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BOTOLUMINESCENCE OF BULK Si-Ge SINGLE CRYSTALS
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act, Single crystals of 5i-Ge alloy in the composition range from 0 to 50 at.%8i were grown
viraveling solvent method, The compositions of the above crystals were shown to be uniform with
measurement. The band gap energy of the crystals increased linearly in the range from 0 to
15aL%51 and varied gradually above 15 at.%Si. In order to determine the dependence of the
ry of conduction band minimum on 81 composition, we measured photohsminescence spectram
. unjaxial stress along <111> direction considering the difference of symmetry of conduction
dminimum ia Ge and Si. The dependence of peak energy of excitonic no-phonon line on uniaxial
s along <111> direction changed at about 15 at.%Si. From these results, it was confirmed that
i ction band minimum was on Ge-like L points (<111>) at composition up to 15 at.%Si ard on
jike near X points (bottom of A) (<100>) above 15 at. %Si.

e alloy fotrns a complete series of solid solution. Various properties of the alloy depend on Si

position. For example, the bandgap energy continuously varies from 0.74 eV{Ge) to 1.16eV(SD) as
oncentration increases(1-5]. It has been proposed that the conduction band minima change from
ike L points (<111>) to Si-like X points (bottom of A} (<100>) at about 15 at.%Si {6]. This
osal is supported by several experimental results, for example photoluminescence (PL) {3-5] and
al absorption [1,2} measurement.

To clarify above properties of Si-Ge alloy directly, it is relevant to measure photoiuminescence
runiaxial stress, considering the difference of symmetry of conduction band minimum in Si and
We show whether the symmetry of conduction band minimum of the alloy is Si-like or Ge-like at
alloy composition from above experiment,

¢ erysials of Si-Ge alloy were grown with traveling solvent method. The composition of those
Is wese measured in the direction of growth axis with EPMA measurement after chemical polish
an eichant (HE:HINO,=5:1) at 80°C for 30 seconds. The accelerating voltage of electron beam was

and the beam size was 30 x 30 wm. The penetration depth of electron beam was estimated 1o be
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about 2 pm. The interval of the sampling points was lmm.

The samples for PL measurement were cut to imm thickness from the grown crystals,
chemnically polished with the above etchant. We measured PL of above samples fo detey,
ban&gap energy. Excitation was by the $14.5nm line of an A7'laser at 4.2K. :

We cut out samples for the measurement of PL under uniaxial stress in dimensions 2x2x5
longest side being parallel to {111} direction.

Results and Discussion

Grown crystal with traveling solvent method. Figuré 1 shows 5i-Ge single c:ystzﬂ'ér
traveling solvent method. The grown crystals were confirmed 0 be single crystals or poly crys
an etchant (HF:H,0,:H,0=1:1:4) which was sensitive to grain boundary. The samples wez
conductivity with free electron concentrations of the order of 10%em™ at room temperature,
Umniformity of compesition. Figure 2 shows the composition in the direction of
axismeasured with EPMA. The abscissa shows the distance from the initial growth pé
composition was shown to be almost constant along growth direction, and also in the perp

section to growth axis.
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Fig. 1. Single crystal grown by traveling Fig. 2. Composition in the direg
solvent method, whose composition is growth axis with EPMA measur

26.2 at.%Si.

Photolumineseence spectrum. Figure 3 shows the dependence of PL spectra on Si comy
NP in Fig. 3 indicates excitonic}PL peak due to an exciton bound fo shallow impurity, not &
phonon. Thus the peak energy of NP line is approximately regarded as bandgap energy. Thes
the left side of NP line show excitonic luminescence spectra assisted by phonon, 80 ca]ie_ﬂ
replicas. Those phonon replicas are assigned to be Si-8i(TO), Si-Ge(TO), Ge-Ge(T0), G
phonons from the left side according to the former works [4,5].

Figure 4 shows the dependence of peak energy of NP line on St composition. It is show
bandgap energy increases lnearly in the Tange from 0 to about 15at, %51 and increases gradu
range above 15at. %51, The above experimental result of NP line on Si composition x (at. %)
by a least square procedure in the range from 0 to 15at.%S1. It is given as follows.
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E(x)=0.012x+0.734 (V) (1)

crystals. They © B(x) is the peak energy of NP line. It is in agreement with following result reported by Weber

des 1o determiy, onso [3]-

E(x)=0.0127x+0.74 {eV) (2)
3810m8 225(?2:15111};'[1 Since free excitonic luminescence was measured in their experiment, the difference of constant
s{0.74 - 0.734 eV} above two equations corresponds to binding energy of an exciton to shaliow
ifs. Free excitonic luminescence could not be detected in our experiment. This can be explained
he difference of carrer density of specimens, namely carrier density of their specimens was

1 one hundred times higher than that of our specimens at room temperature.

i : Fig. 3. The dependence of NP line on Si
agle crystal gro b I /f\N composition. NP line shows bound excitonic
3 OF poly crystals e 4 | om0z luminescence spectrum not assisted by phonon.
samples were jig & SLSHTO) : The spectra on the left side of NP line are phonen
P 1e 1 o) P P
b Si-Ge < NP ]
iperature. v Ge-Ge(TO) 3’ ] flL . replicas.
@ GeGellay M e ST T
direction of gy A \
. s b
NP .
I growth point; | ilj-"ﬁ j{’\ Y s 018 = e o ©o0 O
+ in the perpend b T T % osl. o0
E I boF o
S DS z L o
S T St 0.128 4L
............... ) 0.8
e z r.°
© el
1 ey O S U O P -
i b l l a 10 2_0 30 40
J\.i/""\_/ { Si: 0.035 Si{at.%)
T Fig. 4.The dependence of peak energy of NP line
[ & FHOGTON ENERGY(eV) on Si C()mposition_
[t}
CE(mm]}
on in the directio ofoluminescence under uniaxial stress. As mentioned in the infroduction, the symmetry of
IPMA measureme: ¢ conduction band minimum has been supposed to depend on the composition. In order to confirm

§suppositon directly, the dependence of PL peak position on the uniaxial stress were measured at

a7i0us composition.

ra on Si composit _Bquivalent four conduction band minima (<111>) and equivalent six conduction band minima

aurity, not asszsteé 100>) degenerate in Ge and Si, respectively. For uniaxial stress along <111> direction, the
:nergy. The spectra
on, so called pho

Ge(TO), Ge-Gef

nduction band minima split into one and three equivalent conduction band mirima in Ge, and not
litin 8i. The degenerate valence bands in Ge and Si are also removed into Hght hole and heavy hole
ands at I point for uniaxial stress along <111> direction [7,8]. Hence, whether the conduction band

E I:I%imum is Ge-like or 8i-like can be determined in the investigation of the splitting of conduction band
n. It is shown tha! '

eases gradually it
on x (at, %) was f

nima under uniaxial stress along <111> direction.

Figure 5 shows the dependence of peak energy of NP line on the stress. It remarkably changes
bund 15 at, %Si, being larger at low concentration (< 135at.%Si) than at high concentration (>
2t%S1). The dependence on the siress at 24.3 at. %351 is similar to that of Si, This feature indicates
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that the conduction band minimum lies on <111> direction at low concentration (<15 at, %slj
<100> direction at high concentration (>13 at. %8i). Since these NP lines at low concentrat;
15 at. %Si shifts linearly to lower energy as the stress increases, these lines are related to a falljy
conduction band minima split in two sets under uniaxial stress along <i11> direction, Ty
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dependence on the stress at high concentration more than 15 at.%Si is interpreted to be d{;
decreasing of bandgap energy related to a rising light-hole band under hydrostatic compopey
spectrum related to a rising conduction band minimum under uniaxial stress along <111> direcs
not detected in our experiment. One reason is probably that the higher luminescence energy re]
rising conduction band minimum is used to excite electrons from valence band to a falling ¢

band minimum.

i

Figure 6 shows the dependence of peak energy of NP line on the stress at about 15 at.é’

0&1{1:};1:11:1
i

dependence is different from that of low concentration (<15at.%) and high concentration (>15
The dependence is similar to that of Ge at stress up to 120 MPa, and that of 51 at stress above '12'(}
This dependence can be explained as follows under the assumption that the conduction band m fsion
is on near X point at zero stress. Owing to that the lowest energy of conduction band lies on
points {<100>) up to medium stress, Si-like dependence appears. On the other hand, andgap en
dependence is shown due to that the energy level of L point (<111>) comes fo be lower than tha

points (<100>) at large stress, since the energy at L points is more sensitive than that at X p i 2111> dir
uniaxial stress along <111> direction. ' riinimum i
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clusion

| bandgap energy increases linearly in the range from O to about 15 at. %351 and varies gradually
ywer than that g bave 15 at. %Si. The dependence of peak energy NP line on Si composition under uniaxial stress
that at X points g <111> direction changes at about 15 at. %81, and the mixture of Ge-like with Si-like conduction

' minimum is shown around 15at. %Si. From these results, it is confirmed that the conduction band
am is on Ge-like L points (<111>) at composition up to 15 at. %51 and on Si-like X points
{pottom of A} (<100>) above 15 at.%S8i. PL spectrum refated to a rising conduction band minimum

scitonic NP nder uniaxial stress along <111> direction was not detected in our experiment.

1 uniaxial st

lirection.
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