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X-ray studies of S/Ge&/Si(001) epitaxial growth with Te as a surfactant
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X-ray standing wave$XSW) and grazing incidence x-ray diffractiqi®IXD) were used to investigate the
crystallinity of ultrathin Ge films grown by molecular-beam epitaxy of081) with and without Te as a
surfactant. The Ge layer thickness ranged from 1 to 10 ML. The results clearly indicate that Ge films grown
with Te have a higher degree of crystallinity compared to those grown without Te. For example, GIXD shows
that 9 ML Ge grown on $001) with Te is strained in plane; while the same film grown without Te is relaxed.
The (004), (022, and(008 XSW results are used to determine the registry of the Ge atoms with respect to the
Si lattice. This is compared with macroscopic continuum elasticity theory predictions for(G)Si
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INTRODUCTION cross-sectional TEMRef. 12 of these same samples shows
the presence of stacking faults and two-phase diffraction pat-
Si/Ge heterostructures continue to develop a greater preterns(Si and Ge which suggest a variation of lattice param-
ence in high-frequency field-effect transistbr¥herefore, eter throughout the Ge film.
the ability to grow thicker and higher-quality epitaxial Ge  Our studies have focused on the initial grou#t20 A) of
films on S{001) continues to be a motivation for engineers Ge on S{001). By using high-resolution x-ray standing
and scientists. Surfactant mediated epitayME) has waves(XSW's) we are able to determine the registry of Ge
proven to be effective for improving Ge epitaxial quality by adatoms with respect to the(801) bulk substrate lattice and
increasing the critical thickness of Ge grown on Si and thusgonclude that Te as a surfactant acts to substantially decrease
allowing the fabrication of abrupt interfaces in Si/Ge/Si het-the amount of disorder in Ge epitaxial layers. The x-ray
erostructures. Surfactants act to improve epitaxial growth bgtanding wave technique has proven to be successful in char-
decreasing the adato(im our case Gesurface mobility and, acterizing and demonstrating that delta layers of Ge grown
thereby, promote two-dimensionéD) epitaxial growth. A on Si with Sb as a surfactant are superior to non-SME
prerequisite for a surfactant in this case is to lower the sursamples>16
face free energy, thus, providing a driving force for the sur- Grazing incidence x-ray diffractiofiGIXD) is a comple-
factant atom to site exchange with Ge adatoms as Ge is deaentary technique that can be used to map the strain distri-
posited. In addition to this, it is advantageous for thebution in thin films. Williamset all’ verified that the critical
surfactant to have a low solubility in both Si and Ge. Mostthickness for strain relaxation is between 3 and 4 ML for Ge
SME Ge/Si work has focused on group V elemdms>~*  growth on Si at 500 °C. For 10 ML thick films they found
Sb®"and Bi(Refs. 8, 9]. However, group IMRefs. 10, 11  that the strain in the Ge epilayer consisted of both a fully
and VI (Refs. 12, 13 elements have also been investigated.relaxed component as well as a Si-Ge alloy component.
In this work, we have chosen Te to be used as the surfactaifhornton et al*® performed a similar study using Sb as a
and have studied molecular-beam epitaxy grown Ge filmsurfactant and measured the critical thickness for the onset of
between 1 and 10 ML grown with and without a surfactant.Ge relaxation to be-11 ML and claim that even up to 55
The growth of Ge on $001) proceeds layer-by-layer for ML the films grown with Sb are at least partially strained. It
the initial 2 to 3 ML. Subsequent growth results in growth is apparent from our data that the growth mode for the 9 ML
front roughening or islanding as a means of relieving thesample grown with Te is pseudomorphic. This is in contrast
strain set up by the 4% lattice mismatch between Si ando the sample with the same Ge coverage grown without
Ge>* By incorporating a surfactant in the growth process,surfactant, which is almost fully relaxed.
one is able to grow coherently strained films well beyond 3 The Te/S{001) 1X 1 surface was used as the template for
ML. These films have been reported to grow defect free up t@e deposition. Te, a hexavalent group VI element, can satu-
~10 ML, whereuponV-shaped defects consisting (f11) rate all available surface dangling bonds of the group IV Si
planes tilted perpendicular to the direction of maximumor Ge surface. This restores a passivatedllterminated
strain begin to fornf:*2 Supposedly, these defects relieve thestructure rendering it suitable for surfactant behavior. The
misfit progressively and thus relieve strain in the film as it isTe/Si{001) structures consist of a saturation coverage
grown. After ~50 ML, dislocations appear in the structure (~0.8—1 ML) of Te atoms residing on bridge sitt5The
originating at theV-shaped defect sites. Higuci al. stud-  ~0.8 ML Te/G&001) system has a similar structui®?! Te
ied Te mediated Ge/@01) epitaxy with reflection high- rows are occasionally missing in both of these systems in
energy electron diffractiofRHEED) and transmission elec- order to accommodate the surface stress induced from the
tron microscopy(TEM).*213They report that 550 A thick Ge adsorption of the larger Te atom. The tendency for Te to
films grown with Te exhibit RHEED patterns that consist of passivate the Si and @®1) surfaces provides a driving
well-developed streaks. This indicates 2D layer-by-layerforce for Te to migrate to the growth surface during Ge/
growth and thus the suppression of islanding. Additionally,Si(001) heteroepitaxy. This is also confirmed from consider-
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ation of binary phase diagramiwhere the binding energy 3 7 AR ¥ T T . T .
is estimated to be stronger in Si-Ge or Ge-Ge than in Si-Te or 3.4 ML Ge with Te (004) 1
Ge-Te. In contrast to other surfactants such as arsenic, tellu- 25 1=0872002 .

K e . K . [ P=014x001
rium’s solubility in both Si and Ge is very low, thus, reduc- -

ing the likelihood of any background doping in Si or Ge.
Additionally, Te completely desorbs from @81 at a mod-
erate temperaturé450 °Q, therefore, making it relatively
easy to remove the surfactant after growth.

2.7 ML Ge no Te
f=0.67 + 0.02
P =0.05 x 0.01

EXPERIMENT

Ge Ko Normalized Yield
)

The set of Si/Ge/$D01) heterolayer structures were
grown by molecular-beam epitaxy in a UHV system with a
base pressure lower tharxL0 ° Torr. The Si substrates,
which were 10 mnx 10 mm in area and 3 mm thick, were
cleaned by the Shiraki methttand outgassed for at least 12

5 0 5 10 15 20 25
(6 -6, )[prad]

h at 650 °C. The samples were then annealed several times 3 — — .

via indirect heating to 850 °C until a sharp two-domain 2 - (b) ©022)
X 1 low-energy electron diffractiofLEED) pattern was ob- 25 _ , _
served. Sample cleanliness was confirmed by Auger electron [ 3.4 ML Ge with Te ]
spectroscopyAES) to ensure that the carbon and oxygen vy A ]
contamination was less than 0.01 ML. For the samples with 2r ]
Te, Te was deposited first onto a substrate held at 300 °C and i ]
then annealed to 400 °C for 10 min until &1 LEED pat- 15[ ]

27MLGeno Te &
R f=0.65+0.02
/ P =0.04=0.01

tern formed. Additionally, a Te overpressure of f£0Torr

was maintained during both Ge and Si growth in order to

compensate for Te desorption. Ge was evaporated from a

Knudsen cell at a rate of 0.1 ML/min with the substrate held

at 410 °C. Continuing at 410 °C, the Si cap was was depos-

ited from ane-beam evaporator operating at 110 W with a

corresponding growth rate of 1 ML/min. LEED and AES [

measurements were made after each step in the growth pro- 20 -10 0 10 20 30 40

cess. The Ge coverage of each sample, which ranged from 1 (6-8_) [urad]

to 10 ML was verified by comparing its fluorescence signal

to that of an ion-implanted standard. The Si cap thickness FIG. 1. The XSW experimental and theoretical angular depen-

and interface roughness were determined by low-angle X_ra9ency of the GeK« fluorescence yield and reflectivity collected

reflectivity. while scanning through théa) Si(004) and (b) Si(022) Bragg re-
The (004) and (0220 XSW scans were performed at the flgction. The Si/Ge/$001) samples are a 3.4 ML Ge fjlm grown

NSLS X15A beamline. The measurements were made b ith Te as a surfactant compared with a sample that is a 2.65 ML

monitoring the GeK a fluorescence signal while scanning in ©€ film grown with no surfactang, =13.5 keV.

energy through the 804 and S{022) rocking curves. The jzed Ge atomic distribution functiom(r),

standing-wave field is generated by dynamical Bragg diffrac-

tion from the Si single crystal substrate. As the incidence . miH e 2P

angle(or energy is sganneg through the range of the Bragg }—H_f pre dr=f,eH. @

reflection, the standing-wave nodal planes move inward onerpq (004 XSW measurement probes the registry of the Ge
half ady spacing. The coherent fraction and coherent posixztoms with respect to the Si substrate lattice along the
tion of the Ge atoms in the film is determined by applying growth direction while thé022 measurement probes a com-
dynamical diffraction theory analysis to the ®er fluores-  ponent that is sensitive to the registry both in and out of
cence yleld data. A more detailed review of the XSW tECh-p|ane_ Figures (:b_) and Ib) compare fluorescence fits for
nique is available elsewhefé.The (008 XSW measure- two of the samples, one with and one without surfactant. The
ments were made at the DND-CAT 51D-C beamline of thestronger modulatiothigher coherent fractiorin Ge fluores-

Ge Ka Normalized Yield

Advanced Photon Source. cence for the sample grown with Te signifies a higher degree
of ordering in the epitaxy.
RESULTS AND DISCUSSION The bulk lattice constant of Ge is 4.2% larger than that of

Si at room temperature. Therefore, if the epitaxial layer is
The structural parameters determined in our XSW meacompressively strained to lattice match the Si substrate, the
surement are coherent fractiom,) and coherent position Ge film will be tetragonally distorted out of plane. Based on
(Py) for Ge. These are, respectively, the amplitude andhe elasticity theory, the strain in tfh01] direction is given
phase of theéd=hkl Fourier componentfy) of the normal- by,
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c R o e BN B0 B 2 i o 2 o
e =—2-2¢,, ) (@) 1.3 ML Ge with Te (004)
Cll I (]
where the elastic constants for Ge are;;=12.4 251 f=0.88 £0.02 g

X 10'° N/m? and c;,=4.13x 10'° N/m?.% Therefore,g,=
—0.040 results ire, =0.027. This results in an out-of-plane
Ge atomic layer spacing that %057.0% larger than the
bulk Si(004) atomic layer spacing. For such an ideal coher-
ently strained film withN completely occupied Ge layers, the
Fourier component introduced in E@.) would be

P=0.05 + 0.01

N
—r—prr

—

N—-1

1
szﬁgo exd 2mi (NS5 + 841, 3)

Ge ko Normalized Yield
[¢;]

o
3]

Where 55 is the fractional increase of the spacing of the [
film (df) relative to thed spacing of the substratelf). 8, ol
is the offset for the first epitaxial layer. We will assume that 5 0 5 10 15 20 25
6y,=36f, based on the difference in length between Si-Ge (6 -6,)[urad]
bonds and Ge-Ge bonds. From this equation, one can solve ?
for the elasticity theory predicted values fiyf and Py,

_ . ] b 1-3MLGe with Te (008) 1

f sin(N&5) - ] ]

H_C|]:H|DH_CW7T§E)DH1 4 o 25} .

;l__) f=0.63x£0.02 .

1 N—1 2 L P=0.090. 3

PH=—arg]—'H)=!5E+5'H. (5) S 2t P=009x001 1

27 2 g [ ]

In Eq. (4), Dy is the Debye-Waller factor an@ is the s 15 ]

fraction of atoms in the predicted positioerdered frac- £ i 3
tion). By combining fundamental and higher-order Bragg re- & 1

flection XSW results it is possible to further decompdge ;
into its constituent part®?’ In our case, we are able to 05 L
separate out the ordered fractig@) and the Debye-Waller Tt
factor (Dy) in Eq. (4) by performing(004) and (008 XSW [
measurements on the same samples. The Debye-Waller fac- 0 taa

tor can be described as follows: 0 2 4 6 8 10 12 14
(6 -6,) [urad]

()
DHZEX% —2m7? a2 ) (6) FIG. 2. The XSW experimental and theoretical angular depen-
H dency of the GeKa fluorescence yield and reflectivity collected
(u3)¥2 is the rms thermal vibrational amplitude of the Ge while scanning in energy througfa) the S{004) and (b) the Si
atoms. Figure 2 shows th@) (004) and (b) (008 XSW (008 reflection. The Si/Ge/8)01) sample has 1.3 ML Ge with Te
measurement on the same sanfplete thatPogg=2P oo, as 2 & surfactan&,=12.2 keV.
expectegl Using the XSW measured values for coherent
fractions from the two measurements, we directly determingeference to Table)l To interpret the results in Fig. 3, we
the Ge vibrational amplitude to bi3,)?>=0.08-0.02 A,  must consider the factor for ordered fractit®) in Eq. (4).
which is close to values for bulk GE.068 and bulk Si For the case ofC=1, all Ge atoms would be occupying
(0.063. The measured vibrational amplitude corresponds tdideal” ordered tetragonal lattice positions. “Ideal” in this
a D4 0f 0.94. Assuming an isotropic Ge vibrational ampli- interpretation would pertain to positions predicted by the
tude, this measured value ¢fi3,)>=0.08 A is used to simple elasticity model. The tendency for Ge to segregate
eliminateDy as an unknown in Eq4). and form islands as a means of stress relaxation has the ef-
Figure 3 shows the measured and predicted4) and fect of creating a larger distribution of Ge positions and thus
(022 coherent fraction and coherent position values for thdowering the ordered fraction. In addition, the introduction of
samples grown with Te[The predicted values come from defects such as vacancies, dislocations, or twin boundaries
Egs. (4) and (5) with C=1] Notice that for Ge thickness would lower this value as well. For our 10.2 ML sample
below 9 ML our XSW coherent fractions and coherent posi-grown with Te, we believe that the introduction of such de-
tions agree well with values predicted from elasticity theoryfects, as a means of strain relaxation, is responsible for the
for pseudomorphic growth. This is in contrast to sampledeviation off, and P values from elasticity theory predic-
grown without a surfactanfas will be discussed later with tions.
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1.0 Ge into the Si cap layer. This phenomenon has been well
documented for Si/G&Refs. 28, 29 as it has been observed
that a certain fraction of the Ge layer diffuses into, and even
on top of the Si capping layer at growth temperatures be-
tween 350 and 650 °C. It has also been reported that Ge can
diffuse into the subsurface Si laye¥slt is therefore reason-
able to assume that in addition to positions in the Ge epitax-
ial layer, Ge is occupying Si substitutional positions both
below the Si surface and in the Si capping layer. The Ge that
segregates to the surface of the Si cap will have oxidized into
0.0 . . : : , . an amorphous phase. It is evident that there will be a wide
(b) range of Ge positions for the samples without Te, therefore,
0.8+ ® Py, rendering the calculation of quite complicated. For these

o Py . samples we could not include a value frin Table |I.

We have also recently performed a similar study, using Bi
as the surfactarit. In this study, the Ge coherent positions
for the samples grown with Bi agreed well with elasticity
theory. However, the coherent fractions for samples above
the critical thickness were markedly lower. This implies that

like Te, Bi has the effect of preventing interdiffusion between
4Ge Cove?age (ML8) 10 12 Si and Ge layers during growth. However, Te is much more
effective in preventing the formation of defects for Ge thin

FIG. 3. The XSW measuregtircles and calculatedlines) val-  films above the critical thickness. Perhaps the most important
ues for(a) Ge coherent fraction an@) Ge coherent position vs Ge prerequisite for a surfactant to be effective is to have a low
coverage for Si/Ge/8001) samples with Te. Th¢004) solid line  activation energy for adatom site exchange. By providing a
and(022) dashed line calculations are based on the elasticity theorystrong driving force for incorporation of Ge atoms into the
The calculatedfy, values include a Debye-Waller correction and epjjayer, the surface diffusion of the Ge adatoms is reduced
assumeC=1. and defects such as vacancies or clusters are less likely to

_ ) nucleate. This site-exchange property is strongly linked to

For comparison, we list calculated values for orderedg grface structure of the surfactant on botto®i) and
fraction (C), coherent position, and coherent fraction, for Se'Ge(OOl). Group V elements dimerize on the surface of
lected samples grown with and without.surfactant in Table "Si(OOl) and Gé001) and passivate the surface, but leave
For the samples grown with surfactadtis calculated from  peping 5 lone pair electron orbital. This is in contrast to
Eqg. (5). In this equation|.F| is calculated assuming that the group VI elements, such as Te, that bond at bridge sites on
epitaxial growth follows elasticity theory aridly andfy are  gj001) and G¢001) and render the outer electron shell of
measured quantities. For the samples grown without surfaGye surface atoms closed. While the group ¥ 2 terminated
tant, the simple elasticity theory model is insufficient. Forg,face is more stable than is the clean Si or Ge surface, it
example, for the 3.7 ML sample grown without surfactant, it ,,qst likely has a higher surface free energy than the Te-
is expected that 3D growth will have initiated. This explains aminated & 1 surface. From this perspective, one can sur-
the relatively low coherent fraction for this sampléds  mise how Te as a surfactant should be more effective than
=0.37). Notice that the two non-SME samples below thee group V surfactants and, therefore, it is evident why Ge
critical thickness havefy and Py, values that are signifi- |ayers grown with Te have a higher coherent fraction that
cantly less than those predicted by the ideal model in Fig. 3y,55e grown with Bi as a surfactant.

This does not imply that the films are not pseudomorphic, XD measurements at the APS DND-CAT were used to
but rather this indicates that there is significant diffusion of,e5sure the in-plane lattice parameters for the specific pur-

_ pose of distinguishing between the strained and relaxed Ge
TABLE I. (004 and(022 XSW measured coherent fraction and films. Figure 4 shows in-planél-K scans at_=0.03 for

coherent position for samples without and with Te as a surfactan . . ;

The ordered fractioriC) is included for samples with Te as deter- tth_ree dlﬁ_erer!t S_ample$EaCh_had a 70 A th'C.k Si Ca)pAt.

mined from Eq.(4). this grazing |nC|dence'cond|t|on the s.,catt'erlng qutm|s
—900 A and thus the in-plane scattering is sensitive to the

structure of the Si cap, Ge buried layer, and Si substrate. For

the 9 ML sample grown without a surfactant, a peak is

Ge Coherent Fraction

0.6

0.4+

0.2

Ge Coherent Position

0.0

0 (ML) SME  foos  Poos c fooz  Pox

1.3 J 088 005 095 093 0.02 presentaH=K=1.93. This is close to the expectét=K

3.4 J 0.87 0.14 1.00 0.91 0.07 =1.92 position for a pure Ge bulk lattice constant, implying
5.1 J 0.67 0.23 0.90 0.84 0.11 that there exists relaxed Ge in the heterostructure. The 9 ML
1.1 0.72 0.03 0.74 0.01 sample that was grown with Te as a surfactant shows no
2.7 0.67 0.05 0.65 0.04 feature at thid, K value. This indicates that the Ge epilayer
3.7 0.37 0.23 0.12 is strained with an in-plane lattice constant constrained to

that of S{001). Figure 5 contains data for the same samples
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FIG. 4. GIXD H,K scans through the Si (212=0.03) peak for
Si/Ge/S{001) samples with(a) 9 ML Ge with Te as a surfactar(ip)
9 ML Ge with no Te, andc) 3.4 ML Ge with Te as a surfactant.

FIG. 5. GIXD H,K scans through the Si (212=0.01) peak for
Si/Ge/S{001) samples witHa) 9 ML Ge with Te as a surfactar(ty)
9 ML Ge with no Te, andc) 3.4 ML Ge with Te as a surfactant.

in a more grazing incidence conditioh. €0.01). For this ) )
condition the calculated scattering depth is reducedito 'egime was extended to at least 9 ML and the data agree with

~20 A where only the Si capping layer should be probed_the.contir.]uum elasticity model for h(_ateroepitaxy. Samples of
The peak aH=K=1.93 for the 9 ML sample without sur- similar thickness that were grown without a surfactant had a
factant is again apparent in this scan, implying a rough mormuch lower coherent fraction than those grown with Te. This
phology with Ge islands in this sample. The calculation ofindicates intermixing and islanding for the Ge layers for

A~20 A assumes planar interfaces between Si and Ge. F§pese non-SME samples. The standing wave results were
the samples grown without Te, the Si cap/Ge interface i§on3|stent with data obtained from grazing incidence diffrac-

likely to be rough which will increase the scattering depthtion where samples with Te proved to have a higher degree
from our calculated value. In order to more thoroughly char-Of crystallinity. The thermal vibration amplitude for Ge bur-
acterize the crystallinity of the epitaxial layers and to inves-€d in Si were also determined, thus allowing us to more
tigate the interface roughness, we have performed |0W_ang|@cc_urately calculate the Ge ordergd fractlon._ Pre_sent investi-
reflectivity and crystal truncation rod measurements on th@ations are underway to study thicker Ge films in order to
samples in this studi? These results confirm that samples determine the extent to which Te can be effective as a sur-
grown with Te have sharper interfaces with lower roughnes&ctant.

(detailed analysis of these measurements will appear else-
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