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The diffusion and the activation of phosphorus in phosphorus and fluorine co-implanted Ge after being annealed by
excimer laser are investigated. The results prove that the fluorine element plays an important role in suppressing phosphorus
diffusion and enhancing phosphorus activation. Moreover, the rapid thermal annealing process is utilized to evaluate and
verify the role of fluorine element. During the initial annealing of co-implanted Ge, it is easier to form high bonding energy
F,,V,, clusters which can stabilize the excess vacancies, resulting in the reduced vacancy-assisted diffusion of phosphorus.
The maximum activation concentration of about 4.4 x 102° cm~3 with a reduced diffusion length and dopant loss is achieved
in co-implanted Ge that is annealed at a tailored laser fluence of 175 mJ/cm?. The combination of excimer laser annealing
and co-implantation technique provides a reference and guideline for high level n-type doping in Ge and is beneficial to its
applications in the scaled Ge MOSFET technology and other devices.

Keywords: phosphorus diffusion, activation concentration, co-implanted fluorine, germanium, excimer laser

annealing
PACS: 85.40.Ry, 81.40.Ef, 52.38.Mf

1. Introduction

Germanium (Ge) is regarded as a promising high mo-
bility channel material that can replace silicon for post-
silicon complementary metal-oxide—semiconductor (CMOS)
processing. It owns high electron and hole mobility, low
process temperature as well as high absorption coefficient
in optical communication band.!'"?) These advantages make
it widely used in many devices, such as photo-detectors, ]
sensors, ¥ and metal-oxide—semiconductor field-effect tran-
sistors (MOSFETs). ! N-type doping of Ge with high active
dopant concentration is an important issue for both CMOS
field-effect transistors and optoelectronic applications. As
an example, highly doped n-type layer in PIN photodetector
structure or in source/drain region in MOSFET structure has
played an important role in the performance of devices. Be-
sides, the n-type doping level as high as 1x10%° cm™ activa-
tion concentration with low diffusion is usually necessary for
a downscaling beyond 15 nm. However, it is hard to fulfill
the high level n-type doping in Ge because of low solid solu-
bility and large diffusion coefficient of V-group impurity, 6!
which will restrict its applications to some extent. In or-
der to obtain heavy n-type doping in Ge, the combination
of ion implantation and post-annealing process is frequently
utilized.”! After ion implantation, the severe crystal damage
will be formed and induce a number of point defects consist-

ing of Ge vacancies and self-interstitial Ge atoms. As is well
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known, the diffusion of most n-type dopants in Ge is based on
vacancy-assisted mechanisms in the post-annealing process.?!
Recently, the laser annealing technique has been considered
as a very promising method to achieve high carrier concentra-
tion doping in Ge beyond the solid solubility limit due to its
high temperature (beyond the melting point) and metastable
state annealing process. ) Up to now, many reports!!®-14 have
been devoted to the obtainment of high n-type doping con-
centration in Ge by using laser annealing, which is verified to
be an efficient means for restoration of ion implantation dam-
ages. However, it encounters a contradiction between high ac-
tivation concentrations needed by high laser annealing energy
density and low energy density required by shallow junction
(narrow dopant profile).

The defect engineering was employed to control the im-
purity diffusion by modulating the number of trapped vacan-
cies through using co-implantation technique. Many elements,
such as carbon (C), nitrogen (N), and fluorine (F), have proved
to be alternative co-doping ions to suppress dopant diffusion in
the post-annealing process.!'>-!”1 Among those elements, the-

13.18-22] show that F owns a

oretical and experimental studies!
large electro-negativity and has been confirmed to be one of
the best options because of its higher bonding energy with va-
cancy to form F,,V,, clusters than n-type dopants.

In this work, the diffusion and activation of phosphorus

in co-implanted P+F Ge after being annealed under different
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conditions are investigated in detail. Two annealing methods,
namely excimer laser annealing (ELA) and rapid thermal an-
nealing (RTA), are used to explore the effects of F on the dif-
fusion and activation of phosphorus in Ge. The evidence and
mechanism of F suppressing P diffusion in Ge are suggested
by annealing P-only implanted and P+F co-implanted Ge by
using ELA and RTA.

2. Experiments

A thickness of ~ 450-um p-Ge with (100) orienta-
tion and a resistivity of 0.05 Q-cm—1 Q-cm was employed
as a substrate. The Ge substrates were cleaned ultrasoni-
cally by being immersed in acetone, ethanol, and de-ionized
water, each for 10 min. And the sequence was repeated
three times. Next, they were dipped into hydrofluoric acid so-
lution (HF:H,0=1:50) for 30 s to etch off the entire native
oxide layer. Finally, all samples were rinsed with de-ionized
water for 10 min and dried with high purity nitrogen. Before
co-implantation, a 13-nm-thick silicon dioxide film was grown
on the surface of Ge substrate by radio frequency magnetron
sputtering. And then, two kinds of the samples were prepared.
Among the samples of the first kind, some substrates could
be implanted only by phosphorous ion with injection energy
of 30 keV and a dose of 5x10'% cm—2. Phosphorus (P) is
a preferable implanted dopant into Ge because other n-type
doped impurities, such as antimony and arsenic, will generate
more ion implantation damages. Moreover, they own higher
impurity diffusion coefficient with abundant vacancies. And
among the samples of the other kind, some substrates could be
co-implanted by phosphorus (P) and fluorine (F). The implan-
tation condition of phosphorous ion is the same as that in the
first kind of sample. After P implantation, fluorinions were
implanted into Ge substrate with injection energy of 20 keV
and a dose of 5x10'* cm™2 again. Prior to carrying out any
post-annealing process, the SiO, film deposited on substrate
surface was etched off by using HF:H,O=1:20 solution at
room temperature. And then, all of the implanted samples
were ultrasonically cleaned in deionized water for 15 min so
as to eliminate the intrinsic oxide layer on Ge surface, which
is speculated to be the source of oxygen contaminant during
the annealing of Ge.?’]

After that, the samples with implanted P-only and P+F
were annealed by two kinds of annealing methods, namely
ELA and RTA, respectively. The annealing conditions of ELA
on samples were 100 mJ/cm? and 175 mJ/cm? with one pulse,
respectively. The ELA process was performed by a 248-nm
KrF excimer laser (Coherent Inc. from USA) with 25-ns pulse
duration in nitrogen environment. The light spot size during
laser annealing was 5 mmx4 mm. In the x direction and the
y direction, the continuous laser scanning was carried out to
include the entire sample. The RTA process condition fixed

at 650 °C for 15 s under nitrogen atmosphere was chosen be-
cause it might be the suitable condition to activate implanted
ion and repair the implantation damages.?*!

The profiles of P and F chemical concentrations with the
varied depths were acquired by using dynamic secondary-ion-
mass spectrometry (SIMS) PHI ADEPT 1010 instrument. A
Cs™ primary ion beam with an accelerating voltage of 2 kV, a
current of 30 nA and an incident angle of 60° was employed.
The carrier concentration depth profiles were obtained by the
SSM2000 nano-spreading resistance probe (SRP) measure-
ment system. Samples were beveled using a 0.1-micron dia-
mond paste to have a bevel angle of 0.5° and a depth resolution
of about 30 nm. For measurement we used tungsten-osmium
probes with a load of 5 grams, probe spacing 80 wm and 5-mV
small bias applied between two probes. The cross-sectional
high-resolution transmission electron microscopy (HRTEM)
was used on the co-implanted samples to demonstrate the crys-
tal structure of Ge before and after being annealed by 175-
mJ/cm? laser. The Raman spectra of the co-implanted sam-
ples were measured to display the restoration of the crys-
talline structure before and after being annealed under differ-
ent conditions.

3. Results and discussion

The profiles of phosphorus and fluorine in the samples
implanted with P-only and P+F before and after annealing
are characterized by SIMS measurement as shown in Fig. 1.
Through integrating SIMS profiles, the real dose of phospho-
rus and fluorine in implanted sample without annealing are
4.72x10'5 cm ™2 and 3.1x 10" cm~? after the SiO; has been
wiped off, respectively. Moreover, the dose loses and the
depths for the samples with implanted P-only and P+F af-
ter being annealed under various conditions are calculated and
displayed in Table 1. As can be seen in Fig. 1(a), a slight
diffusion of phosphorus happens and the dopant dose loss is
11.7% in sample A after being annealed by a 100-mJ/cm?
laser. By contrast, there is little diffusion or the rearrangement
of phosphorus, and only 4% dopant dose is lost in the sam-
ple B. Besides, the diffusion redistribution of fluorine seems
to happen in 55-nm depth range with 7% dopant dose lost.
Figure 1(b) shows the dopant profiles of samples C and D
with ELA at 175 mJ/cm?. In the phosphorus there happens
impurity diffusion with a length ~ 141 nm at the concentra-
tion of 1 x 10'® cm™3 and the dopant dose loss reaches up
to 36.2% in sample C with P-only implantation. The sample
D with P+F co-implantation, by contrast, exhibits a halved
phosphorus dopant dose loss of about 16.9% and a depth of
~ 129 nm. Moreover, the diffusion redistribution of fluorine
is enhanced to some extent, and the dopant dose loss increases
to 12.3%. Based on the above analysis, the reduced phospho-
rus dopant depth and dose loss by the co-implanted fluorine
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element may be attributed to the reduction of the number of
vacancies, 131831 which is consistent with the phenomenon in
other reports.!'>%] In order to further clarify the effect of the
co-implanted fluorine, the RTA process (at 650 °C for 15 s) is
also conducted in sample E and sample G, and the profiles of P
and F are displayed in Fig. 1(c). As we can see from the figure,
the phosphorus shows a box-shaped distribution in each of the
two samples. An obvious diffusion of the phosphorus with a
depth ~ 288 nm occurs, and the dopant doseloss rises up to
73.3% in sample E with P-only implantation. However, sam-

ple G with P+-F co-implantation, by contrast, shows a reduced
phosphorus dopant dose loss of about 56.6% and a depth of
~ 236 nm. It is worth noting that the diffusion of fluorine
element is controlled by external diffusion and fluorine dose
loss increases up to 95.7%. This interesting phenomenon may
be due to the pre-etching of surface SiO, prior to annealing
and is consistent with other reported result.”?’! In summary,
the diffusion of phosphorus can be suppressed to some extent
because of the fluorine co-implantation in Ge, whether using
ELA process or RTA process.
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Fig. 1. SIMS profiles of P and F accessed from the samples implanted with P-only and P-+F before and after one pulse laser annealing at (a) 100 mJ/cm?, (b)

175 mJ/cm?, and (c) annealing at 650 °C for 15 s.

Table 1. Dose looses, depths for samples implanted by P-only and P+F under various annealing conditions.

Sample Implantation Annealing P dose The depth of P F dose
numbers conditions conditions loses (%) (nm @1 x 10'8/cm3) loses (%)
A P-only 100 mJ/cm? 11.7% 125 /

B P+F 100 mJ/cm? 4% 120 7%

C P-only 175 mJ/cm? 36.2% 141 /

D P+F 175 mJ/cm? 16.9% 129 12.3%

E P-only 650 °C-15 s 73.3% 288 /
G P+F 650 °C-15s 56.6% 236 95.7%

For further exploring the role of fluorine during the
phosphorus diffusion after ELA process, the non-equilibrium
mechanism in ultra-fast melting and recrystallization process
of co-implanted P+F Ge need further investigating. When
the excimer laser with an enough laser energy density irra-
diates the surface of Ge, a melted zone will be well defined,
resulting in an abrupt transition between the liquid and solid

phase Ge. In our previous studies, >3]

an analytical model
was proposed to predict the impurity diffusion profiles under
various laser annealing energy densities and the impurity dif-
fusion occurring and being controlled in the melting region
mostly. Based on this model,**! the SIMS profiles of P in
samples C and D are simulated and fitted after ELA without
taking into account the surface recombination or segregation
of phosphorus. The well fitting curves (represented by con-
tinuous lines) are shown in Fig. 2 through optimizing the pa-
rameters. Hence, the diffusion coefficient of phosphorus in
the melting region of sample C and sample D are obtained
to be about 3.94x10~% cm?/s and 3.45x10~% cm?/s, respec-

tively. The reduced diffusion coefficient can be explained be-

low. After being implanted by P ions, the amorphous Ge is
formed and the F ions implanted in Ge are more likely to
form F interstitials.['318:201 And then, the F interstitials will
combine with vacancies to form F,,V,, clusters quickly during
the initial phases of laser annealing!?’! because F,V,, clus-
ters has a higher bonding energy than FGe; (F bonding with

13,181 Moreover, in the amorphous Ge region,

Ge interstitials).
there exist a large number of vacancies and the diffusion of P is
vacancy-assisted diffusion during the ELA.[>5] However, these
F,,V,, clusters are stable and can possibly stabilize the excess
vacancies. Hence, the fewer vacancies can take part in the dif-
fusion of P in the melting region, leading to the shorter P dif-
fusion depth than those without F ions implantation. Besides,
in the laser annealing process, the amorphous Ge is gradu-
ally crystallized because the interaction between Ge intersti-
tials and F,V,, clusters results in the elimination of vacancies
and the release of mobile F interstitials. The SiO; capping
layer is removed so that it cannot inject interstitials into Ge
to help annihilate the vacancies. Moreover, the F atoms will
escape from Ge into the outside by high-mobile F interstitials
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quickly, which is the possible reason for the F dose loss as high
as 95.6% after RTA process.
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Fig. 2. Simulated (red solid line) and measured (empty square and empty
circle) P profiles of the samples C and D with ELA at 175 mJ/cm?.

The activation concentrations of phosphorus at a fixed
depth of about 30 nm in germanium under different anneal-
ing conditions are characterized by the SRP measurement
as shown in Fig. 3. For the sample A and sample B with
ELA at 100 mJ/cm?, their carrier concentrations are as low
as 7.9x10' cm™3 and 9.2x10'® cm™3, respectively, which
can be attributed to the deficient laser energy values needed
to annihilate the implantation damages and activate dopants,
which will be confirmed by Raman spectrum next. As for the
samples C and D each irradiated by an increased laser fluence
of 175 mJ/cm?, their activation concentrations of phosphorus
are 2.7x10%° cm™ and 4.4x10%° cm™3, respectively, which
is beyond the phosphorus solid solubility limit in Ge in the
ELA process.!'”l Moreover, the samples E and G with RTA
at 650 °C for 15 s acchieve their activation concentrations of
4.2x10'" cm~3 and 5.3x10'° cm™3, respectively. The higher
carrier concentration in sample G with co-implantation is due
to the narrower P profile than the sample E. Furthermore, com-
paring the ELA method with the RTA method, the ELA com-
bined with co-implanted F ion is a more efficient technique
to achieve high-activation-concentration doped n-Ge with nar-
row dopant profile than those obtained by RTA process.
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g °

= 40}
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=
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ot

£ 20f
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S 10f
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Fig. 3. Activation concentrations at 30-nm depth, obtained by SRP, for sam-
ples A, B, C, D, E, and G respectively.

The Raman spectra for the as-implanted P+F and P-only
samples before and after being annealed under different con-

ditions are characterized and shown in Fig. 4. For the as-
implanted P+F and P-only samples without being annealed,
the broad peak of amorphous Ge (a-Ge) phase centered at
about 270 cm~! indicates that the surfaces of Ge substrates are
severely damaged, resulting in the formation of amorphous Ge
layer after implantation process. After ELA at 100 mJ/cm?,
both of them show that the Ge—Ge optical phonon mode rep-
resenting crystallized Ge (c-Ge) near 300 cm ™! appears while
the peak of a-Ge still exists in the spectrum. It can be due to
the fact that the deficient laser annealing energy gives rise to
the partial restoration of implantation-damaged lattices. When
the as-implanted P+F and P-only samples are annealed at
175 mJ/cm?, the peak of a-Ge disappears and only crystal
Ge peaks are observed with a low full-width at half-maximum
(FWHM) value of about 7.2 cm™! and 7.4 cm™!, respectively.
Hence, it can be suggested that the ELA is an effective anneal-
ing method to repair the lattice damages induced by mixed ion
implantation. It will also be confirmed by the HRTEM image
in Fig. 5(b) in the following. Moreover, the Raman spectra
of the samples E and G with RTA process also show only c-
Ge peaks with an FWHM of about 7.67 cm! and 7.6 cm™ !,
respectively.

—e— As-implanted P
—=s— As-implanted P4+F
—4&— Sample A

—— Sample C

Sample D
—»— Sample E
—e— Sample G

| —»— Sample B K

Intensity (arb. units)

200 250 300 350 400 450
Wavenumber (cm™1)

Fig. 4. Raman spectra of P+F co-implanted and P-only implanted samples
before and after being annealed under different conditions.

(a) (b)

a-Ge ~67 nm

Fig. 5. Cross-sectional HRTEM images of co-implanted P+F samples (a)
before and after (b) being annealed by laser at 175 mJ/cm?.

The structures of co-implanted P+F samples before and
after ELA at 175 mJ/cm? are explored by cross-sectional
HRTEM as shown in Figs. 5(a) and 5(b). It can be seen from
Fig. 5(a) that a 67-nm-thick amorphous Ge layer is formed
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with a clear amorphous/crystal interface due to severe dam-
age induced by high energy and dose mixed ion implantation.
After ELA at 175 mJ/cm?, almost no extending defect can be
detected as shown in Fig. 5(b), which indicates that the amor-
phous Ge layer is transformed into crystal Ge completely. It is
consistent with the result of Raman analysis in Fig. 4.

4. Conclusions

Both excimer laser annealing process and rapid ther-
mal annealing process are utilized to investigate the diffusion
and activation of phosphorus in phosphorus and fluorine co-
implanted Ge. No matter what annealing methods are used,
the co-implanted fluorine can reduce phosphorus diffusion and
enhance phosphorus activation during the annealing. It is at-
tributed to the formation of high bonding energy F,,V,, clusters
which can eliminate some excess vacancies resulting in the
reduced vacancy-assisted diffusion of phosphorus. The laser
density of 100 mJ/cm? is not high enough to crystallize im-
plantation induced amorphous Ge layer while a maximum ac-
tivation concentration of about 4.4 x 10?0 cm—> with a reduced
diffusion length and dopant loss is achieved at 175 mJ/cm?
in P+F co-implanted Ge. Moreover, the ELA process is
more efficient to reduce diffusion length and promote activa-
tion concentration than the RTA process. In conclusion, the
combination of excimer laser annealing and co-implantation
techniques will be a very promising method to fulfill high-
activation and shallow-diffusion n-type doping in Ge.
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