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Abstract

We report on formation of epi-layer of,Sie, , by taking standard procedure in CMOS technolodye Gompetitive
process of solid solubility of Ge dopant into Sd&i0; is the key to engineer atomically sharp, low defecy thin
epitaxial layer at the interface of oxide-Si. Oxida time process was used to control the distigoubf the doped

Ge ions at the interface of Si with oxide and ia tixide layer. Implanted samples (35 keV and 1 X G&'/cn¥)

were oxidized at 1050 °C for 30 to 90 minutes. RB®nneling analysis shows two separate peaks of Ge
corresponds to different depths after oxidationrr@worate with high resolution microscopy and elatakanalysis,

we determined the first peak as enriched layerigb&., at the interface of SiSi. Few—nm Less than 10 nm
epitaxially grown interfacial layer is very low gefects, and Ge ions are fully substituted intohbst lattice. The
second peak originated from diffusion of Ge int@Siesulted in a segregated layer containing Ge ideoim.
Technological demand on forming,Ski,_, layer for CMOS application through standard rouseshat we address

in this research.
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1. Introduction

Silicon—Germanium (SiGe) nano-layer and Ge nanstatyhave attracted intensive attention
during the last decade due to demand for high spaddow power electronic devices for the
next generation of micro and nano-electronic antb-gtectronics devices [1-5]. Therefore,
SiGe is an extremely important known semicondueltoy due to its employment in device
fabrication for the wide varieties of applicatiotts wireless communications, optical wave-
guides, infrared detectors [2,4] and CMOS [6—8Flanother promising application of SiGe is

its use in core-shell structures for photovolt&iS].

Many techniques have been used to synthesize SiGe layers, including sputtering, chemical
vapor deposition (CVD) [6], molecular beam epitdMBE) [9], pulsed laser deposition and Ge
ion implantation in silicon substrate [9-11]. Amotigem, fabricating SiGe heterostructure and
Si/SiGe heterojunctions on nano-layers of SiGe gneggh by oxidation of Si implanted Ge ions is
a cost effective route for devices to be used iBeSbased electronic and opto-electronics
applications [12,13]. The germanium rich nano-lapetween the oxide and the underlying
silicon substrate was formed, because of the mlesu snow plowing phenomena upon
redistribution of Ge ions during thermal oxidatia@i Si [2,9,14-17]. Therefore, thermal
oxidation of Ge implanted Si has been investigatetie past and last decade under a variety of
oxidation conditions [9,14,16,17]. However, thesesearches often ended with some
contradictory conclusion on the formation of mixgD,+ GeQ [18,19], the segregation of Ge

underneath the oxide [2,7,10,16], and the oxidatee enhancement with respect to pure Si



[1,15,16,19-21]. On the other hand, the literatueveys of past reports reveal that there are
many open questions on the structural propertigheinterfacial Ge rich layer in particular in

high temperature oxidation above 10Q0

This work aims to examine and investigate the fateal Ge rich layer andedistribution of Ge

impurities at the interfaces of SiGi by RBS-Channeling and high resolution electron
microscopy after thermal oxidation in purg & Ge implanted Si at high temperature. Due to
current technological demand on forming@&@ « layer for CMOS application, we believe that
our work can elucidate more the thermal proceseieghanism of Silicon doped with Ge and

subsequent redistribution of dopant ions at therfate.

2. Materials and methods

In the present work, p-type Si (100) wafers witbiggvity in the range of 5-18-cm were used.
Implantation was done using singly charged ®as with energy of 35 keV and doses of 1%¥10
Ge'/en? into virgin Si (100) substrate at liquid nitrogeemperature, and incident angle ¢f 6
with respect to the normal to the substrate’s serfa avoid channeling. Dry thermal oxidation
was done in a standard quartz-tube furnace at 105@r 30, 60 and 90 minutes in a purg O
ambient. Before dry oxidation of samples, theiahibxide layer was etched in a diluted HF
(4%) solution. The RBS-Channeling measurements \peréormed with a beam of 2.0 MeV
He' ions with a detector placed at 165° scatteringeafay RBS-Channeling in IBM geometry.
The resolution of the detectors estimated to vatywben 12 to 14 ke¥nd in terms of depth this
range of resolution for Sikxhickness is about 2 nrivieasurements were made in a turbo-pump
evacuated chamber at pressurax10° Torr. SIMNRA 6.6 computer program was used to

simulate the random RBS spectra according to exgerial conditions [22]. The RBS-



Channeling was used to determine the oxide thickaes to investigate the redistribution of the
implanted Ge ions in the samples. Samples for mmpy analysis were prepared via
conventional mechanical polishing down to transpeyeof silicon (10 microns thickness) and
subsequent ion milling using PIPS Gatan Precision milling. Prepared samples were
characterized either using JEOL JEM 2200FS FEG T™MM equipped with the Omega filter

and EDS detector or Hitachi HD2700 Dedicated STEih EDS detector both operated at 200

kV.

3. Results and discussion

Figure 1 shows RBS spectra in random (blue trigraghel channeling (black circle) directions of
the Si (100) substrate implanted with 35 keV, 1R1®e’/cn? without any heat treatment or
thermal oxidation process. To ensure an accuratelusion on the effects of Ge implantation in
silicon, RBS-Channeling measurements along the )(EXal direction were done on both
implanted and non-implanted (virgin Si) regiongd(selid line) of the same sample as illustrated
in Figure 1. Monte Carlo simulation of the 35 ke¥ ®ns implanted into a silicon target using
SRIM 2013 [23] code estimates between 290 A to RGbe projected range of the maximum
concentration of the Ge ions into silicon. Consiugthe dose of 1x10 Ge'/cn?, the maximum
Ge concentration reaches 0.04%1Ge'/cm® assuming the atomic density of Si as 4.976%10
Si/cn.

As can be seen in Figure 1, the RBS spectrum ointianted region of silicon shows a broad
peak in the energy interval of 1000 - 1150 keV iigred spectrum. The number of
backscattered probe ions along (100) axial diractibthe substrate in this region reaches the

same backscattering events in the random spectnufigure 1. This is due to the fact that



implantation of heavy ions like germanium will dage the silicon atoms from their lattice sites,
leaves a heavily damaged region on top of theasilisubstrate. Furthermore, the two peaks
appeared around 1550-1600 keV in both random amaingied spectra of the same region
correspond to the Ge ions, which almost coincidiaé@ir height. Since the area under the peak in
RBS spectra gives an estimation of the amount wésponding element, once the probe ions are
meeting dopant inside crystallographic directiotie number of backscattering events from
those Ge ions which are substituted in latticessdk Si is much less than the backscattering
events from those which are located in an intéabsites of the main lattice [24-26]. Based on
this criteria, our analysis in Figure 1 confirmatttupon tilting the sample from random to
aligned state, there is no difference on the amoii@e ions, clearly ascertain that the dopant

fully occupied the interstitial sites.
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Fig. 1. RBS spectra in channeling (black circlej sandom (blue triangle) states of the Si (100stalbe implanted
with the dose of 1xI8Ge'/cm?® and energy of 35 keV. The channeling spectrumgatbe (100) direction on non-
implanted region of the same sample is shown fargarison (red color). The surface contaminatiorkpdaarbon
is also shown in the channeling spectrum of viggimple as energy below 600 keV.

sample with 30 minutes oxidation
---+--- Aligned spectrum
Random spectrum

5000 -

4000 O edge
s SiOZ—Si interface

3000

Si edge

Yield (Counts)
S
g
|

Ge in SiOz-Si interface

: / : Ge in SiO2
" o

[)
oxide thickness /

S — ;
1000 1200 1400 1600 1800
Energy(keV)

T - | - T
400 600 800

Fig. 2. Random and aligned RBS spectra of the @) bubstrate implanted with the dose of ZRTe"/cn’ and
energy of 35 keV after dry oxidation at 1050 °C 8@r min. The energy region between 1500 keV to 1&H0
shows two Ge peaks as discussed in the text.

Figure 2 compares the random and aligned RBS spetthe implanted region of silicon after
dry oxidation at 1050 °C for 30 minutes. The positof the arrows for O, Si and Ge refers to the
respective backscattering energies from these elsnat the surface and the $iSi interface.

In the RBS spectra, the thickness of the oxiderlag® be seen as a step on the Si edge in the

random spectrum or as a broad peak on the oxyggm tedt represents the amorphous structure



of Si0,. Calculations using SIMNRA 6 indicates that theekhess of Si@layer for 30 minutes
oxidation is about 115 nm. The distribution of Gms after oxidation in Figure 2 reveals
interesting behavior. Th&e peak appears as two separated sharp peaksatilugt the
accumulation of the Ge ions at two different depthshe sample. The peak at the energy of
1520 keV, shifted 80 keV deeper in position witspects to the surface position of Ge (1600
keV), exhibits accumulation of dopant at the S&) interface. Simulation of RBS random
spectra shows that this peak corresponds to acdBeayer of SiGe .« formed at the Si@Si
interface [3, 24, 25]. Such accumulation of the atdgpafter dry oxidation at the silicon surface
results in formation of a very thin layer of,Se .« of the order of few nanometers. Comparison
of the scattering yield for Ge peak in this thigdain random and aligned spectra indicates that
the height (intensity) of the Ge peak drops sigaffitly in align spectrum. Therefore, it can be
concluded that this layer has high crystalline triee, as the intensity of silicon reduces in
aligned spectrum, so does in the Ge peak. The piek at energy of 1580 keV is originated
from diffusion and incorporation of Ge atoms int@Slayer during oxidation. The intensity of
this peak in both random and aligned spectra ihamged, as we expect, the Ge ions were
randomly distributed in amorphous structure of tixé&le layer. These two separate Ge peaks
show the diffusivity of Ge dopant in silicon andiae layer, faster diffusivity of Ge into silicon
dioxide at this temperature pushes dopant evehdugaway from the interface of SiSi. Also,
progress of oxide layer during oxidation procesl prish some part of implanted Ge ions into
the depth of the silicon, accumulate them as alaghr of the Ge at the interface. The unique
characteristic of this layer is that it has est&i#d an epitaxial relationship to the silicon

substrate, as observed from random and alignedrapec



Figure 3 with an emphasis on the Ge signal shovwetails profiles of the Ge concentration in
RBS spectra in random and aligned states of théamgd Si after dry oxidation at 1050 °C for
30, 60 and 90 minutes. As it can be seen in Fig@uae random spectra, in all three various
oxidation cycles the height and the width of theg@ak are the same, although the position of
the Ge peak at the interface shifted slightly te kigher energies (7 keV shift) after 60 min.
oxidation compared to the one after 30 minutes aiod. This means that the longer oxidation
time does not have effective role in snowplowingzef at high temperature dry oxidation (1050°
C) and disagrees with the previously reported tesalbbove 1000 °C [20]. According to the
available data on dry oxidation up to 1000 °C, ¢xédation time is important to accumulate
more Ge ions at the interface [1, 7, 20]. Howetails scenario may change by increasing the
amount of implanted Ge as was discussed in Ref. [20

In addition, Figure 3.a clearly shows reductiothiea height of the Ge peak along (100) direction
after three oxidation processes with the maximuroretese being observed for 90 minutes
oxidation. Moreover, comparison of the scattergd of the Ge peak in random and aligned
spectra and by calculating the area under the @kspat different depths in random spectra, it is
estimated that about 20 percent of the Ge atome diffused into Si@layer. Simulations of the
random RBS spectra of three samples in Figure i8es @ range of 0.065 x < 0.085 in rich
layer of Ge formed at the interface as d5%i.«x mixed layer.

To investigate the crystallinity of the Ge enrichlagler at Si@-Si interface, we can use the
normalized angular yield profile along the (100)addirection in oxidized samples and the
minimum normalized yield oxmin (the ratio between aligned and random counts) asobrthe
most important parameter to measure the crystallofithe implanted layer [10, 26]. Figure 3.b

shows thexmin for Si and Ge atoms along the (100) axial direcimnsample oxidized for 30



minutes at 105€c. In this typical profile, the vertical axis whick proportional to the number of
particles backscattered from the sample in randaidént is normalized to 1, and indicates the
signal from conventional RBS spectra in randomestahus, any drop in the normalized value
versus angle shows that the probe ions have ersr@ghntess atoms in that specific direction
before being backscattered.

From Figure 3.b the normalized angular yield peotf the Si and Ge atoms along (100) crystal
direction displays similar trend, with the diffecenjust in the value Ofmin; Xmin for silicon is
estimated to be 0.4 and for Ge ions, 0.6. Therefimese values confirm that Ge atoms have
occupied lattice site positions, resulted in slgimore backscattering of the helium ions along
crystallographic direction, due to induced strassifs as expected from the difference in the

ionic radii of the Si and Ge ions.
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Fig. 3.a. Profiles of the Ge concentration in randmnd the aligned RBS spectra of the Si (100) satestimplanted
with the dose of 1x28 Ge/cnt and energy of 35 keV after dry oxidation at 1080for 30, 60 and 90 min. b.
Normalized angular yield profile for Si and Ge atoaiong the (100) axial direction in sample impdahtvith the

dose of 1x18 Ge'/cn? and energy of 35 keV after dry oxidation at 1060fr 30 minutes.

To further shed light on the distribution of the ®as in Si and oxide layer, also presence of
dislocations and defects in the lattice of the ®k-tayer at the interface of oxide/Si, high
resolution TEM/STEM with elemental analysis in neswale have been implemented on selected
samples. Figure 4.a exhibits HAADF image of the ganannealed at 10350 for 30 minutes,

where change in the contrast of the image at tteefate of Si@-Si denotes presence of heavier

10



element than silicon substrate. Our interpretatiothis image relies on the sensitivity of the

HAADF-STEM imaging to the atomic number of the etets in the sample, heavier elements
should appear with more bright contrast. Althougbuaate determination of the Ge-rich layer is
not straightforward because of its diffuse bourelamith silicon substrate, from taken image,
one can estimate 8 nm almost uniform, rich Ge latethe interface. Further analysis of the
interface using bright field detector shown in Figd.b reveals the atomically sharp interface
between the rich Ge layer and the oxide layer withe resolution of our microscope (0.14 nm).
The arrangements of the atoms in the image follthesone from the substrate, reconfirm our
observation from RBS-C spectra that oxidation psedeas established a thin epitaxial layer of
Si;xGe at the interface. Also, no clear dislocation iseted in the image, replicates the same
layer formed during dry oxidation of the moleculsam epitaxy grown SiGe film [19]. EDS

analysis in Figure 4.c shows that the thickneshe®iGe rich layer may surpass 8 nm estimation
from contrast change in HAADF image, it can be sehere in between 15 nm and 20 nm

thickness (tilting of the sample to increase EOfhal can increase the appeared thickness).

11
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Fig. 4. For sample implanted with the dose of £XG¥'/cn” and energy of 35 keV after dry oxidation at 1080°
for 30 minutes, (aAHAADF-STEM image that is very sensitive to atomignmber of elements, (b) bright field
STEM image of Si@Si interface showing the sharpness of the interfatd (c) elemental distribution of Ge, Si and

12



O was obtained from EDS analysis in the S8Dinterface. The profiles are not normalized ane independent

from each other.
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Fig. 5. STEM image and the results of the elemeatellysis of the Ge along the points shown in imgoe
indicating the state of the Ge distribution at iterface and inside the oxide layer for the sanpiglanted with
the dose of 1xT0 Ge'/cn? and energy of 35 keV after dry oxidation at 1080for 90 minutes. (b) BF-STEM
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image of the interface of oxide/Si showing epitllyi@stablished rich layer of Ge, as the contrdsthe image
suggests it.

Figure 5.a indicates the result of the elementalyasis of the Ge peak along points shown in
Figure 5.a from the top surface of the oxide to siieon. The EDS analysis visibly reveals
formation of two rich layers of Ge in this sampbee at the interface of Si€si and the other
slightly above the interface inside the oxide laylére concentration of Ge ions in oxide layer is
higher than Si part, although a narrow tail of @e ions can be seen between these two peaks.
This analysis corroborates with the RBS spectra igualitative manner where two separate
peaks of the Ge ions were found, enabling us ternehe the accurate location of these two Ge-
rich layers in the samples. It should be mentiohed the electron beam has to be normal to the
sample to avoid thickness effect for the purposthefaccurate quantitative analysis. However, it
results in drop in the signal of the Ge ions suib&d into host Si lattice, compared to the Ge
ions in top amorphous layer. To unveil the lattieeovery of the silicon upon implantation and
oxidation, and the impact of Ge ion redistributiorhost lattice sites, STEM image in Figure 5.b
was taken right at the interface of the oxide/8irfrthe same sample. The atomic arrangements
of the Si ions along <111> zone axis does not atdi@ny presence of dislocations, which we
might expect it from RBS-C analysis as a signiftaaduction in the signal of silicon in aligned
spectrum was observed [27]. Since Ge ion has higtess than Si, in the region doped with
germanium (SiGe), one should expect change in contrast, as casebr in Figure 5.b, a
narrow region immediately at the interface showkelacontrast in compare to the remaining of
the silicon. The image shows that the recoveryhefdamaged region and formation of the rich
Ge layer does not impose visible stress/straiheostlicon lattice, mostly because of the diluted

doping into the silicon lattice.
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4. Conclusions

In summary, combination of ion beam analysis aedtebn microscopy techniques were used to
reveal the redistribution of the Ge ions implanitetd Si (100) substrate after dry oxidation at
high temperature. Both analytical techniques cordnl accumulation of the Ge ions at the
interface of the oxide/substrate and oxide layeBSFChanneling spectroscopy and high
resolution electron microscopy were used to idgrtie structural quality of the rich Ge layer
after oxidation processes. The interfaces of thg then SiGe .« epitaxial layer with either Si or
oxide are atomically sharp. It was shown that ther@nium implantation as a standard route in
semiconductor processing with subsequent dry oxidatvould result in formation of few
nanometers Ge rich layer, with epitaxial relationtlie silicon substrate at the interface. The
remaining of the segregated germanium in oxiderlaga be chemically etched to leave the top
surface of the silicon ready for the next stepsSabe-based devices. Different solubility of Ge
in Si and oxide, and in general for most commonaip is an advantage to control the
concentration of Ge (dopant) in,Sie .« layer, which thereafter results in thickness aanto
form ultra-thin epi-layers at the interfaces. Theplétion of the interface from extra dopant and
thermal recrystallization of the interface are digant factors to create very flat interfaces afte

doping.
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Ge implantation and dry oxidation were used to form very thin mixed Si,Ge,, layer.
A rich Ge layer was formed after dry oxidation at 1050 °C.

Very thin Si,Ge,.« layer isin epitaxia relation to the silicon substrate.

Some Geions are segregated in top oxide layer.



