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Electroreflectance spectroscopy of strained Si12xGex layers on silicon
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~Received 26 November 1997!

Electroreflectance spectroscopy was used to measure the critical point energies in strained Si12xGex layers
on Si in the energy region from 3 to 6 eV. Observed were the transitionsE1 ,E11D1 ,E08 ,E0 ,E0

1D0 ,E2(X),E2(S), andE18 for germanium concentrations ranging from 12.5% to 28.1% at sample tempera-
tures between 10 and 300 K. The transitionsE11D1 ,E0 ,E01D0 ,E2(S), andE18 and their temperature de-
pendence have not been reported before in strained Si12xGex layers. Calculations of the strain shifts based on
deformation potential theory are in good agreement with the experimental shifts of theE0 transition, while
deviations occur for theE1 transition.@S0163-1829~98!12319-6#
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I. INTRODUCTION

Strained Si12xGex layers grown epitaxially on silicon
were intensely studied during the last years. Several dev
e.g., high frequency bipolar transistors based on SiGe het
structures, are already in use, and infrared detectors in
4-mm range are being developed. Such hopes have motiv
investigations of the fundamental indirect band gap
SiGe/Si heterostructures in a wide range of Ge concen
tions and of several direct gaps in Si12xGex superlattices.
However, much less information is available on the dir
gaps in single Si12xGex layers on Si. The aim of our work is
to investigate the dependence of direct optical transitions
the germanium concentrationx in strained Si12xGex layers.
It appeared desirable to separate the influences of comp
tion and strain, hence we restricted ourselves to the stud
thick single strained layers, thus avoiding the complicatio
of folded band structures associated with superlattices
this work we present our investigations of a series of pseu
morphic Si12xGex films with germanium concentrations be
tween 12.5% and 28% by electroreflectance~ER! spectros-
copy in the energy range from 3 to 6 eV and for temperatu
between 10 and 300 K. We derive transition energies for
major critical pointsE0 ,E08 ,E1 ,E2,E18 and their split-off
companions, and discuss deformation potential values.

II. EXPERIMENT

All samples were grown at the Daimler Benz Resea
Institute in Ulm by molecular beam epitaxy~MBE!. A sili-
con buffer layer was first grown on the~001! silicon sub-
strate followed by a 300 Å fully strained epilayer o
Si12xGex and a 50-Å-thick cap layer of silicon. The thick
ness of the Si12xGex layer was smaller than the critica
thickness, but large enough to keep energy shifts of the e
tron and hole states due to quantum confinement below m
surable limits. The germanium concentrations were de
mined by photoluminescence measurements in addition
estimates from the growth, and were found to be betw
12.5% and 28.1%~Table I!. The n-type samples were con
570163-1829/98/57~24!/15448~6!/$15.00
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tacted using 5-nm-thick Au Schottky barriers on top a
200-nm Ti contacts on the substrate side. Thep-type samples
received semitransparent 5-nm-thick Ti top contacts a
200-nm Al substrate contacts. A modulated electric field
the sample was created by applying a sine voltage at a
quency of 225 Hz. The beam probing the reflectivity of t
samples was either from a 75-W Xe arc lamp or from a 50
deuterium lamp~for short wavelengths! dispersed by a
monochromator of 0.25-m focal length. All measureme
were performed within the low-field limit. The ER spect
were analyzed using the typical third derivative line shap1

DR

R
5Re@Aeiu~E2Eg1 iG!2n#, ~1!

whereA is the signal amplitude,G the line broadening,Eg
the energy of the investigated critical point in the combin
density of states, andE the incident photon energy.u is a
phase factor andn varies between 2.5 and 4, depending
the type of the critical point. We have used bothp- and
n-type samples to investigate different types of contac
There should be no essential physical difference in the inv
tigated optical transitions for different doping. However, t
phase factoru can change betweenp- and n-type samples
and therefore allows for an independent check of the relia
ity of our fit parameters at critical points derived. For mo
samples we obtained a better signal-to-noise ratio forp-type
samples.

III. THEORETICAL CALCULATION
OF THE TRANSITION ENERGIES

The band structures of silicon and germanium are sho
in Fig. 1 indicating the optical transition
E18 ,E1 ,E08 ,E0 ,E2(X), andE2(S), which are studied in the
following. All corresponding transitions with the participa
tion of split-off valence and conduction bands were omitt
for clarity. Kline, Pollak, and Cardona16 have shown experi-
mentally that the transition energieshn for E0 ,E0

1D0,E1 ,E11D1 ,E08 ,E081D08 , and E2 in unstrained
15 448 © 1998 The American Physical Society
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TABLE I. Literature data of parameters in Si and Ge relevant for the present investigation: Deform
potentialsa and b, elastic modulic11 and c12, transition energies and split-off energiesD0 for the E0

transition~Refs. 2–8!, Varshni parameters for theE08 transition~Refs. 9,10!, deformation potentials, transi
tion energies and split-off energies of theE1 transition~Refs. 8,11,12–14!.

a ~eV! b ~eV! c11@106 (N/cm2)# c12@106 (N/cm2)# E0 ~meV! D0 ~meV!

Si 212.4 22.2 16.772 6.498 4175 44
Ge 28.6 23.0 13.112 4.923 882 296

a(1024 eV/K) b ~K! D1
1 ~eV! D3

3 ~eV! E1 ~meV! D1 ~meV!

Si 5.37 342 28 5 3452 29
Ge 3.6 344 28.2 5.8 2239 184
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Si12xGex bulk alloys can be well described as linear inte
polations between the known values of silicon and germ
nium

hnSi12xGex
5Eg,Si12xGex

5xEg,Ge1~12x!Eg,Si . ~2!

The strain present in our pseudomorphically grown SiGe
loy layers modifies these transition energies as discussed
low.

For clarity, we summarize here briefly the formulas a
parameters used in our derivation of deformation potenti
When Si12xGex layers are grown epitaxially on~001! sili-
con, lattice mismatch causes a biaxial compressive strai

exx5eyy5e520.0418x ~3!

along the@100# and @010# directions and a uniaxial tensil
strain

ezz52Ke52
2c12

c11
e ~4!

along the@001# axis, werec11 and c12 are the cubic elastic
moduli. The stress tensor can be split into a uniaxial an
hydrostatic part, the former inducing shifts and splittings a
the latter inducing only shifts of the transition energies.

The E0 transition occurs between the pointsG258 of the
valence band~VB! andG28 of the conduction band~CB!. In
unstrained material the VB at theG point consists of the
twofold degenerate split-off band~so band! and the fourfold
degenerate band. The latter is split under uniaxial stress
twofold degenerate light~lh! and heavy-hole~hh! bands.
Hence, there are three possibleE0 transitions to the unspli
G28 CB labeled E0(1) ~hh band!, E0(2) ~lh band!, and
E0(3) ~so band!. The transition energies in strained mater
can be calculated as a function of the germanium concen
tion as11,17

E0~1!5E01EH1ES ,

E0~2!5E01EH2
ES

2
1

D0

2
2

1

2
AD0

212D0ES19Es
2 ,

E0~3!5E01EH2
ES

2
1

D0

2
1

1

2
AD0

212D0ES19Es
2 ,

~5!
-
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whereE0 is the transition energy of the unstrained materi
D0 the spin-orbit splitting energy at theG258 point, andEH
5a(22K)« andES52b(11K)« are matrix elements due
to the hydrystatic and uniaxial stress, respectively. Herea
denotes the hydrostatic interband deformation potential~i.e.,
a describes the relative shift of the CB and VB!, andb is the
tetragonal deformation potential of the valence band. T
constantsa, b, c11, c12, E0, andD0 are known for silicon
and germanium and can be calculated for Si12xGex by linear
interpolation. The values for silicon and germanium at 70
are specified in Table I, and the calculated transition ener
are shown in Fig. 2. Obviously, theory predicts a decreas
the energy of all threeE0 transitions with increasing germa
nium content.

Next we consider theE08 transition occurring between th
G258 VB and theG15 CB. There are no theoretical calcula
tions for the change of theG15 CB under biaxial stress, bu
there is a photoreflectance measurement by Yinet al.18 at
300 K for germanium concentrations up to 23%. Linear
terpolation of the latter data set yields the transition ene
for the strained alloy

Eg~x!5~33312225x! meV. ~6!

The 300-K transition energy can approximately be extra
lated to 70 K by interpolating linearly the parameters of t
Varshni formula19 for Si12xGex between the values of silicon
and germanium. The required data are listed in Table I. Si
Yin et al.18 experimentally resolved only one transition, it
reasonable to assign it to a superposition of the transiti
E08(1) and E08(2) with an observed average transition e
ergy. Thus, with the known splitting between theE0 subtran-
sitions ~reflecting the splitting of theG258 VB! the energies
for the three correspondingE08 transistions can be calculated
taking into account the strain shifts of theG258 VB. The
results are shown in Fig. 2. It is not clear to which CB t
transition measured by Yinet al. belongs, since theG15 CB
has degeneracy properties similar to theG258 VB: it consists
of a fourfold degenerate and a twofold degenerate ban
unstrained material, and of three twofold degenerate band
strained Si12xGex . In germanium, theG15 CB split-off en-
ergy amounts to 200 meV and both transitions,E08 and E08
1D08 , have the same transition strength. Unfortunately, th
are no data for silicon in the literature.

The E1 transition occurs between theL3 dispersion
branch of the VB and theL1 dispersion branch of the CB
The transition energies can be calculated as11,17
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E1~e!5E11 1
2 D11dH2A~ 1

2 D1!21~dJ6dS!2,

~E11D1!~e!5E11 1
2 D11dH1A~ 1

2 D1!21~dJ6dS!2,
~7!

where dH5(D1
1/A3) (22K)« and dS5A2

3 D3
3(11K)e are

matrix elements due to the hydrostatic and uniaxial parts
the stress, respectively. The matrix elementdJ describing the
electron-hole exchange interaction can be neglected11 and
the interband deformation potentialsD1

1 ,D3
3, the split-off en-

ergy D1, and the transition energiesE1 and E11D1 in un-
strained material were taken as linear interpolations betw
germanium and silicon. The values of silicon and germani
used here are specified in Table I. The calculated energie
strained material are shown in Fig. 2 as a function of
germanium concentration. The strain causes a negligible
ditional shift for theE1 transition, since the hydrostatic an
uniaxial parts of the strain compensate each other, w
there is an evident strain shift of theE11D1 transition.

FIG. 1. Band structure of silicon and germanium following R
15 with transitions labeled.
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IV. EXPERIMENTAL RESULTS AND DISCUSSION

Experimental results on the two series of samples
tained at 70 K are shown in Figs. 3 and 4. The domin
structure in all spectra is due to the transitionsE1 and E08 .
TheE08 transition, which is very weak in germanium and al
weaker than theE1 transition in pure silicon, yields the high
est peak in strained Si12xGex . The transitionE0—in germa-
nium as strong as theE1 transition—is relatively weak for
small germanium concentrations and cannot be resolve
all of the spectra. The structures due to theE2 andE18 tran-
sitions are complex and can be explained solely by assum
a superposition of several critical points. However, there
only a weak dependence of these transitions on the ger
nium concentration. Around 3 eV in Fig. 4 the onset
strong oscillations is visible, which extend to lower energi
They emerge mainly forn-type samples and originate from
interferences due to multiple reflections in the samples20.

The results for theE1 transition are summarized in Fig. 5

FIG. 2. Theoretically calculated transition energies in strain
Si12xGex at 70 K. Top: Linear interpolation ofE0 transition ener-
gies ~dashed lines! and calculated energies in strained mater
~solid lines!. Middle: Linearly interpolatedE08 transition energies
from Yin ~Ref. 18! for strained Si12xGex converted to 70 K~dashed
line!, and calculated strain splitting caused by the splitting of
G258 VB ~solid lines!. The unknown splitting of theG15 CB is
neglected. Bottom: Linear interpolation ofE1 transition energies
~solid lines! and calculated transition energies in strained mate
~dashed lines!. Data from Table I.
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To fit the experimental spectra we have usedn53 in Eq. ~1!
for a two-dimensional critical point. A linear interpolation o
the measured transition energies, using theE1 transition en-
ergy for pure Si, as a known fix point, yields

FIG. 3. Measured electroreflectance spectra ofp-type samples at
70 K. Dashed lines and arrows indicate the various band gaps
function of the Ge contentx as obtained from fits to the experimen
tal data. Unidentified transitions are denoted by question mark

FIG. 4. Measured electroreflectance spectra ofn-type samples at
70 K. Dashed lines and arrows indicate the various band gaps
function of the Ge contentx as obtained from fits to the experimen
tal data. Unidentified transitions are denoted by question mark
E1~x!5@34522~1345625!x# meV. ~8!

The E11D1 transition involving the spin-orbit splittingD1
could be resolved only for one sample, since it is obscu
by theE08 transition. Referring to theE1 transition, all data
available in the literature were measured at 300 K. Fr
these data we estimate the 70-K values by interpolating
parameters in the Varshni equation linearly between silic
and germanium. Our measurements are in good agreem
with extrapolated data taken from ellipsometry measu
ments of Carlineet al.,21 but they definitely deviate from
those given by Yinet al.18 This is not surprising, since al
ready the extrapolation from Yin’s measurement forx50
does not agree with measurements of pure silicon. The ag
ment with our theoretical calculations is even worse. W
have tried to fit the interpolating expression to our measu
ment by varying the deformation potentials and obtainD1

15

22 eV andD3
354 eV. The absolute value of the hydrostat

deformation potentialD1
1 derived in this way is unacceptabl

small when compared to the literature valueD1
1528 eV. At

present, this discrepancy can only be traced back to ina
racies in the fit caused by the near byE08 transition and to the
fact that we have experimental data only for samples up
28.1% germanium concentration.

The dependence of theE08 transition on the germanium
concentration is relatively weak~see Fig. 5!. The fits were
made under the assumption of a three-dimensional crit
point ~n52.5!. Here our measurements are in good agr
ment with Yin et al.’s data, while they deviate from Carlin

s a

s a

FIG. 5. Experimental ER results of strained Si12xGex at 70 K
for transitionsE1 and E08 . The data of theE1 transition were lin-
early fitted including the energy 3.45 eV for pure silicon,x50.
Included for comparison are data of other work by Yin, Ref. 18 a
Carline, Ref. 21.
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et al.’s data. Like Yinet al.’s measurements for theE1 tran-
sition, the extrapolation from Carline’s measurements
x50 does not agree with the transition energies of pure
con in the literature. It is remarkable that the linewidth of t
E08 transition increases with increasing germanium conc
tration. This can be understood as the transitionsE08~1! and
E08~2! are split apart for largerx while they are not individu-
ally resolved, and as the transitionsE11D1 and E0 merge
with the E08 transition. Due to this superposition we find a
evident deviation for the transition energy of the sample w
28.1% Ge concentration from the linear interpolation of t
other samples, and for the sample with 27% Ge concen
tion the E08 transition is totally absent. Disregarding the
two samples we obtain

E08~x!5@~340067!2~300640!x# meV, ~9!

which, according to the above discussion, must be con
ered as an average transition energy ofE08(1) andE08(2).

For the p-type sample series we further resolve an u
dentified transition in the mainE08/E1 structure. For this tran-
sition we obtain an energy

Eg5@~3504625!1~3536116!x# meV, ~10!

where we have usedn52.5 for fitting. Since the transition is
very weak and obscured by other stronger structures,
energy expression given is relatively inaccurate. Intere
ingly, the value forx50, Eg53504 meV, is nearly identica
with a critical point observed by Daunoiset al. in pure sili-
con at 3500 meV.22 They showed using polarization
dependent measurements that this critical point is not con
tent with a spin-orbit splitting of theE08 transition, but must
be located elsewhere in the Brillouin zone.

The E0 transition is very weak. Therefore, and becau
the E0 structure merges with theE08/E1 structure for higher
germanium concentrations, we were not able to identify
E0 transition in all spectra. The transitionsE0(1) andE0(2)
are too close for germanium concentrations up to 30% to
resolved individually~see Fig. 2!. The transitionE01D0
could be identified only for the sample with 12.5% Ge co
centration. The results for theE0 transitions are summarize
in Fig. 6. With the transition energy of pure silicon fro
Ref. 6 as a fix point we obtain

E0~x!5@41752~2814655!x# meV, ~11!

where we have usedn52.5 for all fits. The measured trans
tion energies are in good agreement with the values predi
by deformation potential theory for both, theE0 transition
and theE01D0 transition of the sample with 12.5% Ge co
centration. For the latter we have only a difference of
meV between experiment and theoretical calculation. T
linear fit to the measuredE0 transition energies lies exactl
between the theoretical curves of theE0(1) andE0(2) tran-
sition. We did not find any data for theE0 transition in the
literature.

TheE2 structure includes contributions from several cri
cal points~Fig. 6!. While we observe only one single trans
tion in the n-type samples, there are two transitions in t
p-type samples and a third transition in the sample w
12.5% Ge concentration. The twofold transitions can
r
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identified with the critical pointsE2(X) and E2(S), while
the third transition remains unexplained. Linear interpolat
yields

E2~X!5@~4351638!1~2106180!x# meV
~12!

E2~S!5@~45186129!1~8806600!x# meV.

For E2(X) as well as forE2(S) we have usedn53 for a
two-dimensional critical point. In contrast to all other critic
points theE2 transition energies become larger at increas
germanium concentration. In both expressions in Eq.~12! the
uncertainty in thex dependent term is rather large; th
leaves the possibility that the transition energies are cons
independent of the germanium concentration. By compari
to our results, the measurements by Carline for theE2 tran-
sition appear to be a superposition of the transitionsE2(X)
andE2(S).

TheE18 transition is very weak both in pure silicon and
pure germanium~see Ref. 13!. In strained Si12xGex , how-
ever, there is a relatively strong contribution of this critic
point to the ER spectra. For the transition energy we obt

E18~x!5@~5402625!1~2806120!x# meV, ~13!

where we have assumed a two-dimensional critical po
~n53!. The E18 transition energy moderately increases
higher germanium concentration. Our extrapolation tox50,
E18(0)55402 meV, is in good agreement with the value
5375 meV given by Lautenschlageret al. for pure silicon at

FIG. 6. Experimental ER results of strained Si12xGex at 70 K
for transitionsE0 and E2. The data of theE0 transition were lin-
early fitted including the energy 4.17 eV for pure silicon,x50.
Compared data of other work refers to Carline, Ref. 21.
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82 K.23 For three of thep-type samples we resolve anoth
critical point at about 5750 meV, which might be a spin-or
companion of theE18 transition. This energy is rather inaccu
rate as the structure appears close to the lower wavele
limit of our equipment.

For thep-type samples we have performed ER measu
ments in the temperature range from 10 to 300 K. The ac
racy of the measurement is limited since the resolution
these measurements was lower than for those at 70 K,
the linewidths increase with increasing temperature. We h
fitted the temperature dependence of all transitions to
phenomenological Varshni expression19

E~T!5«02
aT2

b1T
~14!

and to the Viña formula10

E~T!5«B2aBF11
2

euB /T21
G . ~15!

In both cases, the parameters in the expressions~14! and~15!
determined from the experiments are on the same orde
magnitude as for pure silicon and germanium. In general
energies of critical points are expected to be subject to n
linear variations when the alloy composition is changed fr
pure silicon to pure germanium. The reason is that eve
linear change in the lattice constant~and thus strain! results
in nonlinear energy shifts when entered into equatio
where the deformation potential is composition dependen
i
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well. However, within the experimental error of our me
surements, we did not observe any significant deviation
our experimental parameters in the Varshni or Vin˜a expres-
sions from these paramters linearly interpolated between
and Ge. We note that the energy shift between 10 K and
K is about 160 meV for theE0 transition and only about 30
meV for theE08 transition although both transitions have th
sameG258 VB state in common. A similar finding is wel
known from silicon and germanium: Transitions betwe
bonding and antibondingp states have a much weaker tem
perature dependence than those betweenp ands states.

V. CONCLUSION

Using ER spectroscopy we have determined the transi
energies of several critical points in strained Si12xGex layers
for 12.5%,x,28.1%. Our experimental results for 70
are in good agreement with theoretical calculations of str
shifts for theE0 transition, while they deviate for theE1

transition. The dependence of the transitionsE08 , E2, andE18
on the germanium concentration is relatively weak. The
tensity of theE1 transition becomes smaller in strained m
terial than that of theE08 transition, while theE18 transition
becomes much stronger as compared to unstrained mat
We have further reported the temperature dependence o
transition energies between 10 K and 300 K. The tempe
ture dependent shifts of the transition energies are simila
those of pure silicon and germanium.
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