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Abstract

We report an experimental and simulation study for introducing dopant ions into (100) germanium in the energy range from 5 to
40 keV. The successful calibration of our Monte Carlo ion implantation simulator for amorphous and crystalline Ge targets is demon-
strated by comparison of predicted boron profiles with SIMS data. The implantation profile in Ge is shallower than in Si for a given
energy due to the larger nuclear and electronic stopping power of Ge atoms. The generated point defects and amorphized regions in
the crystal are calculated by a modified Kinchin—Pease model. We found that the higher displacement energy in Ge, the stronger back-
scattering effect, and the smaller energy transfer from the ion to the primary recoil of a cascade are mainly responsible for the significantly
reduced implantation damage in Ge. The point responses for boron implantations in Si and Ge are compared with each other. Finally the
simulation results for the formation of interdigitated Ge-on-Si PIN-photodiodes are presented.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Germanium has regained attention in the semiconductor
industry for future silicon-compatible optoelectronic and
advanced CMOS devices. The carriers have lower effective
masses and the intrinsic mobility is about two times higher
for electrons and four times higher for holes in germanium
compared to silicon. Therefore, germanium offers the high-
est performance enhancement potential for channel engi-
neering compared to bulk SiGe or strained silicon. On
the one hand side, the smaller band gap of germanium is
advantageous to build photodetectors and, on the other
hand side, junctions made in a smaller band gap material
will typically exhibit larger leakage currents. However,
deep-submicron germanium-based MOS transistors have
been processed in a silicon-like process flow by using either
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germanium oxynitride (GeO.N,) [1] or hafnium oxide
(HfO,) based high-k dielectrics [2,3] as the gate insulator.
It was found in [3] that the junction leakage is about four
decades higher for germanium at a chip temperature of
110 °C compared with silicon. The reduction of the rela-
tively large leakage current will be a key issue for
Ge-CMOS technology to obtain devices with reasonably
low off-current. It was reported in [1], that the leakage cur-
rent of germanium junctions can be reduced down to the
order of 107* A/cm? with annealing at 400 °C, which is
considered acceptable for MOS transistors. Germanium
has also been recognized as a promising material for pho-
todetectors in fibre-optical transmission systems due to
the high- optical absorption coefficient for an operation
at a wavelength of 1.3 um in the near infrared (NIR)
regime [4,5]. The use of epitaxial Ge-on-Si technology
allows the integration of germanium PIN-photodiodes with
CMOS circuits on a silicon chip to build optical communi-
cation receivers with low fabrication costs. Optical chip-to-
chip communication solutions and even optical on-chip
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interconnects will be required to meet the challenges of dif-
ferentiated, high-performance systems in the future.

Ion implantation is a crucial step for processing these
device structures. While ion-implanted dopant profiles are
well studied in silicon for various dopant species and
implantation conditions, dopant profiles are scarce in SiGe
alloys as well as in pure Ge. An accurate and multi-dimen-
sional simulation of ion implantation is required for these
high-mobility materials to optimize the doping profiles
for advanced devices.

2. Modeling of ion implantation in germanium

Our Monte Carlo ion implantation simulator
MCIMPL-II [6] is based on a physical BCA method and
uses the universal ZBL potential [7]. Lattice vibrations
are considered by the Debye model with a Debye tempera-
ture of 450 K. An empirical electronic stopping model is
used [8] and the generated point defects are calculated by
a modified Kinchin—Pease model [9] together with a point
defect recombination model. The simulator can handle
complex three-dimensional device structures consisting of
various amorphous materials and group-1V-based crystal-
line materials [10].

Silicon and germanium, which both crystallize in the
diamond lattice structure, are completely miscible forming
Si;_,Ge, solids with x ranging from 0 to 1. We extended
the target materials of the simulator from crystalline silicon
to the class of Si;_,Ge, alloys and Ge by adjusting the lat-
tice parameter a(x) of the crystalline model as function of
the Ge fraction x according to

a(x) = 0.002733x? + 0.01992x + 0.5431 (nm) (1)

which approximates experimental data with a maximum
deviation of about 10~*nm [11]. While the ion moves
through the simulation domain, a local crystal model (as
shown in Fig. 1) is built up around the actual ion position
for searching the next collision partner. The selection of the
target atom species for Si;_,Ge, alloys is defined by prob-
ability x for Ge and (1 — x) for Si, respectively. In a
screened Coulomb collision the energy loss of the ion,
AE, is equal to the transferred energy to the recoil atom,
AE:LMZZ.SmZQ.EO (2)
(M + M) 2

where M| and M, are the masses of ion and target atom, @
is the transformed scattering angle in the center-of-mass
coordinates, and Ej is the kinetic energy of the ion before
the collision event [12]. From this equation it can be de-
rived that a smaller energy loss AE occurs in nuclear colli-
sions in Ge targets due to the different masses of ion and
atom. The transferred energy AE from a boron ion to a
Ge atom is approximately the half (0.568-fold) compared
to AE in Si at a given scattering angle. Note that the differ-
ence in masses between boron and germanium leads also to
a stronger backscattering effect which produces shallower
profiles.

a(x)

Fig. 1. Local crystal model used for the simulation of ion implantation in
Si, Si;_,Ge, alloys of arbitrary Ge content, and pure Ge (0 < x < 1).

An advantage of the Monte Carlo simulation is that the
used Kinchin—Pease model allows to estimate the produced
vacancies in the germanium crystal. Note that equal local
concentrations of vacancies and interstitials are assumed,
since the recoils themselves are not individually followed
in our computationally fast simulation approach. How-
ever, a critical model parameter is the threshold displace-
ment energy required for the ion to displace a target
atom. A displacement energy E4 of 15eV has become
widely accepted for silicon. We fitted a value of Eq = 30 eV
for germanium by comparing simulated boron profiles with
SIMS measurements. Fig. 2 shows the number of produced
point defects for a damage cascade, calculated with the
modified Kinchin-Pease model. The value for the displace-
ment energy in germanium is in good agreement with
E4=31¢eV which was deduced by Mitchell in 1957 for
germanium [13]. The larger E4 value is responsible for
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Fig. 2. Number of Frenkel pairs generated by a primary knock-on atom
in Si assuming E4 = 15 eV and in Ge assuming E4 = 30eV.
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Fig. 3. Comparison of the Monte Carlo simulation of ten boron
trajectories in silicon and in germanium using an energy of 10 keV and
a tilt of 7°.

the generation of significantly fewer point defects by a
boron ion in germanium compared with silicon, which
holds true for any amount of transferred energy AE to
the primary knock-on atom of a cascade. The reduced
damage production by ion implantation in crystalline ger-
manium is consistent with former experimental observa-
tions [14].

The calibration of the simulator for germanium was per-
formed by adjusting the Lindhard correction parameter k.
of the empirical electronic stopping model. We used the
parameter value ki = 1.75 for the boron implantation in
silicon and 1.9 for germanium.

The Monte Carlo method is based on computing a large
number of individual ion trajectories in the simulation
domain with appropriately scaled random numbers. After
performing the calculation, the dopant and damage data
are both stored in histogram cells aligned on an orthogonal
grid. The result is then smoothed and translated from the
internal orthogonal grid to an unstructured destination
grid suitable for the subsequent simulation of annealing
processes. In the following simulation study at least 10° tra-
jectories were calculated for a one-dimensional boron pro-
file. Fig. 3 shows the visualization of ten arbitrarily selected
boron trajectories in silicon and in germanium. This com-
parison demonstrates that the larger nuclear and electronic
stopping power of germanium, in particular the stronger
backscattering of boron ions in germanium, typically
reduces the trajectory length.

3. Simulation results and discussion

Germanium has a larger nuclear and electronic stopping
power for incoming ions due to the heavier atomic mass
and higher electron density. For this reason, an implanted
dopant profile in germanium is significantly shallower than
in silicon and SiGe for any given implantation energy.
Fig. 4 shows that the calibrated simulator can accurately
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Fig. 4. Simulated 20 keV boron implant profiles in amorphous Ge and in
(100) Ge using a dose of 6 x 10'* cm ™ and a tilt of 7° compared to SIMS
data.

reproduce the measured 20 keV boron concentration pro-
files implanted with a dose of 6 x 10'* cm ™2 in amorphous
and in crystalline germanium targets. All implantation
experiments were performed at room temperature and no
twist was used. The amorphization of germanium was per-
formed by the implantation of ">Ge ions with an energy of
200 keV and a dose of 10'° cm 2. A channeling tail can be
observed for the profile in crystalline germanium. Fig. 5
demonstrates good agreement between the simulated and
measured boron profiles implanted with a lower energy
of 5keV and a lower dose of 3x 10" cm™2. Fig. 6 com-
pares simulated 20 keV boron profiles in silicon and in ger-
manium. We found the projected range R, of the boron
distribution in SigsGey s at a depth of 65 nm, which lies
well within the boundaries defined by the projected ranges
in germanium at 55 nm and in silicon at 80 nm. Table 1
summarizes simulated and measured R, and o, parameters
for boron implants in crystalline silicon, Sig sGeg 5, and ger-
manium targets. The projected range R, is read off at the
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Fig. 5. Simulated 5keV boron profile in (100) Ge using a dose of
3% 10" cm ™2 and a tilt of 7° compared to SIMS measurement.
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Fig. 6. Comparison of simulated 20 keV boron implant profiles in silicon
and germanium using a dose of 6 x 10'* cm™2 and a tilt of 7°.

Table 1
Projected range and straggling for boron distributions

SiO.SGeO.S Ge Si

Cryst. Material ~ Si SipsGegs Ge

Energy (keV) 5 5 5 20 20 20
R, (nm) 1891 15.44 1432 79.52 6532 55.27
o, (nm) 14.16 12.56 12.16 3742 3633 39.38
SIMS R, (nm) - - 1623 - 67.11 56.99
SIMS g, (nm) - - 1123 - 40.58 3491

maximum concentration of a boron distribution and the
provided straggling o, is the average value of the left and
right straggling values which are determined by 60% of
the maximum boron concentration. The results in the table
were obtained with an implantation dose of 10'* cm 2 and
a tilt of 7°.

Fig. 7 compares the simulated vacancy concentration
profiles in silicon and in germanium associated with the
20 keV boron implantations shown in Fig. 6. The vacancy
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Fig. 7. Comparison of produced vacancies for the 20 keV boron implan-
tations in silicon and germanium using a dose of 6 x 10" cm ™2 and a tilt of
7°.

maximum is not at the wafer surface, since the electronic
stopping process dominates at high-initial ion energies. A
boron ion enters most likely a channel at the surface and
despite of the tilted incident direction it can stay at least
a short distance inside a channel. The higher displacement
energy of 30 eV, the stronger backscattering of boron ions
in germanium, and the smaller energy transfer AE from the
ion to the primary recoil of a cascade are mainly responsi-
ble for the significantly smaller damage production in ger-
manium. Previous experimental boron implantation results
in germanium [14] performed up to a dose of 10" cm >
within the energy range of 25-150 keV revealed that
100% of the boron ions are immediately active after
implantation without thermal annealing. This is a unique
phenomenon, since an annealing step is required for every
other dopant species implanted in silicon or germanium in
order to activate a significant amount of dopants. Fig. 8
illustrates the dose dependence of 40 keV boron profiles
in germanium simulated with the Kinchin—Pease damage
model. It is obvious that the shape of the profiles is influ-
enced by the damage accumulation in the crystal.

The simulated point responses in crystalline silicon and
germanium are shown in Figs. 9 and 10, respectively, to
study quantitatively the lateral and vertical penetration of
boron ions. The used two-and-a-half dimensional geometry
has a depth dimension of 40 nm, and the slot width of the
implantation window in the impenetrable mask is 8§ nm. A
high-resolution mesh which consists of 33181 grid points
and 144159 tetrahedrons is added to the input struc-
ture to resolve the implanted boron distribution. Boron
is implanted with an energy of 10keV, a dose of
5% 10" cm ™2, and the ion beam is 7° tilted in such a way
that the lateral component of the incident direction is par-
allel to the direction of view ({010) direction). Therefore,
the presented point responses are symmetric. Approxi-
mately 420000 simulated boron ions enter the substrate
at the mask opening and contribute to the Monte Carlo
result represented by histogram cells. The comparison of
the point responses indicate that the boron distribution in
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Fig. 8. Simulated 40 keV boron implants in (100) Ge at doses of 5 x 10'3,
5% 10", and 5x 10" cm™2 using a tilt of 7°.
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Fig. 9. Simulated point response for a 10 keV high-dose implantation of
boron into crystalline silicon.
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Fig. 10. Simulated point response for a 10 keV high-dose implantation of
boron into crystalline germanium.

germanium is significantly reduced in vertical direction,
while the lateral profile is quite similar in silicon and ger-
manium. In addition, it can be observed that the channel-
ing tail is closely centered around the (100) axis in both
cases. This demonstrates that in (100) silicon and in
(100) germanium, axial channeling in the (100) direction
dominates by far over channeling in other directions.

4. Formation of interdigitated Ge PIN-photodiodes

In optical transmission systems, an operation at 1.3 um
and 1.55 um wavelengths is preferred due to the low atten-
uation in fiber-optic cables. Germanium is an attractive
candidate for high-speed photodetector applications due
to its high-electron mobility and high-optical absorption
coefficient in this wavelength range [15]. Recently, a band-
width of 10 GHz has been demonstrated at a wavelength
of 1.3 um for a PIN-photodiode, fabricated in epitaxial

Ge-on-Si technology [5]. The use of germanium is advanta-
geous over I1I-V compound materials in terms of lower
fabrication costs and feasible integration with silicon
CMOS technology. Therefore, the calibrated ion implanta-
tion simulator was applied to study the dopant and damage
distributions in a germanium PIN-photodiode in order to
facilitate the processing of such devices.

Compositionally graded SiGe layers are deposited on
the silicon wafer to achieve a 1 um thick germanium layer
with a low defect density. In this doping application, the
interdigitated p* — and n"-finger regions of the photodetec-
tor are formed by ion implantation. For this purpose, pho-
toresist masks are used to define the finger structure with a
width of 1 um and a spacing of 2 um. Fig. 11 shows the
schematic top and cross-sectional views of the final PIN-
photodetector. This large area photodetector consists of
elementary photodiodes which are connected in parallel.
An elementary photodiode can be defined as the three-
dimensional region from the center of a p'-finger to the
center of an n'-finger. In the first process step the p-
fingers are patterned and boron is implanted with an
energy of 15keV and a dose of 2 x 10" cm 2. The three-
dimensional boron distribution, as shown in Fig. 12, was
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Fig. 11. Layout (left) and cross-section (right) of a high-speed Ge-on-Si
PIN photodetector with planar interdigitated p*- and n"-fingers.
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Fig. 12. Simulated 15keV boron implantation step for the p*-finger
formation in germanium using a photoresist mask.
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obtained by using a 5 nm thick oxide scattering layer on
top of germanium. In the second process step the n"-fingers
are formed by an implantation of arsenic with an energy of
60 keV and same dose. The shallow arsenic distribution in
the simulated device part is presented in Fig. 13. In spite of
the lower implantation energy, boron ions can penetrate
much deeper into the germanium layer than arsenic ions.
Fig. 14 allows to compare the simulated boron and arsenic
profiles in the PIN-photodiode by using equal doping con-
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Fig. 13. Simulated 60 keV arsenic implantation step for the n*-finger
formation in germanium using a photoresist mask.
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Fig. 14. Simulated doping concentration isolines in the p*- and n*-fingers
of an elementary PIN-photodiode of the detector in the cross-sectional
View.
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Fig. 15. Simulated amorphization of germanium in the finger regions after
the boron and arsenic implantations with a dose of 2 x 103 cm ™2,

centration isolines. The reason for the large channeling tail
of the boron profile lies mainly in the small amount of pro-
duced point defects in germanium. The critical level of
point defects (Frenkel pairs) needed for amorphization of
germanium is about 4.42 x 10*' cm 3, one tenth of the ger-
manium atomic density [16]. Fig. 15 demonstrates that the
arsenic implantation has produced an amorphous zone,
while the maximum defect concentration of the boron
implantation is significantly lower than the amorphization
level. The predicted damage results are consistent with
experimental observations obtained by processing a PIN-
photodiode on a germanium substrate under similar pro-
cess conditions. In [17] it was found that the as-implanted
resistance of the boron implant was 201 Q/CJ at a dose of
2x 10" cm 2, while that for the arsenic implant was not
measurable. This fact strongly indicates that boron-
implanted germanium remains crystalline at least up to
the wused dose, while arsenic-implanted germanium
becomes amorphous.

5. Summary and conclusions

Dopant implantation, generation of point defects, and
channeling have been investigated in germanium by using
a physics-based simulation approach and experimental
data. We showed that our calibrated Monte Carlo ion
implantation simulator can accurately predict the dopant
profiles in amorphous and crystalline germanium materi-
als. We found that the implantation-induced vacancy con-
centration in germanium is significantly reduced compared
to silicon, which is consistent with former experimental
studies indicating that boron-implanted germanium
remains essentially crystalline. The simulated point
responses revealed that the dopant distribution is signifi-
cantly reduced in vertical direction, while the lateral profile
is quite similar in silicon and germanium. Finally, the
boron and arsenic implantation results for processing of
interdigitated PIN-photodiodes in a Ge-on-Si substrate
are discussed.
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