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Abstract. A comprehensive electrical characterisation of the SiGe/Si heterostructures has been per-
formed in the wide temperature range (10-270 K). Four structures fabricated by the Ge* ion implanta-
tion technique at different substrate temperatures (room temperature, 150°C, 450°C and 600°C) have
been studied. The diode I-V characteristics, thermally stimulated capacitance and currents were meas-
ured and the presence and parameters of shallow trap levels were determined in dependence on the
substrate temperature. The sample implanted at 450°C shows the best diode operation reflecting the
higher quality of the surface silicon layer as compared to RT- and 150°C-implanted samples. Implanta-
tion-induced mechanical stresses have been investigated by Raman spectroscopy. For the first time the
cryogenic TSCR technique has been applied to this system which makes it possible to investigate strain
in the silicon layer due to SiGe layer formation.
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1. Introduction measurements in the temperature range from 80 to 300 K,
measurements of forward and reverse currents on voltage

Si;_,Ge/Si heterostructures can be used for fabrication éV) and temperqturel-(n at temperatures from 30 to
the silicon-based heterobipolar transistors [1] which a@P K. The mechanical stress in the near-surface layers was
considered now as the alternative to the 11I-V material sylvestigated by the Raman scattering technique.
tems for high-speed, cryogenic and RF microelectronics. It is
known also that $i,Ge/Si heterostructures can be used fo2. Experimental
fabrication of efficient long-wave optoelectronic devices [2].

lon implantation of Ge into the Si substrate is a new anthe heterostructures were fabricated by the ion implanta-
very promising method of formation of the §Ge, layers.  tion of Ge into the-type silicon substratdg = 10t5cnm).
This technique is highly compatible with any standard silirhe implantation was performed at an energy 100 keV to
con process. But, in this case, the introduction of post-infhe dose of 206 cn? at various substrate temperatures
plantation defects into the surface and underlying silicofigom temperature, 150, 450 and BOD Post-implanta-
layers should be taken into account. Experimental resuffgn annealing was performed at 18600during 20 minute
from XTEM micrographs show that higher substrate temn 3 nitrogen atmosphere. Electrical measurements were
peratures during implantation would be beneficial t@arried out in a Schottky diode structure, made by evapora-
improve the crystallinity of surface SiGe layer by the elimition of metal (Fe) electrodes onto the silicon surface. The
nation of the surface defects [3]. . ~ diodes were circular dots with area dl@=3 cn?. The

In this paper the results of electrophysical and opticgbference measurements were performed also in the Fe/Si
studies of Si,Ge layers fabricated by the ion implanta-giode fabricated on the unimplanted silicon wafers. Ohmic

tion technique are reported. The experimental techniquggntact was created by deposition of aluminium onto the
included low-temperature (5-30 K) thermally stimulated;jjlicon surface.

charge release (TSCR), thermally stimulated capacitance
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Fig. 1. Experimental forward /- characteristics for the samples implanted at different substrate temperatures and for the control sample measured at
40 K (a) and 70 K (b).

3. Results 3.2. Thermally stimulated measurements of
charge release currents and capacitance
3.1. Measurements of I-}" dependencies The technique of low-temperature (5-30 K) TSCR is

Forward currents of the SiGe/pSi heterostructures were commonly used to obtain information about the electrical
measured when a negative bias was applied to the mdgperties of the shallow defect centers which are attrib-
electrode (gate) and reverse currents were measured at4f§¢l t0 the presence of strained and dangling bonds situ-
opposite polarity of the gate bias. Fig. 1 shows the forwafied in the transition layers of the silicon-related interfaces
I-V curves of Schottky diodes measured at the tempe#d: 5l- Filling of the system of shallow hole traps was per-
tures 40 and 70 K for the structures implanted at differefffmed by application of the forward voltage bias to the
temperatures and for the control Fe/Si diode. Fig. 2 showgucture at some fixed temperature called the filling tem-
reverse current vs. voltage dependencies. It can be seeRGfature. Cooling the sample to a lower temperature and
the figures that the best diode characteristics, close to thg¥4tching off the filling voltage (shortening the structure)
of the control sample, were found in the #Gdmplanted UMS the system into the non-equilibrium state when a frac-
sample. Forward-V characteristics for this sample argtion of charge is trapped in the interface centres. Subse-
shifted rightward in respect to the curves of the contr&Uent heating of the sample results in the thermally acti-
sample, this shift being slightly dependent on temperatuﬁ@ted charge release into the allowed silicon bands, and a
It should be noted that forward and reverse currents of tRérent related to this process is registered as TSCR current.

60CPC-implanted sample are high, as compared to other Fi9- 3 shows the thermally stimulated charge release
samples. currents measured at the same filling conditions (tempera-
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Fig. 2. Experimental reverse /~V characteristics for the samples implanted at different substrate temperatures and for the control sample measured at
40 K (a) and 70 K (b).
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Table 2. Activation energies of deep levels from the thermally

stimulated capacitance measurements.
g E eV RT 15C 450C 600C
© 0.23 X
1 pA 0.27 X x
0.38 x x
0.42 x x
0.47 X
0.51 x x
0.52 X
0.54 X
° Fig. 4 shows th&—T dependencies measured by the
150 %C standard thermally stimulated technique [6], when the
/\ reverse bias is applied to the structure at low temperature
0 and then capacitance is measured during the sample heat-
ing. In Table 2 the values of the activation energies for deep
450 °Cc hole traps are presented obtained by the standard process-
ing of C—T curve.
0 = 3.3. Determination of the surface state density from
the I-V characteristics
‘Aoo °c . . . . .
To obtain the potential barrier height and density of surface
o electron states (SES) in the metal-semiconductor interface
the theoretical model of thermionic-diffusion currents in the
Fe/Si Schottky diodes with an interfacial layer was used [7-9].
This model takes into account the voltage drop across the
0 f—/\ﬁ L interfacial layer between metal and semiconductor, and the

10 20 25 presence of the tunnel current through the interfacial layer

Temperature, K

with interface states involved. This theory allows one to

extract from the non-ideality of the reverse current-voltage
Fig. 3. Thermally stimulated charge release currents for the samples im-  characteristics such parameters of the Schottky diode as the
planted at different substrate temperatures. Trap filling was performed by~ barrier height and the reduced capacitance of the transition
applying 0.6 V forward bias at 20 K. layer, and to determine the surface state density from the
forward I-V characteristics.
The use of low temperatures fleiV measurements al-

ture 20 K, voltage —0.6 V). The amplitude of the TSCljpwed us to study the part of the semiconductor bandgap
peak is maximum for the sample implanted at room tenqdjacent to the edge of the forbidden gap which can not be

perature (RT) and minimum for the control Fe/Si sample.
The standard processing of the TSCR spectra provides the

values of activation energies for the correspondent shallow 6}
levels near the top of the valence band. The presence of
levels with different activation energies is indicated by thg 5f
cross in Table 1.

Table 1. Activation energies of shallow levels from the TSCR
current measurements.

Capacitance, x10°%2
w

E, mevV Fe/Si RT 180 450C 600C

100 150 200 250 300
Temperature, K

Fig. 4. Thermally stimulated capacitance for the samples implanted at

different substrate temperatures.
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tested by another techniques, such as, for example, the quas#.5 nm). It is known that in Raman measurements the
staticC—V measurements. In the table 3 the calculated barenetration (probing) depth is determined by the relation
rier height and reduced capacitance of the transition intet= 1/2d, wherea is the absorption factor, which is equal,

face layer for different samples are presented. for the above wavelengths, 210, 246, 340 nm, respectively.
. From the SIMS analyses, the'Gans implanted at an energy
Table 3. Parameters of the Schottky barriers. of 100 keV into silicon yields the mean projected range

=66 nm, and the straggling of the ion raniy&,=23 nm
Fe/Si_RT 160450C 600C [10]. ComparingR,+AR, with probing depthd we draw
Barrier heightdg, V 0.143 0.095 0.084 0.125 0.080the conclusion that both Ge-implanted layer, and un-
C,, x107 Flcn? 4 3 10 45 29 derlying and near-surface Si layers contribute to the
measured Raman spectra.
In Fig. 6 the Raman scattering spectra are shown

An analysis of the forwart-V curves has shown that 4 at excitation by light with= 476.5 for th
due to the high density of surface states in the investigat@cﬁ’asurfe adexu a Ig;)ley '9 V(;” 1_&016 ) nzmbor_ €
samples the barrier height is controlled rather by the pig_ermanlum 0Ses o (@) and 1. e (b) im-

ning of the Fermi level by the surface states than by tl%am?d at ele_zvated substrate temperature®(G00t can he
workfunction difference. The pinning of the Fermi leveP€EN in the Fig. 6a that the spectrum of the sample implanted

L : - h a high dose of @0'° cnT consists of two overlapping
leads to a situation when, at a forward bias, the major p : . .
of the applied voltage spreads over the interfacial lay ands with the maxima at 516 and 520.2"criihe first

whereas band bending near the surface and the depth of tHE is related to the Ge-implanted layer and the second one

space charge region remain practically unchanged. The‘%_related to the under_lying Si layer. Therefore, the spectra
fore, the processing of the forwatdV curves gives were deconvoluted with two peaks, so that the lower-fre-

information about a very narrow, along the energetic scafd/€ncy component was associated with the implanted layer

portion of the bandgap. Fig. 5 shows the distribution of t(l;%“d was assigned to the Si-Si bond oscillations in the

£ iR (E h fth | i Ge_y Iayer.'The frequency positipn of the peak maxi-
fsgrrt?\i:aeir?\t/?et;igg?;é%t(ru)c?uer?st e top of the valence ban mum for the SiGe,_, layer is determined by the phenom-

enological relatiow(X) = 68-8304(X) [11], whereAw(X)

3.4. Investigations of Raman spectra in the
Si;_,Ge,/Si structures

0.3

The structural properties of the samples were investigated
by Raman spectroscopy. The optical measurements have, |
been carried out on the samples prepared using different
germanium implantation parameters. Two of these samples
have different germanium doses (1®® and 610 cni?) 02
implanted at 100 keV energy, and 8GGubstrate tempera-
ture. Four other samples were germanium implanted at dif-o.15
ferent substrate temperature (RT, 150, 450 an&i@00ith
same dose (20'° cnt?) and energy (100 keV).

The Raman spectra were obtained usingldser as an _

excitation source at different wavelengths (476.5, 487.
S 0.05 %

Intensity (arb
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Fig. 5. Distribution of the surface state density near the top of the  Fig. 6. Raman spectra for the samples with implantetid@ses of B0'®
valence band of silicon for the samples implanted at different substrate () and 1.810'® cn72 (b). Implantation temperature was 600

temperatures.
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is the displacement of the peak maximum relatively to thatavelength optical phonons of the center of the Brillouin
in pure Six is the content (per cent) of Ge atoms in the Sione. The low-frequency shift (curves 2-5), as compared
lattice, &(X) is the strain due to misfit of the lattice paramto the initial Si (curve 1), is due to the presence of expan-
eters of Si and Joe;_,. The concentration of Ge atomssion stresses in the silicon under thgG®y_, layer. These

was calculated from the relatio¥=D/2IAR,, whereD is  expansion stresses are the result of the elastic interaction of
the implantation dose. The position of the maximum detethe crystalline Si with the J&e,_, layer which is in
mined form the experiment appeared to be higher by2 coompressed conditions after the built-in of Ge atoms into
1 than calculated using the above equation, winidicates the Si lattice.

that the compression strain is present in thgs8i

layer. For the germanium implantation dose offt®cnT 4. Discussion

2, the spectrum depicésymmetric band with extended left-
hand shoulder. Expanding this band on the components
obtain two peaks with maxima at 516.5 and 519'cithe
exceeding value of the first peak also indicates thia [3] formation of post-implantation defects was studied
compression stress in thg Se,_ layer. induced by high-dose germanium implantation into silicon

In Fig. 7 the Raman spectra of the control Si sampls dependence on substrate temperature. It was shown that
(curve 1) together with that of the Ge-implantdgk( if ion implantation is performed at temperatures below
100 keV,D = 20106 cnT?) with different substrate tem- 300°C, the near-surface amorphized layer is not completely
peratures (curves 2-5) are shown. The spectra excitatimerystallized even after the post-implantation annealing
was carried out using the laser irradiation witts14.5 nm. (950°C, 1 hour in nitrogen) leading to generation of high
In this case, because of greater penetration depth, the ndgéfiect concentration at the silicon surface. Our results also
contribution to the spectrum is from the underlyinghow a poor surface quality (resulting in the small Schottky
crystalline silicon, and the relative contribution of théarrier height) for RT and 18C samples (see Table 3). On
Si,Ge,_, layer is less than that shown in Fig. 6. That is whthe contrary, the 45C sample has the barrier characteristics
we did not manage to extract the silicon-germaniumlose to that of the control sample, reflecting the fact that
component in this case. the dynamic annealing mode at the substrate temperature

In the spectrum of unimplanted sample (curve 1) th50°C provides the high-quality silicon surface. This sample
peak with the maximum at 521.4 chis observed which is shows also the best diode characteristics, as seen from Figs
typical for Si and is related to scattering at the longt and 2.

The reverse currents of 18D and 600C- implanted
samples are higher than that of RT- and°@5iinplanted
samples. This may be attributed to a high concentration of
deep levels near the midgap, acting as efficient
recombination centers. The levElg+ 0.42 eVE,+0.51eV,

Ey + 0.52 eV which are present in the 160and 600C
samples play the main role in such a process.

4500C 4 4.1.1. +0.38 eV level

In [12] deep levels in fully strained and partially relaxed
SiGe/Si heterostructures were studied using DLTS tech-
nique. The observed levEl, + 0.38 eV was attributed to
1500C 3 the trap which is present exclusively in the partially relaxed
SiGe layer and is associated with generation dftiéi@ad-

ing dislocations during the relaxation [13]. The level
Ey+ 0.38 eV was found in our thermally stimulated
capacitance measurements in the samples implanted at
150°C and 450C (see Table 2). The absence of this level in
the RT-implanted sample can indicate that in this case the
efficient relaxation of mechanical stresses does not occur.
Such a conclusion is confirmed also by the results of Raman
measurements, showing the highest level of residual stress
in this sample. If the implantation is carried out at tempera-
ture 600C, the resulting SiGe layer remains unstressed af-
ter implantation, so that during the post-implantation
s T e e e e e e 0 annealing the stress relaxation does not take place.

V,em™! 4.1.2. +0.27 eV level
Fig. 7. Raman spectra for the control unimplanted Si sample (curve HN€ 1€VEIEy + 0.27 eV shows the same behavior as the

and for the samples implanted at room temperature (2)C1), 450c ~ Ev+ 0.38 eV level. |t' is absenf‘ in the RT-implanted sample,
(4) and 606C (5). appears at the 180 implantation temperature and has the

¥'%. The nature of defects related to deep levels

600°C 5

Intensity (arb.units)

RT

control Si
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maximum concentration in the sample implanted at@50 sample is characterized by the high concentration of the
It was noted in [14] that the level with this activation energglefect leveEy + 0.52 eV. The SIMS measurements carried
was observed in the p-type silicon after the 1 MeV electranut in the samples fabricated using the same technique have
irradiation and was attributed to formation of divacancieshown [10] that at the substrate temperatur€ €abe ef-
The divacancy complexes can lead also to appearance of letetss of impurity redistribution are observed in the SiGe layer
situated in the midgap of the semiconductor. Taking into aesulting, in particular, to formation of the germanium
count the dependence of appearance d&e0.27 eV level clusters. TheEy + 0.52 eV level, which is absent in the
on the substrate temperature, we must draw the conclusgamples implanted at lower temperature, may be related to
that the temperature 48D provides the most favorable the presence of germanium clusters.
condltlons for the dlvapancy generation during the impla "2 Shallow defect centers in silicon
tation, so that these divacancy complexes are not annealéd
during the subsequent high-temperature treatment. It wiags known [5] that the TSCR current measurements at low
shown in [15] that at temperatures above°80the mobil- temperatures provide us with information about the shallow
ity of vacancies and vacancy complexes is so high that thegnters near the silicon surface related to the presence of
may react with formation of more stable complexes, suetangling Si bonds, Si—-OH bonds and strained Si-Si bonds.
as k. It can be seen in the Table 1, that in the unimplanted sample
At lower substrate temperatures the mobility of implarthe main contribution into the TSCR spectra is due to the
tation-induced vacancies seems not to be sufficiently higgvel with activation energy of 23 meV. In the Ge-implanted
for their mefficient pairing into the divacancies. At thesamples the main contribution is dudstpt 0.031 eV level.
higher substrate temperature (80D during implantation This level is related to additional strains in the silicon in-
the annihilation of vacancies with the interstitials takes plackiced by the formation of the buried SiGe strained layer.
and the resulting layer is actually free of vacancies. The levels with activation energies 23 and 20 meV are also
4.1.3. £,+0.42 eV level found in these samples, but their amplitude is relatively low.

The levelEy + 0.42 eV was observed in the 160 and It should be mentioned that at higher substrate tempera-

600°C- implanted samples. The nature of defect associa ture the efficient relaxation of the mechanical strain occurs,
X mpilant pes. 1 u . : ich is reflected in the decrease of the Raman shift (see
with this level is not clear. It is possible, that in the case

150°C implantation the thermally stable defects (complexc=1-8|\§,?lzr6 :nchlrtﬁdzzeoitrtﬁg :)eet;ukcstlcc))? II(S)vT?enrggztrz?u?(lasngége
or clusters) are formed which are not fully annealed duri rrents (Fig.3) at higher substrate temperature. The fact
the post-implantation annealing [15]. If the implantation ifh t 450C—irr.1planted sample has higher peak .than the
performed at room temperature, then the totally amorphiz?

ilicon germanium laver is better recrvstallized and the on (*C-implanted one is related to different barrier heights
stiicon germanium layers better recrystaflized a € 0N these structures, since the higher is the barrier, the stron-
problem in this case is the presence of structural end-

er is the variation of band bending in the space charge region
the semiconductor, so that filling of shallow centers oc-
curs in the more prolonged spatial region.

range (EOR) defects in the amorphous silicon germaniu
- crystalline silicon interface.

In [10] it is shown that germanium implantation at 8D0
leads to anomalous diffusion into the bulk of the silicod.3. Correlation between the interface state
wafer, and also to the phenomena of «uphill» diffusiorlensity and mechanical strain

resulting in the displacement of the germanium profile tgj g shows the results of calculations of the mechanical

the silicon surface. The excess Ge concentration near tigssses in dependence on the substrate temperature during
surface may also be at the origin of Eyet 0.42 eV level.

4.1.4. E+0.51 eV level 20 PRI
The levelEy, + 0.51 eV was attributed in [12] to structural | i x10° e ev O, x10° Pa
defects appearing in the process of recrystallization in the
amorphous-crystalline interface (EOR defects). Such de;|
fects may be, for example, misfit dislocations or disloca-
tion loops in the bottom SiGe/Si interface. This level is
present in the samples implanted at room temperature an
at 150C. Thus, the conclusion can be drawn that implantd?
tion at temperatures above 460does not result in forma-
tion of the amorphous layer, and EOR defects in the inter-
face amorphous-crystalline phase are not generated durin
subsequent high-temperature annealing.

4.1.5. K+0.52 eV level
At higher substrate temperature, the higher mobility of struc; . . |
tural defects, or the processes of anomalous diffusion [10]° 200 400 600
lead to the significant increase of the defect concentration Implantation temperature, °C

in the SiGe/Si interface, which, in turn, deteriorates the dfjg. 8. Surface state density and mechanical stress plotted as a function
ode performance of the structure. The €Ddmplanted ©f the implantation temperature.
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implantation. The magnitude and sign of strain were evalbeen used, for the first time, to study the SiGe/Si hetero-
ated from the shift of the peak for the center of Brilluoistructures. These techniques appeared to be suitable to as-
zone (521.4 cm)) using the equation [16§(Pa)= sess the quality of the interfaces in heterostructures.
= 2.4916M@v, whereAv is the shift of the peak in crth In
the same figure the dependencies are plotted of mean Sk ences
density near the top of the valence band calculated from
the results of-V measurements. . . 1. Xu D-X, Shen G-D, Willander M, Ni W-X and Hansson G V 1988
It can be seen from the figure that the correlation exists ;. ppys. Lerr. 52 2239-41
between the strain and surface states density near the top. ofillander M, Shen G-D, Xu D-X and Ni W-X 1988 J.Appl. Phys. 63
the valence band. Both magnitudes decrease monotonically 5036-9

with increasing the implantation temperature. 3. Chen N X, Schork R and Ryssel H 1995 Nucl. Instr. and Methods in
Phys. Research B 96 2869

4. Lysenko V S, Sytenko T N, Zimenko V I, Tyagulski I P and Snitko O V
Conclusions 1980 Phys. Status Solidi (a) 59 115-9
5. Lysenko V S, Sytenko T N, Snitko O V, Zimenko V I, Nazarov A N,
. Osiyuk I N, Rudenko T E and Tyagulski I P 1986 Solid State Comm.
Thus, we have shown that the substrate temperature durings7 1714
implantation is the factor that affects essentially the prop- Buehler M G 1972 Solid State Electr. 15 69-79
erties of the SiGe/Si heterointerface fabricated by the iof- Wu C-Y 1982 Journ. Appl. Phys. 53 5947-50
implantation technique. The best diode performance wis Tseng H-H and Wu C-Y 1987 Solid-State Electronics 30 383-90
b d in the 45C-implanted sample. Implantation at.: Tseng H-H and Wu C-Y 1987 Journ. Appl. Phys. 61 299-304
observe _ p ple. Imp 10. Patel C J and Butcher J B 1997 Mat. Res. Soc. Symp. Proc. 438 223-8
lower implantation temperatures provide the layers. Menendez J, Gopalan P, Spencer G S, Cave N and Strane ] W 1995
characterized by high mechanical strains in the over- and A4ppl. Phys. Let. 66 11602
under-laying silicon layers. At higher implantation tempera2: gF;mOESZ%OSEUﬁ A, Benyattou T and Dutartre D 1992 Thin Solid
. i . . Films ¥
t_ure, the proces.ses of anomalous hlgh diffusion OT |mpur1| . Elliman R G and Wong W C 1993 Nucl. Instr. and Methods in Phys.
ties and dislocation loops also deteriorate the electrical prop- peseqrch B 80/81 76872
erties of the structure. The most important factor affecting. Walker J W and Sah C T 1972 Phys. Status Solidi (a) 11 513-22
the electrical transport in the structure is the presence 16f Lalita J, Svensson B G and Jagadish C 1995 Nucl. Instr. and Methods
deep centers near the silicon midgap. ’;’l’: h}f& }fejseagc’]’v[ Bk?ﬁ 2%01"9‘88 ool P, 63 8701
The low temperature thermally stimulated capacitandd: Tekehashi J and Makino - APPE PRS- 03 817

and thermally stimulated charge release techniques have
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