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Spectroscopic ellipsometry was used to measure the dielectric functions of epitaxial and bulk Ge at
photon energies from 1.5 to 5.2 eV. The epitaxial Ge was grown at 400 °C by molecular beam
epitaxy on(001) Si substrates. The optical response and the interband critical-point parameters of
Ge on Si were found to be indistinguishable from that of bulk single crystal Ge, indicating high
optical quality. Dislocation density measurements using an iodine etch verified low surface defect
densities. We conclude that epitaxial Ge grown on Si at relatively low temperatures is suitable for
optical device applications. €996 American Institute of Physid$§0003-695(96)04352-5

Because of the large lattice mismatch4%) between Si cm™ 2. Apparently, interfacial Ge melts and subsequently al-
and Ge and their different thermal expansion coefficients, itoys with the Si substrate. Growth at intermediate tempera-
is difficult to produce high-quality heteroepitaxial Ge films tures(700 °Q does not confine the dislocations, resulting in
on Si substrates. On the other hand, the growth of lowa higher EPD.
defect-density Ge* and Sj_,_,GgC, alloys’ on Si(001) The purpose of this work is to show that slow growth at
is of great technological interest to modify transpéftand  low temperatures can yield thick Ge films on Si with low
carrier confinement in Si-based devices and to integrate Gaurface dislocation densities. This leads to the surprising re-
based optoelectronicée.g., infrared detectorswith well-  sult that the dielectric functiofDF) of Ge on Si is indistin-
developed Si integrated circuit technology. Also, because ofjuishable from that of a bulk Ge sampl@he correlation
the small lattice mismatch of GaAs and Ge, it becomes feabetween the DF and of dislocations in group-1V alloys was
sible to integrate I11/V devices with Si integrated circuit tech- discussed by Langet all! Thick relaxed Si_x—yGeCy
nology by growing a Ge virtual substrate on Si, followed by layers with many dislocations have very broad and weak
GaAs/Ge epilayers. E, peaks, whereas pseudomorphic layers with a low disloca-

The initial growth of Ge on S{001) can be describdds  tion density have strong and narrdiy peaks)
Stranski-Krastanow: The first three to six monolayers grow  The Ge layers used in this study were grétvby mo-
layer-by-layer. After about 10 to51A | islands start to form.  |ecular beam epitaxyMBE). The Ge molecular beam was
Island formation can be suppressed by a surfadt@asit ex-  produced by thermal evaporation from a solid source of
tending the layer-by-layer growfrBecause of the local elas- zone-refined polycrystalline Ge in a pyrolytic boron nitride
tic deformation of near-surface layers in the substrate, therycible. To minimize contamination from the crucible, the
onset of dislocations is delay®dntil the islands have grown cegl| temperature was kept below 1380 °C. At the cell tem-
to far in excesg500 A) of the equilibrium critical thickness perature of 1325 °C used in this experiment, the Ge growth
(10 A). rate was 0.13um/h (0.3 A/9.

This work deals with much thicker layers, where the  Substrates weré01) oriented, 75 mm diameter silicon
strain is relieved by misfit dislocations. These dislocationsyafers prepared by degreasing, oxidizing in a solution of
can be studied using plan-view transmission electron microsto;Hzoz;Hg (5:3:3, and dipping in HF:HO (1:10.%?
copy (TEM).2*9 They usually climb to the surface where The substrates were desorbed at 250 °C in the MBE chamber
they deteriorate the transport properties of active device layjyst prior to growth. The Ge layers were grown at a substrate
ers(such as a heterojunction bipolar transi$totsing thick temperature of 400 °C; they were between 0.3 anddnl
compositionally graded layefS,it is possible to grow re- thick (measured by a Dektaland appeared mirror smooth
laxed Si_,Ge, layers &~0.3) with low threading disloca-  after growth. Since the mobility of dislocations is limited at
tion densities. lower temperaturésand the thermal expansion coefficient of

Malta et al? have shown that dislocations in Ge on Si Ge (6x 10°) is about a factor of two larger than that of Si,
can be confined to the epilayer/substrate interfas¢éending it is not surprising that growth at low temperatures resulted
up to 0.7um from the interfaceby growing with substrate high quality layers.
temperatures near the melting point of @87 °Q. For Well resolved reciprocal lattice rods of the substrate
samples with a thickness of 2/om, the residual strain was yere observed bin situ reflection high energy electron dif-
e~2.5x10"* and the etch pit densitfEPD), a measure for fraction (RHEED). After about 10 A of growth, the lattice
the dislocation density at the surface, was aboutlé o5 were less well resolved, but distinct rods still remained.
The RHEED pattern gradually improved as the epilayer be-
dElectronic mail: zoliner@iastate.edu came thicker. For sample SGC99, a 04t thick layer of
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FIG. 1. Lines: Real ;) and imaginary &,) part of the dielectric function
of SGC99(0.75 um Ge on Sj, corrected for a 10 A native oxide layer. The
data of Ref. 13 for bulk Gé111) are shown for comparisor®),(A).

FIG. 2. Numerically calculated second derivativesp{®) ande, (A) for
Ge on Si. The lines give the best fit to Ed) with the parameters in Table
I. The E{ region(2.75-3.35 eYwas multiplied by 10 to make it visible on
this scale.

Ge on Si grown at 400 °C, the RHEED pattern at the
completion of growth was similar in features and intensity to(El E,+A,), a shoulder near 3 eVE(,), and a third peak

that of commercially available Ge substrates. The RHEED o4 4.2 ev E,). These peaks are interband critical points
suggested that island formation was partially suppressed @&pg arising from direct band-to-band transitions at various
low growth temperatures, and that as growth proceeds isgions in the Brillouin zon& For a further analysis of these
lands may coalesce to form single crystal Ge with few decpg e calculate numerically the second derivativee of
fects. We speculate that the low growth rates employed herg;, respect to photon energghown by the symbols in Fig.
encourage the formation of reduced defect single crystal GQ) and perform a line shape analysis. Following ¥ét al,’
over multicrystalline Ge, but further study will be necessary,q qescribe the CPs using a mixture of a 2D minimum and a

to confirm this. _ _ - _ saddle point represented by
To find the surface dislocation densities, we used an io-

dine etcR HF:HNO,:CH;COOH:I (20 ml:40 ml:44 ml:120 €(w)=C—A In(ho—Ey—il)expi¢), (1)

mg) for 1 s tomeasure the etch pit densitifPD) of the Ge

layers. For SGC909, it appeared constant and uniform acrosgheref o is the photon energyk, the energy of the CP,

the entire area and was consistent between samples and eichts broadeningA its amplitude(oscillator strengthy and

times. The average EPD wax40* cm 2, a factor of five ¢ the phase angle describing the amount of mixing. The

lower than the results of Maltat al? The EPDs of thinner parameters obtained from the line shape analysis are given in

layers (<0.3 um) and those of samples grown at higher Table | in comparison with parameters of bulk samples from

temperatures¥500 °Q could not be determined, since the Vina and co-worker$’ First, we note that our bulk param-

EPD was not uniform or the complete Ge layer was removeeters are, within the error bars, identical to those of Ref. 17

by the etch. The EPD of bulk Ge was less thaf &2, with one exception: Via and co-workers used a fixed spin-

consistent with data supplied by Eagle Picher. The pit shapegrbit splitting A;=187 meV determined from low-

for SGC99 and bulk Ge differed. For the bulk Ge, most pitstemperature measurements. In our analysis, we trelfexs

were circular, about um in diameter. For SGC99, the pits

were squares, approximately-B um on each side. TABLE |. Critical point (CP) parameters for bulk Ge and Ge on Si: ampli-
After growth, the dielectric functionéDFs) € in the 1.5  tude(A), energy(E), broadening ), and excitonic phasel() [see Eq(1)].

to 5.5 eV photon-energy range were measweraituwith a

spectroscopic ellipsomet&t The spectra were corrected for (ﬁ) (e'f/) (erV) ( dq; 9
a native oxide layer. The thickness of the oxide was deter=

mined by matching, at its peak near 4.2 eV with the data of Bulk Ge (this work)

Ref. 13. The lines in Fig. 1 show the rea{ and imaginary g, 5.5(3) 2.1142) 0.0582) 86(4)
(€,) parts ofe for sample SGC99, assuming an oxide thick-E,+A; 4.1(6) 2.3142) 0.0766) same
ness of 10 A. Other Ge epilayers grown on Si at the samé&s 3.26) 3.052) 0.202) -2912
temperaturénot shown in the figurehad similare. For com-  E2 8(1) 4.311) 0.1071) —19311)
parison, we also measured for a commercial bulk Ge Bulk Ge (from Ref. 17

(001) sample(Eagle Picher The DF of SGC99 and that of E; 2.1113) 0.061) 71(4)
the bulk sample were indistinguishable, except below 1.8 eVE1+41 2.2983) 0.072) same
where the accuracy of our instrument decreases. In Fig. 1 2-.3%;84) 0.1099)

also show the data of Ref. 1®), (A) for bulk (111) Ge. 2

) ) Ge on Si(SGC99, this work
The agreement is good, except fer in the range below 2

eV. (Similar discrepancies were found in Ref. 18he DF of  E: A 2-3‘7‘) g;gag) 8-8?3? 84(4)
SGC99 resembles that of bulk Ge much more than that o@+ ! 3:355; 3:05(:;)) 0:21(%) _Sggr?;
thin Ge films enclosed between Si barriéhd® E, 8(1) 4.370) 0.1096) —1966)

The spectra show a double-peak structure above 2 e¥
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