared to 600 °C for Si,Ge (001). Unlike the Substrate
Si; _,Ge(001) case, howeveRgge for Si;_,Ge(011) in-

creases again with a further increaseTin At temperatures
between 650 and 725°C, this is due to a gradual change in

FIG. 11. (a) Bright-field XTEM micrograph obtained under two-beam dif-

. . . raction conditions using a 022 diffraction vector near fhd 1] zone axis
f[he surfaqe reconstruction tox1, Wlth an accompanying . 1410.A-thick GS-MBE SjoGe, o, layer grown aff,=550 °C. A 711
'”Creas‘? in the dang“”‘_J bond density. The contlnued INSelected-area diffraction pattern is shown in the ind®tA 110 HR-XTEM
crease inRgjge at even higher growth temperatures is assOimage of a region near the film/substrate interface of the same sample.
ciated with strain-induced surface roughening as demon-

strated by preliminary atomic force microscopy and XTEM ;mh™! at JGezHG / JSi2H6:0_008_ Following the surface struc-
investigations. We have previously reported a similar in-y, o1 transition to “28", Rge decreases to 0.036mh

crease in the GS-MBE growth rate of Ge on(QG&) from g 3., /3, ., =0.027 and increases slowly at higher flux

g?éHv?/:suzrfgvj:rt?Crgsﬁ??rgiTIaﬁ%-:r:rﬁb?r?gggr?i?‘ g;"?ﬁzgg‘ger tios. Thus, in contrast to the surface-reaction-limited
éarovvth regime in whichRgge is not strongly dependent on

reactive site density together with a higher digermane rea he surface phase transition due in large part to the high H

tive sticking probability on the facets. ‘ _ o
Figures 9a)—9(c) are plots ofRgige as a function of the coveragesRsice VS JeeH,/ Isi .e.xh|b.|ts an abr”'_ot gecrease
at the “16x2"” to “2 X8" transition in the flux-limited re-

incident flux ratioJ /Jgi . during Si_,Ge(011) film
Gefly” ~SHe g Si-,Ge(011) gime. However, our TPD results indicate that there is no

?.rozvf% ?(t: -Ir?s-—4i7r15(;re5;53(()a’s ::E(rjn g%%lcto Begggﬁlﬁlygsm significant difference in the dangling bond density for the
JS /e ’ i:l(isr?creased from 0064 to 035 The %@ two reconstructions. Thus, the decreaseRgg. iS most
GeHg '~ SiHg - e o _ likely due to lower precursor reactive sticking probabilities
to “2x8" phase transition, which occurs over the flux ratio 4, the “2x8” surface. The flux-limited film growth rate on
range ‘]GezHe/‘]SizHe: 0.008-0.012 X.=0.087-0.120) has -3 xg" s not nearly as sensitive to increasing flux ratio as
no apparent effect oRgjge. SinceTs=475°C is well within  the growth rate on “16&2”.
the surface-reaction-limited regime, this indicates that the  The Ge concentration in as-depositeg $Ge,(011) al-
hydrogen desorption energy is less dependent on the “1fpys, also plotted in Figs.(@-9(c), increases linearly with
X2" to “2 X8" phase transition than on changes in the Gethe flux ratio at all three growth temperatures. At
film concentration. This can be understood from the fact thatr =475 °C, x ranges from 0.03 to 0.29 aiGezHe/JSizHe
adatoms are major building blocks for both surface recon;,creases from 0.004 to 0.035. Nearly identicel vs

structions. _ _ _ JaeH,/IsiH, results were obtained at bothy=550 and
The film growth rate increases approximately IInearIy650°C in the flux-limited regime. This can be better seen in

W'th JeeHs/Isipg: .at. least |r.1|t|ally, atT;=550°C in the Fig. 10 in which the entire set of film composition versus
|mp|ngemeng—flu_x—l|m|ted regime wherBsice ranges from  fux ratio data is plotted together as/(1-x) vs
0.011 wmh™= with ‘]GezHe/_JSizHa:O t0 0.057umh ™= with ‘JGezHe/JSizHe' The slope was determined by least squares
Jae,/Isin,=0.015. In this case, though, the surface transypaiysis to be 10.770.35, significantly higher than the
formation to “2x8" results first in a decrease Rgceafter  value of 7.7 obtained for $i,Ge(001) grown atT¢=550
which the growth rate remains nearly constant, with perhapand 800 °C This indicates that the ratio of the G#; to

a slow increase, with increasindse,/JsiH,- A qualita-  SjHg reactive sticking probabilities, while not strongly tem-
tively similar behavior is observed at= 650 °C; Rgge iN- perature dependent in either case, is higher for 011,&ie,
creases from 0.06umh™! at JeeH,/IsiH,=0 to 0.149  growth.
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The microstructure of fully strained Si,Geg,(011) films  those of Sj_,Gg(001)® in that the film deposition rate
was found, as judged by TEM and XTEM analyses, to bes characterized by a low-temperature surface-reaction-
highly perfect. Typical XTEM and high-resolution XTEM |imited growth mode followed by a higher-temperature
(HR-XTEM) results, in this case from a 1010-A-thick impingement-flux-limited regime. For the dihydride fluxes
Sip.odG&y o7 layer grown aff ;=550 °C, are shown in Fig. 11. ysed in the present experiments, the surface reconstruction of
The bright-field XTEM micrograph in Fig X&), obtained all films in this temperature range is “8”. At growth
under two-beam diffraction conditions using a 022 diffrac-temperatures above 650°C, additional ;_SiGe,(011)
tion vector near thg111] zone axis, is essentially featureless growth regimes emerge due to the gradual surface phase
with the exception of the lattice-mismatch strain contrastransition to X1 at T,=650—725°C and, at even higher
which is clearly visible at the interface. There is no evidencgemperatures, to strain-induced surface roughening. In the
of extended defects and the film surface is flat to within thefollowing discussion, we will focus primarily on the surface-
resolution of the micrograph. Thell selected-area diffrac- reaction and flux-limited modes assuming, as in the case of
tion pattern shown as an insert in Fig. (4L consists of Si-xG&(001)® that growth in these regimes can be de-
single-crystal reflections with uniform symmetric intensities. Scribed by a superposition of previously developed models
Figure 11b) is a 110 HR-XTEM image showing 111 lattice foF GS-MBE St and Gé from SiHg and GeHs, respec-
fringes which are continuous across the film/substrate interdVely-

face. R(J,Ty) results for Si001)* and G€001)? GS-MBE are
well described by a model, containing no fitting parameters,
IV. DISCUSSION in which dissociative chemisorption of the dihydride precur-

The results in Sec. Ill A show that the surface structuresor is followed by a series of fast surface decomposition
of Si(011) is complex and temperature dependent. This is oféactions and ki desorption from the surface monohydride
direct conseguence for ep|tax|a|]-SJ(Gg( growth on quo:]_]_) phase This leads to the f0||0W|ng grOWth rate equatlon de-
since it results in the surface dangling bond density, angcribing both GS-MBE $001) and G&001),
hence the number of available reaction sites and therefore the 2
. Iy . \ . 25363,
film deposition rate, changing dramatically with surface R= ——,
reconstruction. Based upon a combination of RHEED and N

LEED observatioqs, we have shown that the low-\here s is the zero-coverage reactive dihydride sticking
temperature $011)%16 x2" surface reconstruction gradu- hropability, 6, is the steady-state dangling bond coverage,
ally and reversibly changes tox1L over the temperature anq N js the bulk Si or Ge atom number density. Precursor
range of 700-725°C. From ourZE]'PBlexperlments.com- reactive sticking probabilities have been measured in the
bined with previous STM resulté,the[3'3] surface unitcell  fj,x-limited growth regime for SHg on S{001)* and for

qonsistssgf 36 altjatorgs an _(reri]ghtbonded di(rjners %ivinbg lkGesz on Ge001).2 The temperature dependenciesngzHS
rse .to angiing bonas. . us’,y compare 'to the bu and Sg. . over the temperature range used in the film
terminated X1 surface, the “1&2"” reconstruction has a h92 6 in Refs. 1 and 2 Il and db
maximum dangling bond coverage of 0.5 ML. growth experiments in Refs. 1 and 2 were small and could be

We have shown that at low Ge concentrations. the Sur_safely ignored. More recently, the reactive sticking probabili-

face reconstruction of epitaxial Si,Ge,(011) is, like that of ties of SpHs on Ge001) and GeHs on Si(001) have also

the substrate, “182”. However, for alloy films with x been determined. . . .

above a critical temperature-dependent valpe the recon- From the above discussion, GS-MBE,; S|Ge; growth

struction converts to “X8"”. x. for the “16X2" to “2 X8" rates can be expressed as

transition decreases continuously fren0.10 atT,=475°C

to 0.06 at 650°C. As in the case of(@l1), the surface Rsige=

reconstruction of Si ,Ge(011), irrespective of whether

“16 X2" or “2 X8” initially, gradually and reversibly trans-

forms to IX1 over the temperature range betweef50 and

725°C. A summary of observed Si Ge,(011) surface re-

construction as a function of alloy composition and temperawheref g, 5;and f 4, ce are Si and Ge surface dangling bond

ture is plotted in the form of a surface structure phase map isite fractions and, is the reactive sticking probability of the

Fig. 6. B precursor molecule on A sites. The steady-state Ge surface
From an analysis of our TPD results, we deduced in Seccoverage 6, during growth depends upon the bulk film

[l B that the “2X8" reconstruction occurs at high Ge cov- composition together with Ge surface segregation kinetics

erages generated by strong surface segregation during filfor which the segregation enthalpy is a function of hydrogen

growth. Further, the TPD results in Fig. 7 are consistent withcoverage which is itself temperature-dependeWe have

a surface structure in which adatoms are a fundamentalhown by TPD that hydrogen desorption from the surface

building block. However, a determination of local atomic monohydride phase on Si,Gg,(001) is second ordémnd

positions in the surface unit cell will require additional TPD we expect the same kinetic order for, SiGe (011) where

investigations combined with STM. desorption from adatom sites will be limited by the rate of
The experimental results in Fig. 8 show that GS-MBEbimolecular recombination. Thus, the @&e) dangling bond

Si;_,Ge(011) growth kinetics afT¢<650°C are similar to fractionsfy, can be written as

@

2053 s Je S 43 S
m( SipHEOSi,H, T JGeHSGe ;)

206ef 3b.ce G G
TNoge (IsigsSsin, T dooHSiery): (2
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-1
ZJSiZHG(GeQHG)Sg: ﬁz<GezHe> 02 Si, Ge (011)
fap.sice=| 1+ E, o ) o1} s 16 -2 -H
Nsvsex%— dk'?iee)) - JSizHﬁ=2'ZXIO cm S
<
in which Nq is the surface site number dens[t9.6x 104 g
cm™ 2 for Si(011) and 8.8< 10 cm 2 for Ge011)], v is a \:3
pre-exponential factor, anly s;ce is the hydrogen desorp- Mza
tion activation energy which is a function of Ge surface 001 |
coveragé' [ ]
Unlike the Sj_,Ge(001) system, for which detailed
quantitative information is availabfe? little is known about
individual reactive sticking probabilities and Ge surface seg-
regation rates during GS-MBE of Si,Gg(011). Thus, to 0-00%"00 60 5'50 5(')0 0 00 3%
proceed, we make some simplifications and assumptions for T. (°C)

the purpose of performing calculations. The SiGe (011)
Rsice Vs 1/Ts data in Fig. 8 correspond to alloy Comp05|t|0n5 FIG. 12. Calculatedsolid and dashed lingsand measureddata points
x=0.20 for films grown wthGeZH =6.0x10" cm ?s ! GS-MBE Sj_,Ge,(011) growth rateRgc. from SpHg/GesHg mixtures as
and 0.31 WIthJG h=7.8X 104 ecm™ S ~1 In the analogous a functiorl ofiterr?peraturé's. Incident precursor quxef, V\ie@siszZ-z
) &6 , » X10° cm 257! with Jgep = 6.0} 10" and 7.8¢10% cm 2572,

case of §j_,Geg(001) growth over this composition range 6
in the surface-reaction and flux-limited mode#;, varies
only over a relatively narrow range. For examplg, ranges
from 0.70 ML atT,=525°C to 0.82 ML at 800°C to 0.76 temperatures, indicating th&2cy, /SSi remains approxi-
ML at 950 °C W|thx 0.18* This is due to competing ef- mately constant across the “4&” to “2 X8” phase transi-
fects. The experiments are carried out in the equilibrium segtion.
regation regime in which increasirig, results in a decrease At the high-temperature end of the flux-limited growth
in .. However, this is partially compensated by the factregime,f, approaches unity and individual values @'
that the hydrogen coverage also decreases Wytthereby 5.4 Séf‘z,‘j can be estimated by combining the result that
increasing the negative segregation enthélipy. sice Sige _

If e does not vary greatly, we can express thgHSi  Scen/ Ssin, = 10.77 with Eq.(5 and the measureg;ge
and GegHg reactive sticking probabilities as average valuesresults in Flg 8. This yield S'Ge =1.0x10"2 and SG'Ge

\irand Sgo . This allows Eq.(3) to be simplified and = 10.8x 102 with N 0 —6 0x 1014 cm 257! Increasmg

rewrltten for an average dangling bond fractifyg as JeeH, 1O 7. 8<10* cm “s ™! gives Sé:GHe 1.2x1073 and
P S 29e s | Séieiﬁez 1_2.9x 1078, Usmg these velues for the average re-

T 2Hg™SiHg &He—GeHg Y active sticking probabilities, we fit _the GS-MBRS_K;(_e Vs
Edcsice 1/T¢ results over the surface-reaction and flux-limited re-

Nsvs exp{ _k—TS) gimes. The only free parameters a»rseand Eq(sice)- Best fits

were obtained withvs=5%x10" s and E4 5160)= 2.22 and
Ed(sice)in Eq. (4) is the average hydrogen desorption energy2.20 eV withJgey = 6 0x 10" and 7.8<10* cm ?s ™%, re-
Equation(2) can now be expressed in a more usable form, spectively. We used the same pre-exponential factor as re-
ported previously for Si ,Ge(001)® since we showed in
2f iGe Sec. Il A thatv, values obtained from §01) and S{011)
SiGe™ Ngi (JS'ZHGS§'2H6+JG62H6 G%Hs) ' 5) TPD spectra were nearly identical. The fits were found to be
very sensitive to the values chosen fgsige) With the
Similarly, the steady-state composition of GS-MBE goodness of fit decreasing rapidly B sice) iS changed by

Si;_,Ge(011) can be approximated as more than 0.01 eV. As an additional test, we used our best-fit
sice vs andEysice) Values to calculate peak temperatufgsand
X SGPQHGJGSZHG peak shapes for the high-temperaturg_S6Ge,(011) TPD
1—x  oSice : (6)  features. The results were found to be in very good agree-
StHe " siHg ment with measured spectra. In the case gfS#, , growth,

_ _ _ N . for example, we calculaté,=404 °C while in Fig. 7,T, is
Equation(6) predicts that the film composition ratio is ~400°C. The agreement provides additional confidence in
linearly related to the flux ratio in agreement with the resultsihe validity of the growth model.
ins.GFig S%BO From the slope of the experimental data, The calculated and experimental curves in Fig. 12 ex-
Sep/ Ssip, = 10.77. Rsige has no significant growth tem- hipjt quite good agreement. The results show Batsice)
perature dependence over the rafige 475—-650°C. More- decreases with mcreasn%ezH6 and, hence, increasing Ge
over, the plot of/(1—X) vs Jgep,/JIsiH, in Fig. 10 is con-  concentration in the alloy layer. This is consistent with our

tinuous with little change in slope for all three growth previous Sj_,Ge(001) results showing that the hydrogen
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desorption energy decreases with increagiggdue prima- 1.0 ML. The continued increase Rg;g. at even highef is
rily to a weakening of Si—H bonds through long-range elec-associated with strain-induced surface roughening.
tronic interactiong.
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