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Second-harmonic spectroscopy of interband excitations at the interfaces of strained
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We have applied optical second-harmonic generation to the spectroscopy of strained
Si(100)-Sj ¢:Ge, 15SI0, heterostructures, covering the full range of the fundamental critical-point interband
transitions. By analyzing spectra from samples with different thicknesses of the alloy layer ranging from 4 to
28 nm, we were able to resolve different interband excitations localized at the two buried interfaces of this
system. The contribution of the substrate-alloy interface to the spectra consists of bultklikend E,-type
critical-point transitions, consistent with a pseudomorphic structure of this interface. The dominating excita-
tions at the alloy-oxide interface, comprised of a broad resonance centered around 3.6 eV, have no equivalent
in the bulk, and were also observed at Si(100)-Si@erfaces. These transitions are assigned to alloy atoms
without Ty symmetry at the boundary between the,8be, 5 layer and the SiQ transition region.
[S0163-182699)13903-1

[. INTRODUCTION conductor interfaces;’ our present study features an addi-
tional interesting aspect of nonlinear interface optics: the
Si;_,Ge, alloys represent an important class of semicon-Si(100)-Sp g<G&, 15SiO, heterostructures contain two bur-
ductor materials for microelectronic and optoelectronic aped interfaces which both generate the second harmonic reso-
plications, because their epitaxy is compatible with existinghantly. We demonstrate that the contributions of the two in-
silicon wafer technology.One promising application is the terfaces to the spectra can be resolved when spectra from
use of thin Sj_,Ge, layers as the base material in heterobi-Samples with different thicknesses are analyzed. We observe
polar transistors, which allow the realization of high- VEy strong Ej-type interband excitations —at the
frequency devices without resorting to Ill-V technoldgs ~ Si(100)-Sb.esG& 15 interface, leading to a dramatic increase
a consequence of their pseudomorphic growth oflC8) pf SHG intensity compared.to t_he signals from Si(100)-SiO
substrates, such thin alloy layers exhibit tetragonal strain an _terfaces. For the aIon-OX|de_|nt.erface,. We report on a very
a vertical lattice parameter larger than that of the unstraine ifferent type of interband excitation which is also present at

Si substraté. Since Ge content and strain affect the band 1(100)-SiQ interfaces; and which to our knowledge has

structure and the energetic positions of the critical-point in-nOt been observed in previous works using linear optical

terband transitions, the bulk optical properties of bothspectroscoples.

strained and relaxed alloy films have been extensivel¥ The organization of this paper is as follows: in Sec. Il we
. . . eport on the preparation of the Si(100); & hetero-
investigated* However, the effect of the interfaces of P brep (100)8f58 15

A i - structures, and describe our experimental setup. In Sec. llI

Si-ShGg heterostructures on the interband transitions hagye introduce the theoretical framework for SHG at interfaces

not been explored so far, although interface properties best multilayer systems, and discuss a critical-point model for

come increasingly important as the thickness of the allojthe frequency dependence of the second-harmonic suscepti-

layers is decreased. bility that we used for the analysis of the measured spectra.
In this paper we present a comprehensive second®ur results for SHG from the heterostructures are presented,

harmonic generatiofSHG) study of interband transitions at analyzed, and discussed in Sec. IV.

the interfaces of strained Si(100)q8iGe, 15SiO, hetero-

structures. We used SHG to excite the transitions because Il. EXPERIMENT

this process is dipole forbidden in centrosymmetric materials

such as Si and homogeneously strained gbe, alloys. As

a consequence, SHG is very sensitive to the interfaces of Our heterostructures were grown under ultrahigh-vacuum

Si-Si; _,Ge structures. Our spectra cover the full rarifge5  conditions by molecular-beam epitaxy ormp-doped,

eV) of the fundamental critical-point interband transitions, 1000{) cm Si{100) substrates, which were covered with a

enabling a detailed comparison with bulk optical spectra200-nm Si buffer layer at 700 °C prior to the epitaxy of the

With respect to previous spectroscopic SHG studies of semiSi; _,Gg, layer at 600 °C. The Ge contexbf all layers was

A. Preparation of the heterostructures
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FIG. 1. Setup of the SHG laser spectromebr.mirror. SHG and THG: second- and third-harmonic converters. HBS: harmonic beam
splitter. B: beam dump. BS: beam splitter. OPG/OPA: optical parametric generator/amplifier. Comp: compensator for vertical beam dis-
placementF: color filter, FR: Fresnel rhombs. Ref.: reference samfsl@nalyzer. Monochr.: 1/8-m monochromator. PM: photomultiplier.

15%, as determined by Rutherford backscattering measure- The p-polarized beam from the parametric converter was
ments. The surfaces of the structures were well ordered, exlightly focused onto the sample at an angle of incidefice
hibited 2Xn dimer reconstructions as revealed by scanning=65°. For experiments wite-polarized excitation, a pair of
tunneling microscopy and low-energy electron diffraction, Fresnel rhombs was inserted into the beam. Undesired idler
and did not expose more than three atomic laje8amples  or signal radiation, second-harmonic light generated in opti-
with different alloy thicknesses were grown in subsequenta| components before the sample, and residual light at 0.355
deposition runs _u_nder virtually identical condl_tlons, I_ocked nm were suppressed with appropriate glass filters. The polar-
out of the deposition chamber, and covered with a thin layefzation state of the detected second-harmonic photons was
of native SiQ by exposure to air. Our heterostructures with sejected with a Rochon analyzer. After spectral filtering with
alloy thicknesses between 4 and 28 nm were fully strainedyppropriate glass filters and a 1/8 m monochromator, the
as thes_e thlckne_:sses were well below the critical thicknesgecond-harmonic photons were detected with a photomulti-
for strain relaxation which is about 100 nm for a Ge concenyyjier tube and a gated digitizing storage oscilloscope. Four
tration of 15%." Unintentionalp-type doping of the buffer gitferent sets of glass filters were necessary to achieve suffi-
and alloy layers was below>310'® cm"2. cient suppression of the fundamental photons in the spectral
range of these investigatiori2.4-5.0 eV. The dark count
rate was about two counts in 1000 laser pulses. A personal
computer was used for data acquisition, for the wavelength
Tunable, high-power light pulses for efficient excitation control of the monochromators, and for the frequency tuning
of second-harmonic photons with energies between 2 and &f the parametric converter by rotation of the parametric
eV were produced by a picosecond optical-parametric conerystals and the grating with stepping motors.
verter systerh' (Fig. 1) similar to that described in Ref. 12. SHG spectra were measured for energies of the second-
Pulses of 355-nm wavelength and 18-ps duration, obtaineblarmonic photons between 2.4 and 5.0 eV. We have also
from a flashlamp-pumped, actively and passively modechecked the energy range from 1.6 to 2.4 eV, but none of the
locked 10 Hz-Nd:YAG(yttrium aluminum garneylaser by  samples discussed in this paper yielded a discernible SHG
third-harmonic generation, were used to pump the parametrigignal in this range. Our spectra were limited to a maximum
converter consisting of two angle-tuned, type-lI phasesecond-harmonic photon energy of 5.0 eV because appropri-
matched Lithium triboratgLBO) crystals. The first LBO ate filters for efficient suppression of the fundamental pho-
crystal was pumped with about 3-mJ pulse energy in a twotons for higher second-harmonic energies were not available.
pass configuration. The signal wave generated in the firdeulse energies at the sample were typically 120 for idler
crystal was monochromatized to less than 3 meV bandwidtwvavelengths(spectral range 1.2—1.75 ¢\&nd 200 uJ for
with a 2400 lines/mm holographic grating in a near-Littrow signal wavelength&pectral range 1.75—2.5 ¢VThe energy
geometry, and parametrically amplified in a second LBOfluence at the sample was less tham 4Q)/cn?. We have
crystal which was pumped with about 6-mJ pulse energy. Achecked the fluence dependence of the SHG intensity in a
rotatable glass block made of Infrasil quartz glass was usespectrum of a Si(100)-SiQinterface in the range of thg,
to compensate for the vertical beam displacements caused liansitions (3.2—3.4 eV, and did not observe significant
the frequency tuning of the parametric converter. The tuninghanges for different fluences of our 14-ps pulses. Strong
range of the parametric pulses with about 14-ps pulse duraffects at fluences of less than 10 J/cn? due to carrier-
tion was from 0.41 to 2.4um. induced screening of dc electric-field-induced SHG at the

B. SHG laser spectrometer
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FIG. 2. SHG efficiency of the reference sample: urea crystallites
with glycerol as an index-matching fluid.

FIG. 3. SHG in a multilayer syster$"* andE3“"” denote the
electric-field amplitudes of the incoming-polarized fundamental
wave and the outgoing-polarized second-harmonic wave, respec-
tively, in medium 1.

Si(100)-SiqQ interface have been reported previously in ex-
periments with 110-fs laser pulses, howeter.

C. SHG reference sample o ) ]
the contributions from all interfaces and layers. A quantita-

To eliminate effects in the SHG spectra which are causegye analysis of SHG spectra from heterostructures therefore
by laser power drift and by the wavelength dependence Ofiecessitates a model of the SHG response that takes into
both the pulse energies and of the spatial beam parametekgcount all linear optical effects of the propagating funda-
the sample spectra were normalized to the bulk SHG signahental and second-harmonic waves such as multiple reflec-
from a reference sample. About 7% of the beam power incitions at the interfaces and absorption in the layers.
dent on the sample was deflected onto a reference sample For this purpose, we have extended the matrix formalism
consisting of a suspension of 2@0-um large urea crystal- developed by Sipe for the low-ind€£00), (110, and(111)
lites in glycerol. Glycerol was used as an index-matchingsurfaces of cubic crystdfs'’ to multilayer sytemg® Our
fluid to minimize scattering losses. The detection system fomodel considers SHG at all relevant interfaces of the system,
the reference signal was identical to the one for the samplguadrupole-type SHG in the bulk of the centrosymmetric
signal. We used urea crystallites because of their large norlyers, and dc-field-induced SHG if the electrostatic field of a
linear coefficient and because of their capability of phasespace-charge region near an interface is sufficiently strong.
matched SHQRef. 14 without introducing Maker oscilla- Following Ref. 18, we use in our description of SHG at

tions as the frequency is tuned. interfaces an effective second-harmonic interface susceptibil-
Because of noncritical type-ll phase matching, the SHJY defined by
efficiency of the urea crystallites has the spectral dependence
shown in Fig. 2, with a strong maximum around X(S’Z;M(w,w):zf . dzdzdz' x7),
Interrace

16100 cm?, which has to be taken into account when nor-
malizing sample spectra. The part of the spectrum between
15200 and 20000 cit in Fig. 2 was determined o)

experimentally’ and fitted with a spline function. For fre- where z is the coordinate normal to the interface, and

quencies below 15200 cm, where no experimental data 2) (7.7'.2" w.w) is the nonlocal and frequency-dependent

were avalaible, we used the monotonic frequency depenfesy . A .
dence calculated from the theory of SHG in small phase_second-harmomc susceptibility integrated over the coordi-

matchable crystallites: ng}esxwand y pare_lllel to the interface. The functions
s.”(2),s2(z) are defined agSysteme International unjts

X (2,22 0,0)5;"(2)s5(2')s5(2"),

Ill. THEORETICAL FRAMEWORK AND DATA 1 for ae{x,y}

Q
s (2):= 2
ANALYSIS «(2) €oE2(2)/D%(2,) (2

for a=z,

A. SHG in multilayer systems with Q=2w or w. The componenE{(z) of the electric-

In Fig. 3 we illustrate the general situation of SHG in afield strength perpendicular to the interface varies rapidly
multilayer system. A laser beam with frequeneys incident  across the interface, while the perpendicular component
on the system. Contributions to the second-harmonic wave®{(z,) of the dielectric displacement is continuous at, and
with frequency 2 are generated at each interface and in thepractically constant within, the transversal extension of the
bulk of each layer. Reflection and transmission of both thénterface.z=z, defines an arbitrary plane within the inter-
pump wave and the second-harmonic wave occur at ead@ce. In writing Eqs(1) and(2) we assume that the thickness
interface. The outgoing second-harmonic wave whose powesf the interface region is small compared to the second-
is detected in the experiment is a coherent superposition dfarmonic wavelength and also small compared to the absorp-
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tion lengths for both the fundamental and second-harmonic SHG photon energy (eV)

photons. The continuous field compone®$(z,),E(z0), o 25 %0 35 40 45
and E‘y)(zo) are then determined by the dielectric functions & ' ' ' ' i
e(Q1) of the bulk media adjacent to the interface. With this 50 b PO
definition of ), (w,®), the second-harmonic interface wk ‘ Ao

polarization(dimension: dipole moment per ajeat z, can
be written as

sof " oxide thickness: ]

3 (6, (17 um)

r 0nm
2 > @ 20 e 1nm 3o
Ps%(zo)=€ w,0)F%20)F%(z0), (3 i — 10 nm
s,a\ %0 Oﬁ’y Xs,aﬁy( B 0 'y( 0 10:_ o 100 nm _:10
. e e 1000 nm ]
with 3 P I E PP EPRPR S,
10000 12000 14000 16000 18000 20000
Ef(z) for ae{x,y} 2.5 3.0 3.5 4.0 45
Fo(z):= @ @) 1.0n_..--::,.-|---,.-.--.,-....,.,...:..:1,01;

D&(z)ley for a=z.

For tensor elements gf®) with one or more indices equal to
z the interface susceptibility!?) .. defined in Egs(1) and

s,aBy 25 L H { AT ]
(2), is a somewhat peculiar hybrid because it depends not & oo / FE XL
only on the nonlinear optical respon,sgﬁ)y(z,z’ 2" w,w) of =® 3 F ,',.5'* ' '
. . . . . (o] J P R K H
the interface but also on the variation of the electric-field & 5.1/ -7 / Jo.sx

strengthE, across the interface. Although it would be desir-
able to separate between linear and nonlinear optical effects [ i ;
of an interface in a SHG spectrum, only the quanitf),, 0% 10000 12000 14000 16000 18000 20000 "
can be directly determined in a SHG experiment because the
variation of E, across the interface is generally unknown.

For (100- and(112)-oriented interfaces of multilayer sys- FIG. 4. Magnitude and phase of the SHG coeffic,m()((z)

s,2z

tems with cubic bulk symmetry, the tensor elementsfor the Si-SiQ interface, calculated for different oxide thicknesses.

2 2 2 2 H
X(SvZ)ZZ’XéZ)XX.’XégX?’ andx (s [the latter is nonzero only for The j summation includes all relevant elements of the
the (111) orientatior] of the effective interface suceptibility second-harmonic susceptibility tensors in E@®, (5), and

contribute to th? SHG. _In addition to SHG at interfaces, a(6). Both, the variation of these coefficients with frequency,
second-harmonic wave is also generated in the bulk of cenynich can be calculated if the dielectric functiogéw) and
trosymmetric materials t_hro_ugh a nonlocal, electric- €i(2w) of all layersi =2 ton are known, and their variation
quadrupole-type bulk polarization with the angle of incidencé depend on the tensor element
20 orn2 © © Xi,j- Furthermore, the terms with the coefficiefts, and
Pola(N) = el YV LE“(N]+LELNVEL(N] () c,, introduce a dependence of the second-harmonic field
with y and ¢ being the isotropic and anisotropic nonlocal Strength on the azimuthal orientatioangle ¢) of the
bulk SHG coefficients, respectively, for cubic crystfisve ~ Sample, with a threefold symmetryn(=3) for systems with

also consider dc-field-induced bulk SHG according to (111) orientation, and a fourfold symmetryn=4) for sys-
tems with(100 orientation.

The matrix formalism for the calculation of the SHG co-
PZ2(r)=€o>, XD 0,0,0E5(NELNES(z), (6)  efficients in Eq.(7) automatically takes care of multiple re-
By flections in the layers’ The importance of multiple reflec-
tions for sufficiently thick layers is demonstrated in Fig. 4,
apyz L . where the frequency dependence of both the magnitude and
dc
?;;i(lfrzllgglthe electrostatic field strength in the space—charg%haS? (?f the Coeﬁiciempg(xg?gz) is.show.n, as calculated
Th ' larized litudeE2”" of th {0l q for Si-SiO, systems with different oxide thicknesses. For the
€ v-polanized amplitude= .~ ot In€ outgoing SECoNA- e actric function of SiQ we have used the data of Ref. 22.
harmonic wave generated in the multilayer system and '®the effect of very thin oxidess1 nm on the propagation of

flecteld _ba((:jk to Tec(ijiumw’}va;c%unj or _aﬂ is related to_th(_a the beams is completely negligible, while the effect of the
p-polarized amplitudés; ™ of the ingoing pump wave inci- . iqe is clearly discernible for oxide thicknessed0 nm.

dent from medium 1 onto the system of layers hidayern — pq ey thick layers>100 nm, strong oscillations of the
being the substr.ate, see F_lg_.t_Brough the interface and bulk magnitude and rapid phase changes modulate the frequency
second-harmonic susceptibility tensor elementiw,w) of  jependence of the nonlinear susceptibility in a SHG spec-
all layersi=2 to n, multiplied with appropriate coefficients .,
8Dy, @NAC,, ! Absorption of the pump and the second-harmonic wave,
n which is fully taken into account by the SHG coefficients,
E20.v_ a V+b ~Ysinm can also affe_ct the frequency dependence of a SHG spectrum
1+ 2’2 2,: (81,5 TPl ) ¢ in a dramatic way. As an example relevant to the sub-
orgin2 sequent discussion of SHG spectra from Si(100)-
+Cuy(xi j)COSNP]xi j(ET)". (1) Siyg:Gey 15Si0, heterostructures, in Fig. 5 we show the cal-

Wave number of fundamental photons {cm-1)

wherex®)_ (w,®,0) is a third-order nonlinear susceptibility

uvo
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SHG photon energy (eV) and f[E,(k),T] being the Fermi distribution. The quantum
60 2.5 3.0 3.5 4.0 4.5 60 numbersv,c,c’, andk denote the valence- and conduction-
SRR band indices, respectively, and the wave vector in the first
50 b SoasC570XICe intertace: 150 Brillouin zone of the crystald=—er is the electric dipole
_ S ] moment operator. In separating the nonlinear susceptibility
E s} 140 in Eqg. (8) into resonant and nonresonant parts, we make use
= : ] of the fact that for the frequency range of our exciting laser
= %0F -3 photons(1.2-2.5 eV resonant excitation of direct interband
B | T T T e ] transitions in the Si-Gig<Ge, 15 System is not possible with
of O 0550%0.15 Mterfaces 20 the fundamental frequenay. Only the two-photon frequen-
0k N T yge =08 MM 3 cies 2w fall in the spectral range of the interband transitions
; RS dgige =85 NM ] |c,k)—|v,k). As a consequence, the frequency dependence

FE. 0 .\."'-.----b- [P B,

0
10000 12000 14000 16000 18000 20000
Wave number of fundamental photons (cm-1)

of Ag'yc'c'(k;w,w) is weak and can be neglected for our pur-
poses. Note that for a dipole-allowed transitidno,k)
—]v,k) in centrosymmetric crystals such as Si, the products

FIG. 5. Magnitude of the SHG coefficieap,p()(gi)u) of the two of the two matrix elements in E9) [and correspond_ing
buried interfaces of a Si-GiGe,15Si0, system. calculated for products appearing in the nonresonant contrlbultlon in Eq.
alloy layer thicknesses of 6.5- and 65-nm, respectively, and for a1482' see Ref. 2Bare zero because e_lth|er, k> and|c 'k> or
oxide thickness of 1 nm. The small differencesagf(x2),) of the |¢”,k) and|v,k) have the same parity. -
Siy.g£G6y 150xide interface with 6.5- and 65-nm alloys are due to As far as CP transitions are qoncgrned, only a limited
different multiple reflections in the alloy layers. re_lng_e_{kr} of k vectors of the Brillouin zone COﬂ'FI’IbU'[es
significantly to a particular CP labeled with the index
v,C,C’ . H
culated frequency dependence |af,,(x$2,,)| for both the Ay (Kjo,0) may therefore be averag)ed over this part of
Siy g5y 150xide interface, and the Si-gj:Ge, 15 interface, Lhe Br_llloum zone. The re_s_onan]E Fgar??fﬁv(“"w) can then
and for alloy layers of 6.5 and 65 nm. For the dielectric°€ Wrttén as a superposition of CP's:
function of Sj gGe, 15 Wwe used interpolated data from Ref.

3. As expected, the coefficient for the contribution from the ~ X',(@,0)~ > B} (0,0)

upper interface is virtually independent of the alloy thick- r(CP’s)
ness, while the coefficient for the lower interface dramati- (v, ,k|d,|c, k)
cally decreases with layer thickness for second-harmonic Xf dko——F = f[EL(K),T]
. - kK, hl2o0—wc, (K)]
photon energies above 3 eV due to strong interband absorp- r ror
tion in the alloy. + (nonresonant contribution (10)
with
B. Critical point interband resonances in SHG K
So far we have not considered the frequency dependence B (w,0)= >, AC'Crvr(k-w ) ' (11)
. o epe . . By 1 ﬁ'}’ ) ) .

of the nonlinear susceptibility which is resonantly enhanced ¢’

for excitation of interband transitions with a high joint den- e range of integration in Eq10) and thek range of av-
sity of states. In what follows we discuss our resonancaging in Eq.(11) refer to that part of the Brillouin zone
model .for the nonlme_ar susceptibility Whlch we used in our\yhich contributes significantly to the CP with indexNe-
analysis of the experimental data, and which allowed us tQecting again thé& dependence of the matrix element in Eq.
extract relevant material parameters such as the crltlcal-p0|Q 0) for a particular CP, the integral in E¢L0) represents

(CP) energies at interfaces. The second-harmonic suscepline resonant part of the CP contribution to the linear dielec-
bility of crystalline semiconductors and insulators can be eXyic function

pressed in terms of direct optical interband transitiths:

20)= 2 12
2) => o Kldalc k) () Z 2o =
Xaﬁy(w'w)_vyc’c,f hl20—we,(K)] with
U,C,C’ . 2
XAGC (K 0,0)f[E,(K),T] Er(w):fk dk';”[rﬂ’)'(_'i”"c'(’::;]l f[E, (k),T]. (13

+ (nonresonant contribution (8)

The CP structures ire(w) spectra of semiconductors are

with A we, =E(k)—E,(K), commonly analyzed in terms of standard analytic line
shape¥'

_<C,k|dB|C’,k)(C',k|dy|U,k> er(w):Cr_frei"/jr(w_Er/h"_irr)nry (14

hilo— e, (k)] with f, being the amplitudey, the excitonic phase anglE,
, , the energy, and’, the broadening of the CP resonance. The
+<C’k|d7|c k(e ’k|dﬁ|v’k>, (9) index n, can assume various values, depending on the type
hlo—wcr (k)] of CP. In particular, the case = —1 is referred to as exci-

ALS (K, 0)
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tonic line shape which represents the best fit toEheCP of g 2.5 3.0 3.5 4.0 4.5 8
bulk Si?* Using Eqgs.(10)—(14), one can derive an expres- - SRR lSli(;OIO)I-S'i e 501
sion for x'7),(w,®) in terms of CP resonances: (.EU . I 5%, Si(wo)_sg’: e ] .
- . T o ° ]
ngy(w,w)%g B, (w,0)fe"(20—E, /i+iT )™ 5 $ e
o4 o
I 5 I 8
+ (nonresonant contribution (15 § I S
with 5 2] §
38 g
~ T [
Bl (w,0)=—Bj (w,0)(c K|d, v, k). (16) Ny

2.5 3.0 35 4.0 45
According to Eq.(15), the second-harmonic susceptibility Second-harmonic photon energy (eV)
exhibits a frequency dependence which is very similar to the
CP structure of the linear dielectric functia{2w), pro-

vided the fundamental frequency is sufficiently away from
all CP resonances so that the frequency dependence

B, (o, ) is sufficiently weak.

. The abovg giscussion of th_e frequency (_jepenc_ie(rif;g_ system, to assign resonances to the susceptibility tensor ele-
directly applies to bulk SHG in crystals W'.thOUt INVETSION ments of the various interfaces or, in the case of quadrupole
symmetry such as GaAs. In centrosymmetric crystals like Sy, ¢ _fie|d-induced bulk SHG, of the bulk of the layers, and

Or ShgsGey1s, SHG is dipole aIIovyed only at interfaces. 5 fit the (4n—1) parameters fon resonances until conver-
Close to interfaces, the wave vectois not a good quantum  gonce s obtained. To optimize the fits we allowed the layer
number and should be replaced by the wave velgigaral-  ihickness to deviate by 0.5 nm from the nominal thickness.

lel to the interface and by,, the label of atomic layers theqe deviations are within the accuracy of the determina-
perpendu_:ular to the interface. If the bondlng_ at mterfac_es I$ion of the layer thickness of the prepared structures. The
not too different from the bulk, the perturbation of bulklike giapijity of the fits was checked by repeating the procedures
states at the mterfac_e is moderate, and t#)el() equivalent | . ditferent starting values for the parameters.

to Eq. (13) has a similar CP-type frequency dependence. \ye did not attempt to optimize the fits by introducing CP
More dramatic Q|ﬁerences can be expected for the matrixj,q shapes different from that in E6L7). We consider the
elements oA (k,|,,w,) in Eq.(9) because the modi- fits as a means to determine the resonance parameters from
fied bonding at the interface is exactly the reason for finitethe measured spectra, but we do not discuss physical impli-
values of the matrix elements, yielding a nonzqﬁgﬁy. cations of the CP line shape. The error margins of the fit
Since the perturbation of the bulk states decreases with irparameters, in particular of the resonance energies, mainly
creasing distance from the interface, the magnitude obriginate from the unknown relative weight of the suscepti-

' AT 2 2 2 H
A% (k) |, 0,0) also decreases for layers farther awayPbility tensor elementsy{?),,, x{7)y,, and x{,, in the SHG
from the interface. Therefore, the facw%’;'c,(k“ 1, w,0) spectra(see the discussion in Sec. I\J.OThus an optimiza-

in Eq. (8) weighs the contributions of the layers closer to thetIon of the _I|ne shape for the SHG resonances makes little
interface more strongly. sense at this level.

Notwithstanding this complication for interface suscepti-
bilities, we found that,- and E,-type interface resonances IV. RESULTS AND DISCUSSION
in our SHG spectra could be reasonably well described by
Eq. (15) with n,= — 18 Inserting this frequency dependence

FIG. 6. SHG spectrum of a Si(100)3tGe, 15 heterostructure
with a 4-nm strained layer covered with a native oxidpen sym-
Bfls), in comparison with the spectrum of a bard180) sample
also covered with a native oxidéull symbols.

A. Si(100) -Siy gG&p 15-Si0, Vs S(100)-SiO,

for the second-harmonic susceptibility into E@), one ob- In Fig. 6 we show the SHG spectrum of a
tains, for the SHG intensity, Si(100)-Sj gGey 15Si0, heterostructure with a 4-nm alloy
. 5 layer, in comparison with the spectrum of a bar¢1680)
frexpli ¢) sample p doped, 2-10 k) cm) covered with a native ox-
l(2w)e gl A(w,6) 20— w il (17 ide. Both spectra were obtained usipgpolarized light and

detecting the-polarized second harmonic. A remarkable re-
where all relevant resonances at the interfaces and in the bull|t in Fig. 6 is the surprisingly strong intensity of the band
of the multilayer system are considered in the summation. Iyround 3.37 eV from the heterostructure, exceeding that of
writing Eq. (17) we neglect the frequency dependence of thehe si-Siq interface by one order of magnitude, and point-
coefficientBrBy in Eg. (15). The functionsA(w, 6) represent ing to a large optical nonlinearity of the alloy layer or of its
the linear-optical coefficienta,,, b,,, andc,, in Eq.(7)  interfaces.
that take into account the propagation of the fundamental and The electrostatic field of the space-charge region, which
the second-harmonic wave through the system. For thbas been shown to be an important source of SHG at semi-
analysis of our measured SHG spectra we performed leastonductor interfaces for sufficiently strong fields?! cannot
square fits of the parameters in Ef7) using a Levenberg- be the primary cause for the SHG from our heterostructure
Marquardt algorithn?> Our software allows us to specify the for the following reason: with a valence-band discontinuity
geometrical and bulk dielectric properties of a multilayerof 0.11 eV for the Si(100)-$ik<Ge, 15 interfacé® and the
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FIG. 7. (a) Azimuthal dependence of SHG at 3.22 eV from a 2
6.5-nm Si(100)-SisGe, 15 heterostructure(b) Azimuthal depen- e, -
1 1 1 N

dence of THG at 3.4 eV from the same sample. Solid lineg@jn 0 2'5 0 EYETE ~ 5

and.(b): fits fo the data with an isotropic contribution aqd an aniso- Second-harmonic photon energy (eV)

tropic contribution ofC,, symmetry. The results of the fits are also

indicated. FIG. 8. SHG spectra of strained Si(100);§Ge, 15 Si0;, struc-
tures with the thickness of the alloy layer increasing from 4 to 28

dopant concentration quoted above, we estimate an electriom (symbolg. Solid lines: fit of CP-type interband resonances to

field strength of some kV/cm, too weak to produce the stronghe data, using the SHG coefficient fof?,,.

SHG signal of the 4-nm sample in Fig. 6. Band bending

caused by interface states at thg ;gbey ;5-native-oxide in-  symmetry!® The crystalline anisotropy of the layer was,
terface affects the SHG efficiency in a similar manner as the,gwever. revealed in third-harmonic generati@G) ex-

Si—native-oxide interface does, and it cannot be resr’onSiblﬁeriments. THG is dipole allowed in the bulk of the hetero-

for the strong SHG from the heterostructure either. AIS.O’structure, and exhibited the expected fourfold anisotropy in

guadrupole-type bulk SHG is comparatively small. Azi- __. - .
muthal SHG measurements at 3.22 eV on a 6.5-nm samp e2|muthal measuremerftSas shown in Fig. {b) for a third

revealed that the magnitude of the anisotropic quadrupolearmomc photon energy of 3.4 eV.
bulk contribution ¢) to the SHG signal from structures with
a thin layer amounts to less than 1% of the total isotropic
contribution[Fig. 7(a)]. Since the bulk linear dielectric func-
tions of Si and Sjg<Ge, 15 are rather similaf;* we also ex- Further insight into the origin of the SHG from the het-
pect comparable isotropic bulk quadrupole susceptibilifies erostructures can be gained by comparing in Fig. 8 spectra
for the two materials which cannot explain the dramatic in-from strained heterostructures with different thicknesses of
tensity differences in Fig. 6. An upper limit for the contribu- the alloy layer ranging from 4 to 28 nm. The spectra exhibit
tion of y was obtained froms-in/p-out measurements of pronounced variations of the intensity and spectral depen-
hydrogen-terminated @i11) surface$’ which probey to-  dencies as a function of thickness. In particular, the intensi-
gether with{ and the surface tensor eleme)(ﬁfz)xx. These ties of theE;- andE,-type resonancedecreasavith increas-
measurements yielded intensities around 3.4 eV that wernag layer thickness. This result lends further support to our
weaker than those from the heterostructure in Fig. 6 by @onclusion that SHG in the bulk of the strained alloy layers
factor of about 250. Considering the stronger radiation effiis not responsible for the strong SHG signal from the hetero-
ciency of thep-in/p-out configuration, this signal causes an structures. Furthermore, if SHG in the bulk of the layers
intensity of 0.17 on the scale of Fig. 6. Thus we can rule outvere the dominant effect, tHe, resonance energy should be
both dc-field-induced and quadrupole-type bulk SHG to beclose to the bulk value of 3.19 eV for strained $Ge, 15,2
responsible for the strong SHG signal in Fig. 6. in contrast to the measured spectral position of Eheype

It should be noted that the lack of a pronounced crystalfeature at about 3.37 and 3.32 eV for the 4- and 6.5-nm
line anisotropy of the SHG signal from the heterostructure isheterostructures, respectivelyig. 8).
not an indication of poor structural quality of the alloy layer  The spectral position of this feature shifts from 3.37 eV
but a consequence of the overalj,Gymmetry of thg100-  for 4 nm to 3.20 eV for 20 nm, whereas the energy of the
oriented material: only the comparatively weak quadrupoleE,-type feature remains constant at about 4.4 eV. We will
bulk polarization causes anisotropy in SHG, while the re-sshow below that the spectra and their dependence on the
sponse from its interfaces is isotropic for systems witf) C alloy thickness are readily explained by interference of reso-

B. Thickness dependence of the spectra
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nant SHG at the outer alloy-oxide interface with SHG at the
inner substrate-alloy interface. The escape depth of the SHG
photons(see also Fig. b decreases from 14 nm at 3.2 eV to
4.4 nm at 4.3 eV in 3igGe, 15.2 The spectra for thin layers
<6.5 nm are, therefore, dominated by strong SHG from the
substrate-alloy interface, while the SHG from the 28 nm
sample originates from the alloy-oxide interface for energies
above thekE; transitions.

25 3.0 35 4.0 4.5

BN S S B S B S S B B S B B S S S B B S
2

C. Analysis and interpretation of the spectra

Ruling out significant contributions of quadrupole-type
and dc-field-induced SHG in the bulk of the samples, we
consider the interfaces of the heterostructures as the domi-
nant radiation sources for the SHG spectra in Fig. 8. Conse-
guently, the resonant structures in Fig. 8 must be related to
resonant excitations of interband transitions at these inter-
faces.

As discussed in more detail elsewhérbge frequency de-
pendence of SHG at Si(100)-Siinterfaces between 2 and
5 eV is caused by three different types of interband reso-
nancesE;- andE,-type resonances at about 3.3 and 4.4 eV,
respectively, and a third band around 3.7 eV specific to the
Si(100)-SiqQ interface. In analogy to the Si-SjOnterface,
we have to consider three corresponding types of resonances
for the Sp Gy 15-SIO; interface as well. For the substrate-  FIG. 9. Same as in Fig. 8, but with a fit for the tensor element
alloy interface onlyE,- andE,-type excitations are relevant {2 .
because it is pseudomorphic. In contrast to the alloy-oxide )
interface, however, both adjacent regions of this interface are (Zl)t sho%()j be noteg)that all three interface tensor elements
expected to contribute to the SHG. Since the bEIKCP  Xszzzr Xsxxz @NdXs2xxare probed with the-in/p-out con-
energy is virtually independent of the Ge contéfitye can ~ figuration. A separate measuremenb(éizy_z using mixed-in/-
model the frequency dependence of the nonlinear interfacgOut polarizations was not attempted in this work. While
susceptibility ) in this spectral region with a single reso- S"n/p'(%”t experiments on a 6.5-nm sample have indicated
nance. TheE; CP energy depends on the Ge content: 3.4¢131 Xs.zxx alone cannot account for the measured SHG in-
eV for Si%*and 3.19 eV for strained SiGe, 1 (Ref. 29 at tensities in Fig. 8, its contribution to the spectra in Fig. 8 is

300 K. Therefore we describe the nonlinear response of thi@ot neglligible. L . .
interface aroundE, with two resonances @f(z) rtfpresent— The fit function in Eq.(17) includes only those interband
S 1

o . ) : i transitions which are nearly resonant with the second-
ing interband transitions at either side of the interface. harmonic photon frequency«® To explore possible effects

Using the analytic form in Eq(17), we have fitted the ot nonresonant contributions due to interband transitions at
(6x4)—1 independent parameters of the=6 resonances energies above thE, CP and due to nonresonant excitation
described above simultaneously to all five spectra of Fig. 8yith the fundamental photon frequeney, we have simu-
assuming that the set of the four paramefgrso,,yx, and  lated the nonresonant contribution in H45) by one addi-

Yy of each interface resonance does not change with thgonal resonance from each of the two interfaces with a very
thickness of the alloy layer. The result is shown as solid linesveak spectral dependendeesonance energy 5.0 eV, full

in Figs. 8 and 9 using the coefficiemg(w, 0) for the tensor  width at half maximum 5.0 e\ Inclusion of these nonreso-
elementy(?,,andx2,,, respectively. Fits of similar quality nant contributions did not improve the fits significantly, and
as in Fig. 9 have also been obtained with the coefficient ofheir maximum SHG intensity at 5.0 eV was less than 0.4 on
the tensor e|ememg22)XX. Considering the assumptions made the scale of the spectra in Fig. 8. Their very weak effect on
about the line shapes and the fact that we used the same 4B€ resonance energies is thus within the error margins of the
of resonance parameters for five different sampidth only  fitted resonance energies quoted below.

23:5=4.6 free fit parameters for one Spectrum from 2 to 5 More detailed information about the interband excitations
e\/), the overall agreement between experiment and fit |rﬁt the two interfaces can be gathered from FlgS 10-12. The
Figs. 8 and 9 is quite satisfactory. A more realistic line shap&arious contributions of the two interfaces to the spectra are
for the band around 3.6 eV should improve the fits particu-displayed for the 4- and 28-nm heterostructures as the mag-
larly for the 20- and 28-nm samples. We point out that thenitude |EZ%| [see Eq.(7)] of the second-harmonic field
thickness of the alloy layer is the only parameter which isstrengths outside of the sample. These contributions were
different for the five calculated spectra in Figs. 8 and 9. Thusseparately calculated from the fitted parameter values of each
it is clear that the pronounced dependence of the spectra dndividual resonance assuming the SHG coefficients for
alloy thickness is predominantly caused by the optical propax2),,, xZk,. and x{%,,, respectively. Except for the en-
gation, i.e., interference and absorption, of the secondergy of theE;-type resonance of the alloy-oxide interface, all
harmonic radiation generated at the two interfaces. three fits yield comparable results. The differences result

Second-harmonic signal (arb. units)
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FIG. 10. MagnituddEf?| [see Eq(7)] of the second-harmonic 16 15 same as in Fig. 10 but faé2), . The SHG coefficient
field amplitudes for the 4- and 28-nm samples, resolved as indiz¢ () s used for the resonance at 3.66 6V because this reso-
5 H H H S,XXZ "
vidual Qontrlbuthns from the three resonances qf each |nFerfac ance was not observed &in/p-out spectra. A fit with the coeffi-
These field amplitudes were calculated from the fits assuming thaé

. ) ) ient of x5, for this resonance yielded energies of 3.19, 3.40, and
only the |nterface_ tensor _eleme)afzzzcontrlbut_es t_o the SHG. The 4.38 eV for the Si(100)-SkGe, 15 interface and 3.19, 3.64, and
resonance energies obtained from the fit are indicated. Note that

I . A rlF.4O eV for the § SiO, interface.
contributions from the alloy-substrate interface are virtually not af- Hs:C15510,

fected by the thickness of the alloy layer. from the different frequency dependencies of the coefficients
A(w,6) for the three interface tensor elements. Since we
have no indication that one of the three tensor elements pre-
vails in the spectra, we take the average of the energies and
quote error margins that include the fitted resonance energies
for all three elements.

The dominant contribution of the alloy-oxide interface is

25 3.0 35 4.0 45

37— +——— 77—+ 3 a strong, broad resonance around 36503 eV which was
F @ AtV 39V 4nm ] also observed at Si(100)-SiOnterfaces with energies be-

2F \ SilSiyGe,,s 2 tween 3.6 and 3.8 e¥This band was not detected &in/

p-out spectra, and we therefore assigned it tozheand/or

4.37 eV
o XXz components ow). It has no equivalent in the dielec-

A

- 1o tric function of bulk crystalline silicon, and was not observed
f(b) 4nm ] in previous studies using linear optical .spectroscopie; pre-
2F 315 6V 3626V Si s 3e, /510, 2 sumably because of their much lower interface sensitivity.
[ 15 ¢ P " i ] . .
; — TN 440ey ] The energies of these transitions fall between the ik

= andE, CP’s, indicating considerable distortions of the tetra-
: hedral bonding configuration at this interface that go beyond
perpendicular lattice strains with tetragonal distortions. The
latter would still lead to a spectréd, /E, structure for the

Second-harmonic amplitude (arb. units)

gf,gim Ge _ 1 interband transition$ We therefore assign this resonance to
R interband transitions involving those Si and Ge atoms which
— — —— are closest to the Si"” atoms with oxidation levelsi>0
2F @) ~ 28 nm J2 forming the suboxide transition region, and which lagk
E e T SiheGe,s/SIO; ] symmetry as a consequence. As pointed out in Ref. 8, the
1r P JKC\_‘ T a1 large width of this resonance could be caused by a wide
0 o + e e .5 0 distribution of bond angles and lengths for these atoms.
25 3.0 35 4.0 45 The alloy-oxide interface also has bulk CP-type excita-
Second-harmonic photon eneray (eV) tions around 3.19-0.06 eV and 4.4 0.06 eV*° The large

error margin for the energy of the,-type resonance results
FIG. 11. Same as in Fig. 10, but fat?),,. from the large spread of the fitted resonance enel@ids—
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3.25 eV} for the three interface tensor elements. We haveanalysis of the spectra in terms of interface susceptibilities.
reason to believe that the strength of this resonance is largely a recent work on short-period (3b€,) strained-layer su-
overestimated in Figs. 10-12 for the following reason: aserlattices, inhomogeneous strain was proposed to be re-
mentioned above, the 3.65-eV resonance is not well desponsible for an observed strong increase of the SHG
scribed by the excitonic line shape because of its long-rangitensity®® In that work the strain field was related to the
tails. As a consequence, the fits yielded an increased contriermation of stacking faults when the thickness of the Ge
bution of the alloy-oxide interface between 3.2 and 3.4 eV tdayers in the superlattice exceeded the critical thickigssf
compensate for this tail by destructive interfereftegsult-  about 6—7 ML. The contribution of defects to the SHG in-
ing in an apparent increase of amplitude, energy, and lingtensity should be comparatively small for our 4-28-nm
width of the El resonance. Since this effect is most pro- Strained |ayer5 with a Ge content of 15%, because the critical
nounced forX(Szz)ZZ (Fig. 10 and less pronounced fw(sz)zxz thickness is about_ 100 nMi.Furthermore, we observeq the
and y2., . (Figs. 11 and 12 we consider an energy of 3.15 SIOngest SHG signal for the sample with the thinnest
S,ZXX strained layer4 nm), leaving an interpretation in terms of

.ev to be more repres:enta'uve of the excitations of this defect-enhanced SHG as unlikely. We therefore consider the
interface. This value is somewhat lower than the bEK  ghecific structure of a well-ordered and defect-free
energy of SgGeyys (3.19 V), but consistent with a Ge  gj(100)-Sj 44Gay ;5 interface as the primary source for the
enrichment at the interface due to Sifarmation®? Fits with strong SHG signals around t1&, energies in Fig. 8. We

a more realistic line shape for the resonance at 3.65 eV Wilhoint out that inhomogeneous strain perpendicular to the in-
yield more reliable parameters for tiig resonance of this terface is only one mechanism that breaks inversion symme-
interface. . . try at the Si(100)-Sig=Ge, 15 interface and leads to dipole-

A significant result is the strong blueshift of about 0.10 —jlowed SHG. The gradient of the Ge concentration profile
0.13 eV compared to the bulk value B5(X), observed for  \hich extends over 2—3 atomic layers across the interface
the E,-type resonances of both the alloy-oxide and substratejye to interdiffusiof® represents a second mechanism that
alloy interfacegvide infra). Similarly large values were also g|so lifts the structural inversion symmetry at this interface.
observed for Si(100)-SiDinterfaces, consistent with the At present we are not able to judge from our experimental
insensitivity of the bulkg, critical-point energy to variations data which of these two effects prevails.
of the Ge content:* This large blueshift cannot be related to  The two resonance energies at 3.20 and 3.40 eV obtained
the Ge content or to strain at the interface. We haverom the fits can be considered as characteristic values for
speculateBithat theE,-derived bands at 4.4 eV of both Si theE, interband transition energies, representing the respec-
and Sj_,Ge, interfaces might contain significant contribu- tive sides of the Si(100)-SiGe, 15 interface region. We
tions from E,(X)-derived transitions which have an energy have also tried to model the SHG response of this interface
of about 4.5 eV in the bulk* A definitive and conclusive ith a singleE; resonancgin addition to theE, resonance
explanation of this strong blueshift has yet not been prerepresenting the entire interface region. No satisfactory fit to
sented, however. It should be noted thatEheexcitations at  the experimental spectra could be obtained with that model,
the Sp gsGey 150xide interface are significantly weaker com- however. In fact, our approach to describe the SHG response
pared to the Si(100)-SiQinterface (Fig. 6). This is most  of the Si(100)-SjsGe, 15 interface with three interband
obvious from the spectrum of the 28-nm sample in Fig. 8resonances turned out to be the model with a minimum of fit
which has no discernible contribution from the substrateparameters for a reasonable reproduction of the measured
alloy interface in this energy range. spectra. Since our model yields realistic values for Ehe

The Si(100)-SjgsGey 15 interface has stronge;-type  andE, energies, we are confident that it represents a reason-
resonances with energies of 3:40.01 eV for the Si region able approximation for the SHG susceptibility of this inter-
and 3.2@:0.02 eV for the alloy region of the interface, as face. We have also checked the significance of additional
well as a weakeE, resonance at 4.370.01 eV (Figs. 10~  transitions around 3.6 eV, in analogy to the alloy-oxide in-
12). Note that the fits with the SHG coefficients of all three terface, and found only an unsignificant contribution consis-
interface tensor elements yielded spectra with very similatent with the pseudomorphic structure of this interface.
energies, although linewidths and amplitudes depend somererefore, the bulk-type resonances contalh interband
what on the tensor element. TEg energies, obtained from transitions of this interface, thus giving rise to the strong
free fits, agree well with the respective bulk values of SiSHG signal around thE; CP in Fig. 6. The phase difference
(3.40 eV) and strained QigsG&y 15 (3.19 €V), and thus sup- between théE; contributions from the two adjacent interface
port the validity of our model for the frequency dependenceregions is about 0. This phase difference offers a simple
of x{?) of this interface. Since the absorption in,§Gey 15  explanation for the relative weakness of tgderived band
increases from 3.20 to 3.40 eV, the Si-derifedtransitions  at 4.37 eV of the substrate-alloy interface: in contrast to the
at the interface are more strongly attenuated than the trandk; transitions, theE, transitions have the same energies in
tions from the alloy side. This causes the apparent redshift d6i and Sj ¢<Ge, 15, and the partially destructive interference
the E;-type feature for increasing alloy thickness in Fig. 8. of the contributions by the two interface regions causes a

A recent Raman study revealed that the bulk of epitaxiadecreased intensity of this interband resonance in the SHG
Si,_,Ge, layers is homogeneously strain€dAs a conse- spectrum. The relation between energies, phases, and
quence, inhomogeneous lattice strain, which lifts the dipolestrengths of the interband resonances and the profiles of Ge
rule for SHG in centrosymmetric mediajs confined to the concentration and strain across the substrate-alloy interface
near-interface region between the Si substrate and the homsehould be an interesting issue for future SHG investigations
geneously strained §&i:Ge, 15 layer, which justifies our of this system.
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very different from spectra of oxidized (@00 surfacegFig.

6 and spectra in Ref.)8the enhanced intensity around 3.5—
3.6 eV being the most significant difference. These changes
of the electronic structure at the alloy-oxide interface are
presumably related to structural changes in the strained lay-
ers when the layer thickness approaches the critical thickness
h. for strain relaxation. For a more specific interpretation of
these changes, the spectroscopic results have to be comple-
mented by structural investigations.

Qe 100 nm - 3 V. CONCLUSION

Second-harmonic signal (arb. units)

oF , i, We have presented a comprehensive investigation of SHG
: ] from Si(100)-Sj g=G&, 15SiO, heterostructures, and we have
1F 11 shown that various interband contributions of the two buried
0 Bt P R BRI S arse < interfaces can be identified when spectra of samples with
25 3.0 35 4.0 4.5 different thicknesses are analyzed. Analysis and interpreta-
Second-harmonic photon energy (eV) tion of the data was facilitated by a strong variation of the

SHG spectra with the thickness of the strained layers due to
interference of the SHG waves generated at the two inter-
efaces. BulklikeE;- and E,-type interband excitations domi-
nate the contribution of the substrate-alloy interface to the
spectra. Both the gradient of Ge concentration and inhomo-
geneous lattice strain across this interface represent
symmetry-breaking elements that lift the dipole selection

In Fig. 13 we present SHG spectra of heterostructuresule for SHG at this interface, causing the appearance of
with 65- and 100-nm alloy thickness, respectively. Calcu-critical-point-like interband resonances in the SHG spectra.
lated SHG spectra for 65 and 100 nm using the resonandeor the alloy-oxide interface we observed a type of interband
parameters of the fit in Fig. 8 are also shown for comparisonexcitations representing alloy atoms at the interface with
Obviously the resonance parameters obtained from the fits tstrong bond distortions due to the presence of the adjacent
spectra with thin alloy layers do not describe the SHG specsuboxide. Our work demonstrates the advantages of the un-
tra of heterostructures with thick SiGe) 15 layers in a rivaled interface sensitivity of SHG for the investigation of
guantitative way. We point out that the spectra of theseelectronic excitations at buried interfaces, and we hope it
samples are dominated by SHG at the alloy-oxide interfacevill stimulate further studies of semiconductor interfaces us-
for energies larger than 3.2 eV, and that these spectra airg SHG spectroscopy.

FIG. 13. SHG spectra of strained Si(100)-&G&) 15Si0,
structures with(a) 65- and(b) 100-nm thicknesses of the alloy
layer, respectively. Solid lines: SHG spectra calculated from th
interband resonance parameters of the fit in Fig. 8.

D. Preliminary results for thick Si g:Ge, 15 layers
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