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Electroreflectance spectroscopy of strained $i,Ge, layers on silicon
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Electroreflectance spectroscopy was used to measure the critical point energies in straig@d Syers
on Si in the energy region from 3 to 6 eV. Observed were the transitBpdE;+A;,Ey,Eq,Eq
+A,E,(X),E»(X), andE; for germanium concentrations ranging from 12.5% to 28.1% at sample tempera-
tures between 10 and 300 K. The transitidhst A, ,Eq,Eq+Ag,Ex(2), andE; and their temperature de-
pendence have not been reported before in strained Sg, layers. Calculations of the strain shifts based on
deformation potential theory are in good agreement with the experimental shifts &f,ttransition, while
deviations occur for th&; transition.[S0163-182¢08)12319-9

I. INTRODUCTION tacted using 5-nm-thick Au Schottky barriers on top and
200-nm Ti contacts on the substrate side. Ppkigpe samples
received semitransparent 5-nm-thick Ti top contacts and

§OO-nm Al substrate contacts. A modulated electric field in

e.g., high frequency bipolar transistors based on SiGe heterg- . . )
structures, are already in use, and infrared detectors in tr?he sample was created by applying a sine voltage at a fre

; . ency of 225 Hz. The beam probing the reflectivity of the
4-um range are being developed. Such hopes have motlvate%mples was either from a 75-W Xe arc lamp or from a 50-W

investigations of the fundamental indirect band gap of : :
SiGe/Si heterostructures in a wide range of Ge concentraqutenum lamp(for short wavelengths dispersed by a

tions and of several direct gaps in,SiGe, superlattices monochromator of. 0:25—m focal_ Iength: All measurements

However, much less information islavailable on the dir'ec were performed vy|th|n the Ipw-ﬂelld I|m|t: The E.R spectra
A . . . . R/vere analyzed using the typical third derivative line shape

gaps in single Si ,Ge, layers on Si. The aim of our work is

to investigate the dependence of direct optical transitions on AR

the germanium concentrationin strained Sj_,Ge, layers. — =Rd A€ H(E—Eg+i1“)‘”], (1)

It appeared desirable to separate the influences of composi- R

tion and strain, hence we restricted ourselves to the study Qf, .o A is the signal amplitudel” the line broadeningE
g

thick single strained layers, thus _avoiding the complipationsthe energy of the investigated critical point in the combined
of folded band structures associated with superlattices. I'aensity of states, ané the incident photon energyl is a
this work we present our investigations of a series of pseudo- '

morphic Si_,Ge, films with germanium concentrations be phase factor and varies between 2.5 and 4, depending on
x - " i
tween 12.5% and 28% by electroreflectafiE®) spectros- the type of the critical point. We have used bgth and

copy in the energy range from 3 to 6 eV and for temperatures?_type samples to investigate different types of contacts.
between 10 and 300 K. We derive transition energies for th here should be no essential physical difference in the inves-

Yigated optical transitions for different doping. However, the
major critical pointsEgy,E(,E;,E,,E; and their split-off 9 b ping !

. d di def ) 1 val phase facto® can change betwegn and n-type samples
companions, and discuss deformation potential values. 5,4 therefore allows for an independent check of the reliabil-

ity of our fit parameters at critical points derived. For most

Il EXPERIMENT samples we obtained a better signal-to-noise ratigpfoype

samples.
All samples were grown at the Daimler Benz Research
Institute in Ulm by molecular beam eplta)(WIBE) A sili- IIl. THEORETICAL CALCULATION
con buffer layer was first grown on th@01) silicon sub- OF THE TRANSITION ENERGIES

strate followed by a 300 A fully strained epilayer of

Si;_,Ge, and a 50-A-thick cap layer of silicon. The thick-  The band structures of silicon and germanium are shown
ness of the Si,Ge, layer was smaller than the critical i Fig. 1 indicating the optical transitions
thickness, but large enough to keep energy shifts of the eled&1,E1,Eq,Eq,E2(X), andE,(2), which are studied in the
tron and hole states due to quantum confinement below meéosllowing. All corresponding transitions with the participa-
surable limits. The germanium concentrations were detertion of split-off valence and conduction bands were omitted
mined by photoluminescence measurements in addition tfor clarity. Kline, Pollak, and Cardon&have shown experi-
estimates from the growth, and were found to be betweementally that the transition energiedv for Eg,Eq
12.5% and 28.1%Table ). The n-type samples were con- +AgyE;,E;+A(,Ej,Eg+Ay, and E, in unstrained
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TABLE |I. Literature data of parameters in Si and Ge relevant for the present investigation: Deformation
potentialsa and b, elastic modulic,; and c4,, transition energies and split-off energidg for the Eq
transition(Refs. 2—8, Varshni parameters for thg; transition(Refs. 9,10, deformation potentials, transi-
tion energies and split-off energies of the transition(Refs. 8,11,12—14

a (eV) bEV) ¢ [10°(N/ecm?)] cpp[108(N/emP)]  Egq (meV) A, (meV)

Si -12.4 -22 16.772 6.498 4175 44
Ge -8.6 -3.0 13.112 4.923 882 296
a(107%eVIK) B (K) D1 (eV) D3 (eV) E; (meV) A; (meV)
Si 5.37 342 -8 5 3452 29
Ge 3.6 344 -8.2 5.8 2239 184

Si;_,Ge, bulk alloys can be well described as linear inter-WhereE is the transition energy of the unstrained material,

polations between the known values of silicon and germad, the spin-orbit splitting energy at thé,s point, andEy
nium =a(2—K)e andEg=—b(1+K)e are matrix elements due

to the hydrystatic and uniaxial stress, respectively. Hare,
hvsi, ce=Eqgsi, e =XEgceT(1—X)Egsi. (2)  denotes the hydrostatic interband deformation potefitil
a describes the relative shift of the CB and WRndb is the
The strain present in our pseudomorphically grown SiGe altetragonal deformation potential of the valence band. The
loy layers modifies these transition energies as discussed beenstantsa, b, cq4, ¢q,, Eg, andA, are known for silicon
low. and germanium and can be calculated fqr e by linear
For clarity, we summarize here briefly the formulas andinterpolation. The values for silicon and germanium at 70 K
parameters used in our derivation of deformation potentialsare specified in Table I, and the calculated transition energies
When Sj_,Ge, layers are grown epitaxially of001) sili-  are shown in Fig. 2. Obviously, theory predicts a decrease of
con, lattice mismatch causes a biaxial compressive strain the energy of all thre&, transitions with increasing germa-
nium content.
€xx= €yy= €= —0.041& (3) Next we consider th& transition occurring between the
L . . I'ns VB and thel' ;5 CB. There are no theoretical calcula-
along the[100] and [010Q] directions and a uniaxial tensile 4ons for the change of thE, CB under biaxial stress, but

strain there is a photoreflectance measurement by atial*® at
300 K for germanium concentrations up to 23%. Linear in-
€= —Ke=— 2‘3126 (4) terpolation of the latter data set yields the transition energy
2z C11 for the strained alloy
along the[001] axis, werec,; andc,, are the cubic elastic Eg(x)=(3331-225) meV. (6)

moduli. The stress tensor can be split into a uniaxial and &
hydrostatic part, the former inducing shifts and splittings anq
the latter inducing only shifts of the transition energies.
The E, transition occurs between the poirdfss of the
valence bandVB) andI',. of the conduction ban@CB). In
unstrained material the VB at thE point consists of the

he 300-K transition energy can approximately be extrapo-
ated to 70 K by interpolating linearly the parameters of the
Varshni formuld® for Si; _,Ge, between the values of silicon
and germanium. The required data are listed in Table I. Since
Yin et al® experimentally resolved only one transition, it is

twofold degenerate split-off bango band and the fourfold reasonable to assign it to a superposition of the transitions

degenerate band. The latter is split under uniaxial stress int'éO(l) and EO_(Z) with an obst_ar_ved average transition en-
twofold degenerate lightlh) and heavy-hole(hh) bands. ergy. Thus, with the known splitting between g subtran-

Hence, there are three possilfilg transitions to the unsplit sitions (reflecting the splitting of thé',s VB) the energies
I, CB labeledEq(1) (hh band, Ey(2) (Ih band, and for the three correspondirtg, transistions can be calculated,

Eo(3) (so bandl. The transition energies in strained material ©2King into account the strain shifts of t&s VB. The

can be calculated as a function of the germanium concentrd€SUlts are shown in Fig. 2. It is not clear to which CB the
tion adll? transition measured by Yiat al. belongs, since th&';; CB

has degeneracy properties similar to thg, VB: it consists
Eo(1)=Eo+En+Es, of a fourfold degenerate and a twofold degenerate band in
unstrained material, and of three twofold degenerate bands in
Ee A, 1 strained Si_,Ge,. In germanium, thd’ 5 CB' split-off en,—
7+ >~ 5\/A(2’+ 2A,Es+ gEg, ergy amounts to 200 meV. gnd both transitiokg, and E}
+ Ay, have the same transition strength. Unfortunately, there
are no data for silicon in the literature.
The E; transition occurs between thd, dispersion
branch of the VB and thé ; dispersion branch of the CB.
(5)  The transition energies can be calculatethds

Eo(z): Eo+ EH_

ES AO
Eo(g): Eo+ EH_ —+ —

1
>+ +§\/AS+2AOES+9E§,
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FIG. 1. Band structure of silicon and germanium following Ref.
15 with transitions labeled.

Ei(€)=Es+ 3A1+ 84— V(341)°+(8,% 89)%

(E1+A)(e)=Ey+ 3A1+ 83+ V(5A1)7+ (8= 55)2,(7)

where 8= (DY3) (2—K)e and 8¢= \2D3(1+K)e are
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FIG. 2. Theoretically calculated transition energies in strained
Si;_,Ge at 70 K. Top: Linear interpolation dE, transition ener-
gies (dashed lines and calculated energies in strained material
(solid lineg. Middle: Linearly interpolatecE] transition energies
from Yin (Ref. 18 for strained Sj_,Gg, converted to 70 Kdashed
line), and calculated strain splitting caused by the splitting of the
', VB (solid linesg. The unknown splitting of thd’y5 CB is
neglected. Bottom: Linear interpolation &; transition energies
(solid lineg and calculated transition energies in strained material
(dashed lines Data from Table I.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Experimental results on the two series of samples ob-
tained at 70 K are shown in Figs. 3 and 4. The dominant
structure in all spectra is due to the transitidbsand EJ .
TheE, transition, which is very weak in germanium and also

matrix elements due to the hydrostatic and uniaxial parts ofveaker than th&; transition in pure silicon, yields the high-

the stress, respectively. The matrix eleméntescribing the
electron-hole exchange interaction can be negléttadd
the interband deformation potentidlg ,D3, the split-off en-
ergy A,, and the transition energids, andE;+ A in un-

est peak in strained Si,Ge . The transitiorE,—in germa-
nium as strong as thg, transition—is relatively weak for
small germanium concentrations and cannot be resolved in
all of the spectra. The structures due to theandE; tran-

strained material were taken as linear interpolations betweesgitions are complex and can be explained solely by assuming
germanium and silicon. The values of silicon and germaniunma superposition of several critical points. However, there is
used here are specified in Table I. The calculated energies fanly a weak dependence of these transitions on the germa-
strained material are shown in Fig. 2 as a function of thenium concentration. Around 3 eV in Fig. 4 the onset of
germanium concentration. The strain causes a negligible adtrong oscillations is visible, which extend to lower energies.
ditional shift for theE, transition, since the hydrostatic and They emerge mainly fon-type samples and originate from
uniaxial parts of the strain compensate each other, whilinterferences due to multiple reflections in the sanfiles
there is an evident strain shift of theg + A, transition. The results for thé&, transition are summarized in Fig. 5.
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FIG. 3. Measured electroreflectance spectrp-bfpe samples at 0.0 0.1 0.2 0.3
70 K. Dashed lines and arrows indicate the various band gaps as a Germanium concentration x

function of the Ge content as obtained from fits to the experimen-

tal data. Unidentified transitions are denoted by question marks.  F!G- 5. Experimental ER results of strained SiGg, at 70 K

for transitionsE,; andE(. The data of theE, transition were lin-

. . . early fitted including the energy 3.45 eV for pure silicots0.
Tofit the e_xperlrr_lental S_p_ectra v_ve hav_e “995d3 in Eq. _(1) Included for comparison are data of other work by Yin, Ref. 18 and
for a two-dimensional critical point. A linear interpolation of ~_.jine. Ref. 21.

the measured transition energies, usingEjdransition en-
ergy for pure Si, as a known fix point, yields E,(x) =[3452— (1345+ 25)x] meV. ®)

L5 e The E;+ A, transition involving the spin-qrbit ;p!ittin@l
j ! ! could be resolved only for one sample, since it is obscured

by the E; transition. Referring to th&; transition, all data
available in the literature were measured at 300 K. From
these data we estimate the 70-K values by interpolating the
] parameters in the Varshni equation linearly between silicon
— and germanium. Our measurements are in good agreement
i with extrapolated data taken from ellipsometry measure-
ments of Carlineet al,?* but they definitely deviate from
those given by Yiret al!® This is not surprising, since al-
ready the extrapolation from Yin's measurement %ot 0
does not agree with measurements of pure silicon. The agree-
ment with our theoretical calculations is even worse. We
. have tried to fit the interpolating expression to our measure-
i ment by varying the deformation potentials and ob@in=

—2 eV andD3=4 eV. The absolute value of the hydrostatic
deformation potentiaDi derived in this way is unacceptably
small when compared to the literature valDg=—8 eV. At
present, this discrepancy can only be traced back to inaccu-
racies in the fit caused by the nearBj transition and to the

. 11 fact that we have experimental data only for samples up to
0 4.0 5.0 6.0 28.1% germanium concentration.
Energy (V) The dependence of thE] transition on the germanium

FIG. 4. Measured electroreflectance spectra-bfpe samples at  concentration is relatively weatsee Fig. . The fits were
70 K. Dashed lines and arrows indicate the various band gaps asrdade under the assumption of a three-dimensional critical
function of the Ge content as obtained from fits to the experimen- point (n=2.5). Here our measurements are in good agree-
tal data. Unidentified transitions are denoted by question marks. ment with Yinet al’s data, while they deviate from Carline
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et al's data. Like Yinet al's measurements for thg, tran- 4o BT T
sition, the extrapolation from Carline’s measurements for [ ]
x=0 does not agree with the transition energies of pure sili- 40l ]
con in the literature. It is remarkable that the linewidth of the < T 1
E; transition increases with increasing germanium concen- 33 8 ]
tration. This can be understood as the transitiBjél) and - ]
E,(2) are split apart for largex while they are not individu- g 36 ]
ally resolved, and as the transitiois+ A, and E, merge S o ]
with the E; transition. Due to this superposition we find an —linear interpolation
evident deviation for the transition energy of the sample with 4L e Eqp+ N
28.1% Ge concentration from the linear interpolation of the - —Calculated values ]
other samples, and for the sample with 27% Ge concentra- 3.2% -
tion the E; transition is totally absent. Disregarding these .0 T
two samples we obtain - ® unknown third transition
Eg(x)=[(3400+7)—(300+40)x] meV, 9) ,;4‘8 [ + _‘__‘_‘___,_:—‘_
which, according to the above discussion, must be consid- z a6l Ex(¥) -
ered as an average transition energyEQf1) andEy(2). _ ? L F _ Carline ]
For the p-type sample series we further resolve an uni- © B ]
dentified transition in the maiBy/E, structure. For this tran- 5 4.4 | a a © Q 3
L. . [e) ~ [o)
sition we obtain an energy [ E,(X)
Ey=[(3504*25) +(353+ 116)x] meV, (10 42F ot . -
where we have uset=2.5 for fitting. Since the transition is 0.0 0.1 0.2 0.3
very weak and obscured by other stronger structures, the Germanium concentration x

energy expression given is relatively inaccurate. Interest-
mgly, the_ yalue fpn(=0, E9:3504 mevV, _'S ne_arly |den'§|§:al for transitionsE, and E,. The data of theE, transition were lin-
with a critical po'nt\?%bserved by Daunoes_ al.in pur(_e S'I," early fitted including the energy 4.17 eV for pure silicots0.
con at 3500 meV: They showed using polarization- compared data of other work refers to Carline, Ref. 21.
dependent measurements that this critical point is not consis-

tent with a spin-orbit splitting of th& transition, but must iqentified with the critical pointsE,(X) and E,(2), while

be located elsewhere in the Brillouin zone. the third transition remains unexplained. Linear interpolation
The E, transition is very weak. Therefore, and becausgyields

the E, structure merges with thE(/E, structure for higher

FIG. 6. Experimental ER results of strained SiGe,  at 70 K

germanium concentrations, we were not able to identify the E,(X)=[(4351*+38) +(210*= 180)x] meV 12
E, transition in all spectra. The transitiokg (1) andEqy(2) (12)
are too close for germanium concentrations up to 30% to be E,(2)=[(4518+ 129 +(880+600)x] meV.

resolved individually(see Fig. 2 The transitionEg+ A _
could be identified only for the sample with 12.5% Ge con-F0" E2(X) as well as forEy(X) we have useci=3 for a

centration. The results for tHg, transitions are summarized two-dimensional critical point. In contrast to all other critical
in Fig. 6. With the transition energy of pure silicon from points theE, transition energies become larger at increasing
Ref. 6 as a fix point we obtain germanium concentration. In both expressions in(&8g). the

uncertainty in thex dependent term is rather large; this

Eo(X)=[4175- (2814*55)x] meV, (11) !eaves the possibility that the transition en_ergies are constant,
. ~independent of the germanium concentration. By comparison

v_vhere We.have u§ed=2.5 for all fits. The measured trangl- to our results, the measurements by Carline forEhdran-

tion energies are in good agreement with the values predictesltion appear to be a superposition of the transitiBaéXx)

by deformation potential theory for both, thg&, transition  andE,(3).

and theEy+ A transition of the sample with 12.5% Ge con-  TheE; transition is very weak both in pure silicon and in

centration. For the latter we have only a difference of 19,,re germaniuntsee Ref. 13 In strained Si_,Ge,, how-

meV between experiment and theoretical calculation. Thever, there is a relatively strong contribution of this critical

linear fit to the measureH, transition energies lies exactly point to the ER spectra. For the transition energy we obtain
between the theoretical curves of tBg(1) andEy(2) tran-

sition. We did not find any data for th&, transition in the E}(x)=[(5402+25)+(280+120)x] meV, (13
literature.

TheE, structure includes contributions from several criti- Where we have assumed a two-dimensional critical point
cal points(Fig. 6). While we observe only one single transi- (1=3). The E; transition energy moderately increases at
tion in the n-type samples, there are two transitions in thehigher germanium concentration. Our extrapolationx 0,
p-type samples and a third transition in the sample withE;(0)=5402 meV, is in good agreement with the value of
12.5% Ge concentration. The twofold transitions can beb375 meV given by Lautenschlager al. for pure silicon at
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82 K.2% For three of thep-type samples we resolve another well. However, within the experimental error of our mea-
critical point at about 5750 meV, which might be a spin-orbitsurements, we did not observe any significant deviation of
companion of théE; transition. This energy is rather inaccu- our experimental parameters in the Varshni or &/expres-
rate as the structure appears close to the lower waveleng#lions from these paramters linearly interpolated between Si
limit of our equipment. and Ge. We note that the energy shift between 10 K and 300
For thep-type samples we have performed ER measureK is about 160 meV for thé&, transition and only about 30
ments in the temperature range from 10 to 300 K. The accumeV for theE/, transition although both transitions have the
racy of the measurement is limited since the resolution fogamer VB state in common. A similar finding is well

these measurements was lower than for those at 70 K, and,qwn from silicon and germanium: Transitions between
the linewidths increase with increasing temperature. We havﬁonding and antibonding states have a much weaker tem-

fitted the temperature dependence of all transitions to thBerature dependence than those betweands states
phenomenological Varshni expression '

T2
E(T)=eo— BT (14 V. CONCLUSION
and to the Vi formuld® Usi_ng ER spectrospppy we ha\{e determineq the transition
energies of several critical points in strained_SiGe, layers
2 for 12.5%<x<28.1%. Our experimental results for 70 K
E(T)=eg—ag| 1+ | (15 are in good agreement with theoretical calculations of strain
e’sl’—1 shifts for the E, transition, while they deviate for thg,

In both cases, the parameters in the expresgibfisand(15  transition. The dependence of the transitigs E, andE;]
determined from the experiments are on the same order ¢ the germanium concentration is relatively weak. The in-
magnitude as for pure silicon and germanium. In general, allensity of theE; transition becomes smaller in strained ma-
energies of critical points are expected to be subject to norterial than that of theE; transition, while theE; transition
linear variations when the alloy composition is changed frombecomes much stronger as compared to unstrained material.
pure silicon to pure germanium. The reason is that even &Ve have further reported the temperature dependence of the
linear change in the lattice constaiaind thus strainresults  transition energies between 10 K and 300 K. The tempera-
in nonlinear energy shifts when entered into equationsture dependent shifts of the transition energies are similar to
where the deformation potential is composition dependent athose of pure silicon and germanium.
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