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Enhancement of bulklike second-order nonlinear susceptibility in SiGe/Si step wells
and biasing-field controlled „Si5Ge5…100 superlattices
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Second-harmonic generation~SHG! from electric-field biased (Si5Ge5)100 superlattices and
Si0.75Ge0.25/Si0.57Ge0.43/Si step asymmetry wells were studied. Contributions from the different sources to
second-order susceptibilityx (2) were systematically analyzed for these two kinds of asymmetry Si/Ge
quantum-well structures. The bulklikex (2) was large enough to be observed while the strain-induced contri-
bution tox (2) was relatively small for (Si5Ge5)100 superlattices under an applied field of 100 kV/cm. However,
strain-enhanced effects were large compared to the contribution from the bulk for the opticalx (2) in SiGe/Si
step wells. The results show that different asymmetric structures have different contributional distributions of
SHG sources. The peak value ofx (2) was as large as 531026 esu for a (Si5Ge5)100 superlattice under 100
kV/cm electric field and 0.631026 esu for SiGe/Si step wells. These large bulklikex (2) values indicate that
Si/Ge quantum wells with asymmetric structures have potential applications to optoelectronic materials and
devices with the existing Si-based technology.@S0163-1829~97!01448-3#
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I. INTRODUCTION

Larger optical nonlinearities, especially second-order n
linear effects, arising from semiconductor heterojunctio
and quantum wells, together with their possible related op
electronic device applications, have received a great dea
interest in recent years. The advantage that Si/Ge supe
tices ~SL’s! and multiple quantum wells can be easily int
grated with matured Si-based technology drives intens
studies for optical properties such as second-harmonic
eration~SHG! of Si/Ge systems. Unfortunately, the indire
nature of the fundamental band gap of Si/Ge systems
vents their use as an important optoelectronic material in
future. Furthermore, for centrosymmetric materials, such
single-crystal Si or Ge, bulk SHG is forbidden within th
electric dipole approximation. However, short-period SimGen

strained superlattices have attracted considerable resear
tention because they offer the possibility of fundamen
changes in linear and nonlinear optical properties
group-IV semiconductors.1,2 In particular, it was predicted, a
least theoretically, that there exists a large second-order
linear susceptibilityx (2) for SimGen if m and n are both
odd.3–5 But such predicted large bulk dipole allowed~BDA!
SHG was never observed, which was attributed to the in
pability of precise control of layer thickness in superlattic
in present molecular-beam epitaxy~MBF!.6,7

In addition to BDAx (2) source, it was demonstrated th
weak SHG from SimGen SL’s can still arise from interface
strain-induced mechanisms10–12 and from bulk electric qua-
druple sources.8,9 One can observe the azimuthal angle d
pendence of the output SHG intensities with a certain po
ization arrangement to determine the difference of th
SHG sources. On the other hand, it is known that usin
built-in asymmetric structure, such as graded wells
coupled asymmetric wells, or a symmetric quantum w
with an external applied electric field, a large BDA secon
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order susceptibility becomes possible.13–15 However, except
for second-harmonic generation research in intersubb
transitions of p-doped asymmetric SiGe/Si quantu
wells,16,17 to our knowledge, no research on optical secon
order susceptibility from interband transitions in SiGe/
asymmetric step wells and in Si/Ge superlattices system w
a biasing electric field were reported.

In this paper, a thicker (Si5Ge5)100 superlattice with
Si0.5Ge0.5 substrate suggested by Turton and Jaros18 was de-
signed as the first sample, which was predicted to have di
transition properties and the largest oscillator strength ac
the band gap. Therefore, we expect that such a thic
(Si5Ge5)100 superlattice, when strong enough external a
plied electric field is added to break the inversion symme
should have advantage for SHG, especially for BDA sou
observation. We have made a systematic study on suc
biased (Si5Ge5)100 superlattice to show trends of SHG wit
biasing field. Moreover, since the asymmetry of electro
wave functions of the above system is mainly induced by
applied electric field, it is worth comparing the SHG of su
a system with that of an asymmetric quantum-well struct
of Si/Ge, in which the asymmetry of electronic wave fun
tions is mainly due to structure asymmetry itself. For t
asymmetric quantum-well structure, we chose SiGe/Si s
wells as our second sample. We made a comparison of o
cal x (2) of interband transitions in the two samples, i.
SiGe/Si step wells and biasing field controlled (Si5Ge5)100
superlattice. In particular, different contributions of optic
x (2), such as BDA source, interfaces, strain-induced mec
nisms, and bulk electric quadruple source, were analyzed
the two samples. The results show that the relative imp
tance between thesex (2) sources in the first sample is obv
ously different from that in the second one. The remainde
this paper is organized as follows. The material growth a
quality of the two kinds of samples are described in Sec.
The measurements and analysis ofx (2) are given in Sec. III.
Section IV gives short conclusions.
15 842 © 1997 The American Physical Society
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II. EXPERIMENT

A. Samples

The first sample used wasp-doped 100 periods o
(Si5Ge5)100 superlattice. The buffer layers consisted of 200
Å-thick Si and 500-Å-thick Si0.5Ge0.5 with boron-doping
concentration of 431018 cm23. On top of the (Si5Ge5)100
superlattice, a boron-doped Si0.5Ge0.5 with thickness of 500
Å was grown and followed by a 500 Å Si cap layer wi
boron-doping concentration of 431018 cm23. Figure 1 ex-
hibits the measured Raman spectrum result of our MB
grown sample 1. The measurement was made using a
ion laser ~514.5 nm! in the back-scattering geometry. Th
shapes of these Raman features show rather good broa
and symmetry that indicate the better crystalline quality
our sample 1. In order to measure the electric-field contro
x (2), sample 1 was first processed using the standard ph
lithographic method into 737-mm2, 0.4-mm-deep mesas
All Ohmic contacts were made on the etchedp-doped cap
and buffer layers with a real measured area of 535 mm2 left.
The sample was mounted using Ag wires to provide the e
trical connections in order to add a perpendicular field acr
the superlattice. The second sample used was asymm
step wells: the 20 periods of strained multiple quantu
well structure, each step well consisting of a 36
Si0.75Ge0.25 step, 19-Å Si0.57Ge0.43 well, and 200-Å undoped
Si barrier. The sample wasp-doped in the SiGe wells with
boron-doping concentration of 431018 cm23. The 1500-Å
Si buffer and 500-Å Si cap layers were alsop-doped with
concentration of 431018 cm23. The x-ray diffraction~XRD!
spectrum was used to analyze the composition and the M
grown quality. XRD indicated that there was some disor
of the SiGe/Si step wells which leads to a reduction of Bra
reflected strength of the diffraction peaks of t
Si0.75Ge0.25/Si0.57Ge0.43 wells comparing with the peak of th
Si substrate.

B. Experimental setup

The reflected measurements of SHG from the t
samples were taken using a pulsedQ-switched yttrium alu-

FIG. 1. Raman spectrum of the (Si5Ge5)100 sample with the
excitation of 514.5 nm by using Ar1 laser in the back-scatterin
geometry.
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minum garnet~YAG! laser. The experimental arrangement
shown by Fig. 2. The fundamental beam of 1.06mm wass or
p polarized with an incident angle of 45°, which was sep
rated into two parts. One beam was directed through
Z-cut quartz crystalQ1 , which generated the second ha
monic used for normalization against possible laser fluct
tions. The other beam was used to generate second harm
by reflection from either the sample or aZ-cut quartzQ2 .
The second-harmonic signal from this quartzQ2 was needed
for calibration of the nonlinear susceptibility of the samp
The p-polarized component of reflective SH light at 532 n
was measured as a function of the sample azimuthal an
Each measured datum was obtained by a photomultip
tube and by averaging the results of 100 laser shots usin
instantaneous recorder-computer system.

III. RESULTS AND DISCUSSION

First, we measured the infrared-absorption spectra for
two samples by a Bio-Rad Fourier-transform infrared sp
trometer at room temperature, from which we obtained t
the band-gap energy of the~Si5Ge5!100 superlattice without
biasing field isEg'0.99 eV, and the band-gap energy of t
Si0.75Ge0.25/Si0.57Ge0.43step wells isEg'0.97 eV. Hence, the
laser wavelength~1.06 mm, or photon energy 1.18 eV! we
chose could guarantee interband transitions at off-reso
conditions for both samples. Since the main purpose of
present paper is to analyze and compare the differentx (2)

sources of interband transitions for the two kinds of asy
metric Si/Ge systems, our choice of the excitation wa
length~1.06mm! should be suitable because the off-reson
conditions could simplify the physics problem we study.

Second, we measured the SHG from the~Ge5Si5!100 su-
perlattice under different applied electric fields to observe
trends of SHG with biasing field. In Fig. 3, we show th
results of electric-field controlled SHG under ten differe
biasing field strengths. It is indicated that the SHG increa
rapidly with E for E<100 kV/cm, while for larger externa
field E, there is little increase of the SHG. The reasona
explanation is given as follows: First, like the calculatio
of second-harmonic coefficientx (2) in a biasedp-type quan-
tum well by Tsang and Chuang,19 for small biasing fieldE,
largerE will create stronger asymmetry, and hence a res
ing largerx (2). However, for very large biasing fields, th

FIG. 2. The block diagram of the experimental setup:F1 and
F2 , infrared filter ~0.59–2.0mm!; F3 , interference filter~5240–
5440 Å!; F4 , CuSO4 filter ~5-cm cell!; Li , lens; Pi , polarizer;
PMT, photomultiplier tube.
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asymmetry has already been maximized so that a furthe
crease ofE no longer increasesx (2). Second, the second
order susceptibilityx (2) is proportional to the optical matrix
element of the lowest energy transition across the band
which is actually enhanced rapidly with a small extern
electric fieldE and is reduced whenE>100 kV/cm, and the
reduction rate for a (Si5Ge5)n system with a largern
(513) is less than that withn59.20 In our case of
(Si5Ge5)100 structure shown by Fig. 3, a similar trend is se
for SHG with biasing field. In particular, when biasing ele
tric field is larger than 100 kV/cm, the optical SHG begins
decay slowly. It might be, at the same time, there are also
further increased asymmetry with strong biasing field. Me
while, the redshifted band gap is much farther away from
resonance energy with incident light when the electric fi
increases. These effects, in average, result in little chang
x (2) when the biasing field is larger than 100 kV/cm. In brie
here we emphasize that the rapid increase of SHG is ma
because of the broken inversion symmetry of the superla
caused by external applied electric field. Therefore, we s
gest that there exists a large BDAx (2) source in (Si5Ge5)100
superlattice with a enough strong biasing field.

Third, we analyzed and compared with the different co
tributions of second-order susceptibilityx (2) coming from
BDA source, interfaces, strain-induced mechanism, and b
electric quadruple source in the two different kinds of asy
metric systems, namely, (Si5Ge5)100 superlattice with a fixed
strong biasing field and SiGe/Si step wells with compo
tional asymmetric structure.

To distinguish the SHG sources of the sample, the h

FIG. 3. Second-harmonic generation response is plotted ve
the biasing electric fields for (Si5Ge5)100 superlattice.

FIG. 4. I s,p
(2v)(c) from the (Si5Ge5)100 SL with an applied field

of 100 kV/cm. The solid curve is a best fit using Eq.~2!.
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monic signal was measured as a function of sample
muthal anglec. For SL’s grown on Si~001! substrates, the
p-polarized SH intensity can be expressed as a function oc
in the form of7

I g,p
~2v!~c!}U (

m50

4

cg,p
~m! cos~mc!U2

, ~1!

wherec is the angle between the plane of incidence and
Si@110# direction, andg is the fundamental polarization ligh
~s or p!. As it is known, the complex Fourier coefficien
cg,p

(m) with differentm represent the contributions from differ
ent SHG sources:21,22 the c(0) coefficient, which leads to an
isotropic response, mainly arises from strain-enhanced in
face effect; thec(1) andc(3) coefficients are due to the mis
cutting of the substrate which preserve aC1v surface sym-
metry; the c(4) coefficient results from bulk quadrupl
sources;c(g,p)

(2) should be large and dominate the other ter
if there exists BDAx (2) in the sample. Figure 4 show
I s,p

(2v)(c) trace with azimuthal anglec for the (Si5Ge5)100

superlattice~the first sample! under external electric field o
100 kV/cm. We noticed that our sample 1 has the sim
(Si5Ge5)n structure with that in Ref. 6. However, the applie
external field distorted the original structure of sample
therefore it is seen from Fig. 4 that the symmetry propert
revealed by the azimuthal angle dependency of SHG for
applied field biased (Si5Ge5)100 superlattice have comple
changes compared to that of (Si5Ge5)n without biasing field.6

Figure 5 givesI p,p
(2v)(c) obtained from the step asymmetr

wells ~the second sample!.
In order to give a best fit for the experimental data of S

intensities, a more general form of truncated Fourier exp
sion in c for SH generation from noncentrosymmetric cub
faces given by Bottomleyet al.23 was used:

I ~2v!~c!}U (
m50

4

@a~m! cos~mc!1b~m! sin~mc!#U2

. ~2!

The best fits are shown by the solid curves in Figs. 4 and
and the related Fourier coefficientsc(m) are listed in Table I.
Note that in Table I and in the followingc(m) is defined as
c(m)5a(m)2

1b(m)2
, the same as in Ref. 23. As pointed

Ref. 7, such fitting results by Fourier analysis are not uniq
We found, foruCsp

(2)u, the relative value can range from 0.8
to 1. Here, we give the best fits.

us
FIG. 5. I p,p

(2v)(c) from the step asymmetric wells. The soli
curve is a best fit using Eq.~2!.
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It is shown in Table I thatcs,p
(2) is the largest andcs,p

(0) is
relatively very small for the biasing field of 100 kV/cm co
trolled (Si5Ge5)100 superlattice, which means that a lar
bulk dipole allowed SHG can indeed be observed in
thicker (Si5Ge5)100 superlattice when an electric field of 10
kV/cm is applied, while the SHG response from stra
induced effect is very little for the thicker (Si5Ge5)100 super-
lattice. Maybe, that is because the strain stress was al
relaxed for our symmetry-strained sample by using an a
buffer layer Si0.5Ge0.5 ~500 Å! in order to obtain a thicke
(Si5Ge5)100 superlattice. However,cs,p

(0) dominates the other
for the Si0.75Ge0.25/Si0.57Ge0.43/Si step wells, which implies
that the strain-enhanced effect is the main contribution to
signal for the SiGe/Si step wells. It suggests that, compa
with the (Si5Ge5)100 sample, more complex interfaces a
stronger strain situation exist in the~SiGe/Si!20 step wells.
Also one can see from Table I that the value ofc(2), which is
attributed to BDAx (2), is the second largestc(m) for the
SiGe/Si step well sample. Moreover, Table I shows that,
the two different asymmetric structures, thec(4) terms are
very small which means that the bulk quadruple source
SHG can be neglected.

For ans-polarized incident beam, thep-polarized SH out-
put field in reflection from a surface can be calculated a24

Ep~2v!5
«2pk1

2~2v!

«1~2v!k1z~2v! Fk1z~2v!

k1~2v!

3Lxx~2v!Lyy~v!Lyy~v!xs,xyy
~2! GE1

2~v!

1
«2pk1

2~2v!

«1~2v!k1z
Fk1x~2v!

k1~2v!

3Lzz~2v!Lyy~v!Lyy~v!xs,zyy
~2! GE1

2~v!~2v!, ~3!

TABLE I. Fourier coefficients ofc(m) in the SH fieldE(2v) ~c!
obtained from intensity data for the two samples, normalized to
largestc(m) for each case.~As pointed out in Ref. 7, such fitting
results by Fourier analysis are not unique. We found, foruCsp

(2)u, the
relative value can range from 0.82 to 1.!

Samples c(0) c(1) c(2) c(3) c(4)

(Si5Ge5)100 (s,p) 0.05 0.36 1 0.36 0.02
~applied field of 100 kV/cm!
SiGe/Si step well (p,p) 1 0.26 0.28 0.02 0
r

-

st
y

H
g

r

r

wherek is the wave vector of the beam andEI(v) is the
strength of incident field.Lii ( i 5x,y,z) is the Fresnel factor.
To relate the effective susceptibility in the laboratory fram
with specialx (2) components fixed in the sample frame, on
should perform transformation between the tw
coordinates.21,23 This results in an angle dependence of t
output SH field as shown in Eq.~1!.

It is known that the refractive index values of Si and G
are nSi(v)53.54, nSi(2v)54.10, nGe(v)54.40, and
nGe(2v)55.02.26 On average we choosen(v)53.97 and
n(2v)54.56 for the (Si5Ge5)100 superlattice andn(v)
53.76 andn(2v)54.73 for the step wells. These values a
used to calculate the Fresnel factors using the method stu
by Lüpke, Bottomley, and Van Driel.21 Then, Eq.~3! and the
Fourier coefficientsc(m) are used to evaluate the numeric
values ofx (2) corresponding to different SH sources, and t
x (2) values were calibrated by quartzx111

(2) of 1.931029

esu.25 The results are summarized in Table II.
The evaluated values of SH susceptibilityx (2) for our two

samples have been compared with other results of exp
mental and theoretical researches for SiGe/Si systems. T
comparisons are listed in Table III. It can be seen from Ta
III that the peak value ofx (2) for electric-field controlled
(Si5Ge5)100 Sl is one order of magnitude larger than the th
oretical prediction by Ghahranmani, Mass, and Sipe.4 More-
over, the SH generation for the (Si5Ge5)100 SL with an ex-
ternal electric field of 100 kV/cm can be comparable with t
SiGe/Si step wells. The measured largex (2) indicates that
the two kinds of asymmetric structures, namely, the SimGen
superlattices and the SiGe/Si step wells, have strong po
tial applications to the future important optoelectronic d
vices combined with the existing Si-based technology.

IV. CONCLUSIONS

Second-harmonic generation from electric-field bias
(Si5Ge5)100 superlattices and Si0.75Ge0.25/Si0.57Ge0.43/Si

e
TABLE II. Numerical calculation results of SH susceptibilit

x (2) related to different SH sources from the (Si5Ge5)100 Sl with
s(in)-p(out) combination and applied field of 100 kV/cm, cal
brated with aZ-cut quartz (x111

(2) 51.931029 esu).

SH source related effectivex (2) ~esu!

strain-enhanced effect 1.631027

BDA mechanism 5.031026

miscutting interfaces effect 4.831027

bulk quadruple contribution 8.831028
rks.
TABLE III. Numerically calculatedx (2) of the present study comparing with the other research wo

Samples x (2) ~esu!

(Si5Ge6)100 with applied field of 100 kV/cm~this paper! 5.031026 ~Expt.!
Si0.75Ge0.25/Si0.53Ge0.47/Si step well 0.631026 ~Expt.!

~this paper! ~interband transition! ~this paper!
Si0.75Ge0.25/Si0.57Ge0.43/Si step well 1.231026 ~Expt.!

~Ref. 16! ~intersubband transition! ~Ref. 6!
(Si5Ge5)3 ~Ref. 4! 1027– 1028 ~Theor.!
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asymmetry step wells was studied. The BDAx (2) for the
electric-field biased (Si5Ge5)100 SL is large enough to be
observed while SH generation arising from strain-induc
effect is relatively very small. However, for the SiGe/Si st
wells, strained-enhanced effect is the main contribution
the SH signal compared to the other SH sources. This in
cates that different asymmetric structures have different c
tributional distributions of SHG sources. The numerical c
culations ofx (2) for (Si5Ge5)100 superlattices and SiGe/S
step wells were made. The evaluated value ofx (2) is as large
.

ed
p
to
di-
n-
l-

as 531026 esu for the (Si5Ge5)100 superlattice under 10
kV/cm electric field and 0.631026 esu for the SiGe/Si ste
wells. The observed largex (2) implies that Si/Ge system
with asymmetric structures can become potential optoe
tronic materials with the existing Si-based technology.
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21G. Lüpke, D. J. Bottomeley, and H. M. Van Driel, J. Opt. So
Am. B 11, 33 ~1993!.
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