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The elemental redistribution and Ge loss in low-energy Ge+ implanted SiO2 films during wet-chemical
cleaning and annealing procedures are investigated. Two effects of major importance for Ge nanocrystal
formation have been found. Moisture components �H2O vapor, H+, OH−� penetrate into the damaged oxide
during storage, wet chemical cleaning, or annealing procedures and lead to a hydrogen and oxygen enrichment
in the near-surface oxide. Furthermore, atomic collisions during Ge implantation result in an oxygen excess
�with respect to SiO2 stoichiometry� underneath the Ge profile. The local net ratio of Ge and excess oxygen
determines, whether the implanted Ge is incorporated into the SiO2 network as spatially fixed GeO2, oxidizes
to mobile GeO, or remains as elemental Ge forming nanocrystals. Apart from very shallow profiles, where a
drastic Ge loss is observed simply by cleaning in chemical solutions containing H2O2, the main Ge loss occurs
during annealing. The highly mobile GeO is identified to be responsible for both, Ge redistribution or even
loss, if diffusing GeO meets the SiO2 surface and emanates into the annealing ambient. Annealing in Ar /H2

mixtures at �900 °C reduces the Ge loss due to the reduction of Ge oxides. The enhanced Ge mobility �as
GeO� is described as an oxygen vacancy assisted mechanism which also explains the influence of the Si /SiO2

interface on the Ge diffusivity. Finally, the consequences of Ge redistribution and loss for Ge nanocrystal
memory device fabrication are discussed.
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I. INTRODUCTION

Group-IV �in particular Si or Ge� nanocrystals �NC’s� em-
bedded in thin SiO2 gate dielectrics are of fundamental in-
terest for integrated multidot memory devices.1,2 It has
been shown that such NC containing thin gate oxides
�dox�30 nm� exhibit charge storage properties with non-
volatile �Si NC’s� or DRAM-like �Ge NC’s� memory
behavior.3–7 The NC’s are preferably fabricated by deposition
techniques �sputtering, chemical vapor deposition, aerosol
spraying� or ion beam synthesis �IBS�.8 The versatile tech-
nology of IBS offers the possibility to generate small clusters
�size �4 nm� of different elements �Si, Ge, Au, Sn, Co, etc.�
with a high density ��1012 cm−2� in SiO2 simply by the
variation of the ion species, energy, and fluence of ion im-
plantation.

The IBS process requires an annealing step after ion im-
plantation to recover the damaged oxide and to stimulate the
NC’s growth. For Ge implanted SiO2 films this heat treat-
ment is usually associated with two effects of considerable
influence on NC’s formation: �i� a change of the Gaussian-
like implantation profile toward a multimodal Ge distribution
and �ii� a partial loss of the implanted Ge amount. Both
effects are much pronounced in thin gate oxides when the
implanted Ge is located very close to the surface. The redis-
tribution effect has been advantageously used for the forma-
tion of a self-organized � layer of Ge NC’s in vicinity to the
Si /SiO2 interface,3,9–12 which is a desired configuration to
achieve multidot memories with low programming voltages
and/or times.

For thick SiO2 films �dox�100 nm� the influence of im-
plantation and annealing conditions on the Ge redistribution
has been studied by numerous investigations,10,13–19 how-
ever, the detailed mechanism remains under discussion. It is

widely accepted that both, redistribution and loss are
strongly influenced by moisture contaminants �H2O, OH, H2�
which penetrate the damaged oxide after ion implantation.20

These species originate either from air humidity and wet
cleaning chemicals �“intrinsic source”� or from the residual
moisture in the “inert” Ar or N2 annealing ambient �“extrin-
sic source”�. During annealing the excess oxygen and hydro-
gen may react with Ge leading to the formation of amor-
phous GeO2 and mobile �volatile� compounds such as GeH4

or GeO. In detail, the effect of Ge oxidation during annealing
was studied by Heinig et al.15 and Borodin et al.16 for
500 nm SiO2 films. Their kinetic three-dimensional �3D� lat-
tice Monte Carlo �KLMC� simulations consider the diffusion
of two kinds of interacting impurities—dissolved Ge mono-
mers and an oxidizing component �e.g., O2, OH�. The simu-
lated Ge redistribution and the formation of near-surface
GeO2 are in good agreement with the experimental results
obtained by x-ray photoelectron spectroscopy �XPS� and
transmission electron microscopy �TEM�. However, as the
GeO2 is spatially fixed, any Ge loss cannot be explained by
this model. The considerable loss ��50% � after a furnace
annealing of Ge implanted SiO2 films at T=1100 °C in
Ar+7%H2 found by Markwitz et al.14,21 was attributed to
volatile GeH4 or GeO but no experimental evidence has been
reported.

In this paper the Ge redistribution and loss are studied for
low-energy implanted SiO2 films where the Ge is located in
a very near-surface region ��20 nm�. This is of particular
interest for the synthesis of Ge NC’s in thin gate oxides
being designed for memory devices. In addition to the varia-
tion of the ion energy and fluence, experimental conditions
were selected that allow the separation of effects from clean-
ing and annealing. Based on the experimental results a
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qualitative discussion of the mechanisms and chemical pro-
cesses involved in the Ge redistribution and loss is given.

II. EXPERIMENT

A. Sample processing

Low-energy implantations of 74Ge+ ions �E�12 keV�
were carried out at room temperature into 1 �m, 100 nm, or
50 nm SiO2 films thermally grown on Si�100� substrates.
The implantation parameters are summarized in Table I. Dif-
ferent energies �1.5–12 keV� and two fluences �low/high flu-
ence: LD/HD, labeled after the more technical terms “low
dose” and “high dose”� were used to investigate the depth
and concentration dependence on the Ge redistribution and
loss. After ion implantation a common wet-chemical clean-
ing step in H2O2 /H2SO4 �CP1� was performed �see Table II�.
A cleaning is necessary before annealing to remove possible
surface contaminations from implantation handling. The in-
fluence of different chemical components during the prean-

neal cleaning treatment was investigated separately for
samples implanted with the lowest energy �E=1.5 keV�.
Here, the cleaning sequence has been stepwise reduced as
described in Table II.

Rapid thermal annealings �RTA� were carried out at tem-
peratures between 600 and 1050 °C in different atmospheres
for times between 30 s and 10 min. In most cases, the an-
nealing was performed in an ultrapure “inert” Ar ambient
�purity 9.0 with respect to O2, OH� by using an Aeronex gas
purifier. For these conditions, the influence of the “extrinsic
source” on the Ge redistribution can be neglected. For com-
parison, a few anneals were performed in gas mixtures of
Ar+5% O2 or Ar+5% H2 to stimulate the impact of oxygen
or hydrogen. Thus, the separation of effects related to the
penetration of moisture before annealing or from the anneal-
ing ambient is possible. In a separate experiment, Si ions
were implanted �200 keV /1�1016 cm−2� prior to Ge to
study the influence of an additional deep oxide damage—
where a higher amount of penetrated moisture in the oxide
can be suggested—on the Ge loss and redistribution.

B. Analysis techniques

The content and depth distribution of Ge in SiO2 was
traced by Rutherford backscattering spectrometry �RBS� us-
ing 1.2 MeV He ions �series B: 1.7 MeV� at an scattering
angle of 170°. To improve the depth resolution an incidence
angle of typically 70° �series B: 60°� perpendicular to the
surface normal was used. The penetration of hydrogen or
hydrogen containing species �H2O, OH−, H+� into the dam-
aged SiO2 after implantation and cleaning was detected by
means of nuclear reaction analysis �NRA� using the reso-
nance reaction

1H + 15N → 12C + 4He + ��4.43 MeV� . �1�

Details of this technique and the data evaluation are de-
scribed elsewhere.22 The chemical state of Ge was analyzed
by XPS. The measurements were performed by a Microlab
310F �Fisions� spectrometer using a Mg x-ray tube
�E=1254 eV�. The inelastic mean free path of photoelec-
trons in SiO2 is �3.3 nm �Ref. 23� which determines the
XPS information depth. Within this study the XPS analysis is
restricted to samples implanted with the lowest energy
�E=1.5 keV� to exclude any influence of the sputtering pro-
cess during depth profiling on the chemical information.24

The XPS spectra are calibrated in energy and intensity to the
C1s peak �285.0 eV� and the O2s signal, respectively. The
latter is dominated by oxygen from the SiO2 network and is
thus considered as a reference.

III. RESULTS AND DISCUSSION

Figure 1 shows the Ge implantation profiles and the cor-
responding damage distributions as calculated by TRIDYN

�Ref. 25� and SRIM �Ref. 26�, respectively. Depending on the
energy, the projected range Rp varies between 4 nm �E
=1.5 keV� and 13 nm �E=12 keV�. The slight decrease of
the peak concentration with energy �compared to uniform 7
and 17 at. % for LD and HD, respectively, as estimated by

TABLE I. Implantation and annealing parameters. For different
implantation energies the fluences were adjusted to ensure a uni-
form maximal Ge content of approximately 7 or 17 at. % for the LD
or HD implants, respectively.

Series SiO2 Ion Implantation Annealing

dox

�nm� Ion
E

�keV�
LD

�cm−2�
HD

�cm−2�

A 1000 74Ge 1.5 1.8�1015 5.1�1015 Ar �9.0�
3 2.4�1015 6.8�1015 600–1050 °C

6 3.4�1015 9.5�1015 30s /10 min

12 4.9�1015 1.4�1016

B 100 74Ge 12 1.8�1016 Ar�9.0�/

100 74Ge 12 1.8�1016 Ar+5%O2/
28Si 200 1.0�1016 Ar+5%H2

50 74Ge 12 1.8�1016 900 °C/
28Si 200 1.0�1016 1000 °C, 5 min

TABLE II. Process sequence and parameters of the wet-
chemical H2O2 /H2SO4 cleaning treatment �CP1� and the modified
cleaning procedures �CP2–CP4�.

Step 1 Step 2 Step 3 Step 4

Process
sequence

Boiling
H2O2 /H2SO4

120 °C
10 min

Ultrasonic
Deionized

H2O
20 °C
10 min

Ultrasonic
Isopropanol

�C3H8O�
20 °C
1 min

Drying
N2 flow

20 °C

CP1

CP2 �step 1 without H2O2�
CP3

CP4
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SRIM, see Table I� is related to changes in the matrix compo-
sition during implantation included in the TRIDYN calcula-
tion. Effects of sputtering and oxide swelling are negligible
�LD� or compensate each other �HD�; thus, for each energy
the position of the Ge peaks is independent of the fluences.
The damage calculation �Fig. 1�b�� reveals that the near-
surface displacement-per-atom �dpa� rate is always 	1, i.e.,
each atom in the oxide matrix is displaced at least once on an
average during implantation. About 70% of the implanted Ge
is located within the region of strongly damaged oxide �de-
fined by dpa �0.3� between 6 and 16 nm depending on the
energy. For samples of series A both the impurity and the
damage profiles are far away from the Si substrate, which
avoids any influence of the Si /SiO2 interface on the Ge re-
distribution and loss.

A. Ge loss during wet-chemical cleaning

As shown in Fig. 2�a�, already a standard wet-chemical
H2O2 /H2SO4 cleaning treatment �CP1� after ion implanta-
tion reduces significantly the Ge content in SiO2. The Ge loss
increases with decreasing implantation energy, i.e., the closer
the implanted Ge is located to the surface. For a shallow Ge
implant of 1.5 keV, 5�1015 cm−2 �Rp=4 nm� almost all Ge
gets lost after CP1 cleaning. A separation of the different
steps involved in the cleaning sequence clearly reveals that
the H2O2 component determines the Ge loss during cleaning
�Fig. 2�b��. An ultrasonic flushing in deionized water or in
hydrocarbon solvents �such as isopropyl alcohol� solely have
only a minor influence on the Ge loss. A cleaning treatment
similar to CP3 but with boiling water ��100 °C� in step 2
reproduces the result of CP2 which excludes a crucial influ-
ence of the cleaning temperature.

The significant Ge loss during H2O2 /H2SO4 �CP1� clean-
ing can be explained as follows: During implantation nearly
all Si and O atoms within a near-surface oxide region are
displaced due to atomic collisions �Fig. 1�b��, which is asso-
ciated with bond reconfigurations. The as-implanted Ge are
bound preferably to oxygen atoms from the disturbed matrix

or additional oxidizing species �O2, OH, etc.� penetrating
into the damaged oxide after implantation. XPS studies
showed that Ge bulk material exposed to air oxidizes to
GeO2 at the surface �oxidation state Ge4+� �Refs. 27–29�,
whereas a mixture of different oxidation states �Ge0, Ge2+,
Ge4+� is observed for Ge implanted �E�100 keV,
Rp�70 nm� thick SiO2 films.17,30,31 In our experiments, XPS
of low-energy �1.5 keV� implanted samples �see Figs. 3 and
5� confirm GeO2 �Ge4+� as the dominant oxidation state of
Ge. This is not surprising as the main part of the Ge is
located in a very-near surface region �3 nm �see Fig. 1�a��.
Ge oxides or hydroxides differ with respect to their solubility
in water: GeO or Ge�OH�2 �Ge2+� are more or less insoluble
whereas GeO2 �Ge4+� has a high solubility.32 H2O2 is a
strong oxidizing reagent. In general, a cleaning procedure,
which involves H2O2, transforms near-surface Ge, GeO,
Ge�OH�2 �Ge0, Ge2+� or similar components to GeO2 �Ge4+�
and solute this oxide in H2O �from H2O2→H2O+ �1 /2�O2�
by forming H2GeO3.32 It has been shown33 that the presence
of oxygen is of vital importance for the dissolution of Ge in
aqueous solutions. Although the oxidation state Ge4+ is al-
ready the major configuration after implantation and storage
at humid air �Fig. 3�, only minor Ge loss is obtained after
flushing in cold or boiling H2O contrary to a H2O2 treatment.
This result indicates that the solution of GeO2 embedded in
the SiO2 matrix �despite damage� differs from those of na-
tively oxidized Ge surfaces. It is obvious to assume that this
difference is related to existing GeuOuSi bonds, which
do not allow an efficient solution in pure water. Oxygen radi-
cals from decomposing H2O2 provide a high amount of re-
active oxygen to form H2GeO3. The process starts at the
surface and proceeds into depth, creating a porous structure
due to the selective removal of solved Ge. As a higher Ge
content enables a better chemical attack, the Ge loss in-
creases with implantation fluence �Fig. 2�a��.

B. Ge loss during annealing

During annealing a further Ge loss is obtained. As shown
in Fig. 4 the Ge content decreases with annealing tempera-
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ture, which indicates a thermally activated, i.e., reaction
and/or diffusion controlled process of Ge loss. A higher per-
centage of Ge remains for a higher implantation depth. The
fluence dependence becomes more significant the closer the
Ge is located to the surface �Fig. 4�b��. With a higher thermal
budget the absolute Ge loss saturates at a level of about
4�1015 and 8�1015 cm−2 for the LD and HD samples, re-
spectively, if enough Ge is available. For the 1.5 keV, LD
implant the residual Ge content decreases from 62% after
cleaning to 40% of the initial amount already after annealing
at 600 °C for 10 min. As shown in Fig. 5 in this case only
fully oxidized Ge �GeO2, Ge4+� and elemental Ge �Ge0� re-
main after annealing. Thus, the Ge loss during annealing is
attributed to intermediate GeuO compounds with a mean
binding energy of about 31.7 eV �see Ref. 27�. This corre-
sponds, e.g., to a Ge3+ configuration, i.e., to Ge connected to
three oxygen atoms with one dangling or GeuGe �GeuSi�
bond.

The Ge loss during annealing is supposed to be due to the
formation of volatile Ge compounds, i.e., GeH4 or GeO. To
form these compounds, excess hydrogen or oxygen atoms
are required nearby the implanted Ge. Two sources of excess
oxygen and hydrogen can be defined. Firstly, ion implanta-
tion damages the oxide in a way that adsorbed water from
humid air at the surface is able to penetrate the oxide by H2O
or �after dissociation� by OH− and H+ /H3O+ molecules.20,34

The irradiation causes the formation of strained three-
membered ring structures in the SiO2 network, which are not
stable for aqueous solutions.35,36 The near-surface hydrogen
�and oxygen� enrichment in the oxide after ion implantation
is verified by NRA as shown in Fig. 6 for marginal implan-
tation parameters. The hydrogen content decreases in depth
in a diffusionlike manner without any visible accumulation
in the region of the implanted Ge. The penetration depth �or
the decay� is just correlated to the implantation energy, i.e.,
the depth of the modified oxide. The hydrogen profile is only
weakly affected by the wet chemical cleaning treatment, thus

the oxide is already conditioned after exposition to humid air
subsequent to ion implantation. Secondly, the collision cas-
cade and preferential sputtering during Ge implantation leads
to local changes in the elemental oxide composition with
respect to the SiO2 stoichiometry. This process is only asso-
ciated to oxygen-related effects on the Ge loss and redistri-
bution, whereas the penetration of additional hydrogen and
oxygen �from humidity or as contaminants in the annealing
ambient� into the oxide have to be considered to both Ge
oxide and hydride formations.

In the following exemplarily for the 12 keV Ge implants,
where the highest remaining Ge contents are obtained in Fig.
4, the effects of excess oxygen and hydrogen on the loss and
redistribution of Ge will be discussed in detail. The RBS data
in Figs. 7�a� and 8�a� reveal that after annealing in pure Ar
the Ge gets lost mainly from a region behind the profile
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maximum �HD� or rather homogeneously �LD� depending on
the implantation fluence. The oxygen excess related to mois-
ture is deduced from NRA data �Fig. 6� assuming a ratio
H:O=2:1. As calculated by TRIDYN, atomic collisions dur-
ing ion implantation lead to an oxygen deficit close to the
surface and an oxygen accumultation behind the implanted
Ge profile �Fig. 7�b��. Thus, the net oxygen excess can be
calculated as presented in Figs. 7�a� and 8�b�. The oxygen
from moisture preferably saturates empty Si bonds and com-
pensates the O deficit in the first 15 nm oxide depth for SiO2
reconstruction during annealing. This process inhibits the

formation of Ge oxides because SiO2�s� has a much higher
heat of formation �
 fH

°=−910.7 kJ /mol� than GeO2�s�
�
 fH

°=−580 kJ /mol� or GeO�s� �
 fH
°=−262 kJ /mol�.37

Only the net oxygen excess—obtained mainly behind the Ge
profile in Fig. 7�b�—is supposed to react with the implanted
Ge impurity atoms to form GeO during annealing. This GeO
is mobile at elevated temperatures and escapes from the ox-
ide surface toward the annealing ambient27 �Ge loss� due to
its high vapor pressure �about 1 mbar at 700 °C�.38–40 In a
static balance of the calculated Ge content and the net oxy-
gen excess the spatial Ge distribution changes as shown in
Figs. 7�c� and 8�c� �denoted “remaining Ge I”�. Such static
approximations—both Ge and O are considered as locally
fixed also during annealing—are likely in case of an oxygen
deficient oxide as after implantation. Oxygen �and hydrogen�
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are presumably bound to Si and Ge forming wSiuOH
�Ref. 41� or wGeuOH bonds �accordingly wSiuH and
wGeuH� �Refs. 42–44� or being attached as H2O �Ref.
45�. However, some additional excess oxygen exists labeled
as “free oxygen” in Figs. 7�c� and 8�c�. This oxygen can be
considered to be neither connected to Ge nor to Si in the
SiO2 network and is thus quite mobile during annealing.
During diffusion toward the surface it reacts to remaining Ge
or excess Si and reduces the Ge content further as indicated
by “remaining Ge II” in Figs. 7�c� and 8�c�. This estimation
represents an upper limit of loss assuming the implanted Ge
as the dominant sink for oxygen. For a lower Ge loss some
oxygen might have left the oxide toward the ambient or is
trapped at the Si bulk in the other diffusion direction. As a
consequence, only the remaining Ge content is available for
NC formation and determines the size and density of the
corresponding NC’s.

The model of GeO formation and emanation clearly re-
produces the changes of the Ge profile shape after annealing
as measured by RBS Figs. 7�a� and 8�a�. Note that the RBS
depth profiles are superposed by the Si detector resolution
�full width at half maximum �FWHM� �15 keV� leading to
a broadening of the Ge distribution. Furthermore, the calcu-
lated Ge losses are in reasonable agreement with the experi-
mental values �LD/HD: calculated 83 /33 %, exp. 69 /45 %�,

which confirms the main assumptions of the model.
A similar calculation can be performed for a hydrogen

related loss assuming the formation of volatile GeH4 instead
of GeO �see Fig. 9�, but due to the Ge:H=1:4 ratio the
expected Ge loss is much lower ��20% � and does not re-
produce the changed profile shape. In addition, from thermo-
dynamics the formation of GeO�g� �
 fH

°=−46.2 kJ /mol� is
favored compared to GeH4�g� �
 fH

°= +90.8 kJ /mol� �Ref.
37� during annealing if both reaction pathways are possible.
Considering in the calculation only an effect due to penetrat-
ing H2O, the loss related to oxygen would be approximately
twice that of hydrogen. Differences are caused by the redis-
tributed oxygen from ion implantation, which changes con-
siderably the depth profile of excess oxygen in comparison to
hydrogen. In summary the following reactions occur during
annealing in pure Ar leading to the formation of volatile
GeO. For moisture components �H2O↔H++OH−�

2Ge + H2O ↔ w Ge u H + w Ge u OH �2�

↔Ge + GeO�g�↑ + H2�g�↑ �3�

and for O excess caused by recoils

Ge + �1/2�O2 → GeO�g�↑ . �4�

The reactions stop if all excess O is consumed, which is
considered to be the reason for the saturating Ge loss for
higher annealing temperatures �see. Fig. 4�b��. These consid-
erations hold primarily for systems where the content of Ge
in SiO2 considerably exceeds the amount of reactive oxygen.
Otherwise, as for 1.5 keV Ge implantation, the formation of
GeO2 is much more probable �see Figs. 3 and 5�, which is
completely miscible with SiO2. In the case where Ge NC’s
are formed and just partially oxidized or passivated by a
GeO2 shell, a reduction might occur during annealing in oxy-
gen deficient ambient by the formation of volatile
GeO:27,28,32

0

1000

2000

3000

960 940 920 900 880

(a)

cleaned
800°C, 30s
950°C, 30s

1050°C, 30s

energy [keV]

R
B

S
yi

e
ld

[c
ts

.]

-10

-5

0

5

10

(c)

(b)

NRA fit (H
2
O)

redistributed O
res. O excess

O excess

O deficit
= Si excesso

xy
g
e
n

e
xc

e
ss

[a
t.
%

]

0 5 10 15 20 25 30 35 40

0

5

10

15
TRIDYN
remaining Ge I
free oxygen
remaining Ge II

G
e

co
n
ce

n
tr

a
tio

n
[a

t.
%

]

depth [nm]

FIG. 8. Depth dependence of Ge loss during annealing for
12 keV, LD Ge implantation �notations as in Fig. 7�. In �c� a ho-
mogeneous reaction is considered for simplicity, as “free oxygen” is
available from both sides of the Ge profile.

0 5 10 15 20 25 30 35 40
0

5

10

15

free H

TRIDYN

NRA (H)

remaining Ge I

free hydrogen

remaining Ge II

G
e

a
n

d
H

c
o

n
c
e

n
tr

a
ti
o

n
[a

t.
%

]

depth [nm]

FIG. 9. Ge loss and redistribution due to GeH4 formation simu-
lated for the 12 keV, HD Ge implant. The initial hydrogen concen-
tration �squares� is taken from NRA �Fig. 6�. The simulation reveals
negligible profile changes for both the static and diffusion approxi-
mations. The initial Ge distribution is calculated by TRIDYN �straight
line�.

V. BEYER AND J. VON BORANY PHYSICAL REVIEW B 77, 014107 �2008�

014107-6



Ge + 2H2O → GeO2 + 2H2�g�↑ , �5�

Ge + GeO2 → 2GeO�g�↑ . �6�

As previously demonstrated in this paper, the Ge loss is
mainly determined by the amount and distribution of excess
oxygen with respect to the position of the implanted Ge pro-
file. Due to the strong influence of implantation and anneal-
ing parameters, an estimation of the Ge loss requires a mod-
eling based on the most relevant processes with detailed
knowledge of the experimental conditions. From the diffu-
sionlike moisture distribution in SiO2 as obtained by NRA a
dominating Ge loss close to the SiO2 surface would be ex-
pected. However, in this region Ge is stabilized by an
O-deficient oxide which consumes a significant part of the
penetrating oxygen for the recovery of the SiO2 network.
The formation of small Ge precipitates or NC’s in SiO2 sup-
presses the Ge loss due to the self-limiting oxidation of small
particles.46 This might contribute to a smoother profile of the
remaining Ge, but is not able to avoid the Ge loss in general.

C. Influence of annealing ambient and extended oxide
damage

In the previous subsection due to annealing in ultrapure
Ar, we were able to investigate solely the role of the “intrin-
sic source” �caused by the penetration of moisture after ion
implantation� on the Ge loss and redistribution. Reactive spe-
cies introduced by the annealing ambient had been excluded.
In the second set of samples �series B, dox�100 nm� the
annealing ambient has been enriched by a small amount of
oxygen or hydrogen �see Table I� to stimulate the corre-
sponding effects compared to annealing in ultrapure Ar. The
Ge implantation was performed at 12 keV, 1.8�1016 cm−2,
which is close to the 12 keV HD implant of the preceding
experiment �series A�.

As shown in Fig. 10�a� annealing in pure Ar at 900 °C for
5 min leads again to a considerable Ge loss �60%� with simi-
lar changes in the Ge profile shape as obtained before
�see Fig. 7�a��. Annealing in an oxygen containing ambient
�Ar+5% O2� causes a clear Ge redistribution toward the sur-
face with a slightly lower total loss of about 40% of the
initial Ge amount, whereas additional hydrogen �Ar
+5% H2� significantly reduces the loss to about 17%. In
agreement with previous investigations14–17 for annealing in
oxygen containing atmosphere, GeO2 has formed in a region
close to the surface where the profiles of in-diffusing oxygen
and out-diffusing Ge species �mainly GeO� overlap during
annealing. An oxidation to GeO2 fixes the volatile GeO
within the oxide and reduces the total Ge loss:

2GeO + O2�g� → 2GeO2. �7�

In case of the formation of volatile GeH4 in SiO2 a much
enhanced loss was expected during annealing in Ar+H2, but
contrariwise Ge seems to be immobilized in the presence of
hydrogen at least for 900 °C annealing. About the reason for
this behavior one can just speculate considering the present
experimental data. With respect to moisture related loss �Eq.
�2��, GeuO compounds such as wGeuOH can be reduced

by hydrogen to elemental Ge under emanation of H2O:47

wGe u OH + �1/2�H2�g� → Ge + H2O�g�↑ . �8�

On the other hand, the balance reaction in Eq. �3� might be
weighted to the left side due to a significant partial pressure
of H2 in the oxide, which suppresses the formation of GeO
by hindered release of gaseous H2. In both cases the Ge loss
due to the moisture related oxygen excess will be reduced.
Assuming solely recoiled oxygen, the respective calculations
illustrated in Fig. 10�b� validate the experimental results. The
calculated Ge loss of 12% is very close to the experimental
value of 17%, also corresponding to profile changes. The
recoiled excess oxygen oxidizes local Ge to GeO, which is
apparently not affected by H2 at 900 °C. It seems to be plau-
sible that a single weak GeuOH bond �moisture� can be
more easily released by hydrogen than stronger GevO
bonds �displaced oxygen�.

In a different experiment a sequential 200 keV Si and
12 keV Ge implantation was carried out in 100 nm SiO2 �see
Table I� without breaking the vacuum condition during im-
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plantation. As shown in Fig. 11�b� the number of dpa’s ex-
ceeds about 5 across the whole oxide, whereas the content of
implanted Si remains negligible ��0.1 at. % �. One could as-
sume that a homogeneous irradiation of the entire oxide layer
forces the penetration depth of moisture. However, as illus-
trated in Figs. 11�a� and 10�a�, independent of the annealing
ambient, almost the same Ge loss and redistribution are ob-
tained after annealing in comparison to films without Si irra-
diation. The homogeneous oxide damage from the Si irradia-
tion has apparently no impact on the total moisture content
within the oxide. As shown in Fig. 11�b� the oxygen redis-
tribution from atomic collisions during Si irradiation is neg-
ligible compared to the subsequent Ge implant. Thus, the
penetration of moisture seems to be more related to the depth
of substoichiometric oxide as generated by Ge implantation,
which reflects a higher amount of Si dangling bonds, than to
the total number of dpa’s �Fig. 11�b��. Thus, the diffusionlike
moisture profile in ion-irradiated SiO2 might saturate even
for a deeper oxide damage at a level similar to the hydrogen

depth profile in Fig. 6 for 12 keV implantation.

IV. DIFFUSION OF Ge AND GeO IN SiO2

A. Activation energy of diffusion

In addition to mobilized Ge due to GeO formation there is
no broadening of the remaining Ge profile as shown, e.g., in
Fig. 10�a� for annealing in Ar+H2. This clearly indicates that
for T�1000 °C elemental Ge has apparently a much
lower mobility in SiO2 than GeO. From our experiments a
diffusion coefficient of D�10−16 cm2 /s at 900 °C can be
estimated. For substitutional Ge in amorphous silica
glass, Minke and Jackson48 determined the diffusivity
to D�900 °C�=2.6�10−21 cm2 /s and D�1000 °C�
=2.2�10−19 cm2 /s �D0=7250 cm2 /s; EA=5.69 eV�, which
enables a diffusion length of only a few nanometers for
T=1000 °C. It is noteworthy that the activation energy for
the self-diffusivity of Si in SiO2 films is close to that value
�EA=5.34 eV �Ref. 49�� which indicates an unique diffusion
mechanism probably slightly influenced by the different
atomic radii �Si: 1.46 Å, Ge: 1.52 Å�.

More detailed information concerning the activation en-
ergy for the diffusion of GeO can be derived from the Ge
accumulation after annealing at the Si /SiO2 interface as
shown in Fig. 12. This accumulation is a common effect in
Ge implanted SiO2 films13,15 caused by a condensation of Ge
and O from diffusing GeO at the substrate surface according
to Eq. �9�:

Si + 2GeO → SiO2 + 2Ge. �9�

During annealing time ta an areal density m�T , ta� of Ge at-
oms is trapped at the Si /SiO2 interface, more precisely at the
uppermost atomic layers of the Si substrate, in a distance 
x
to the Ge profile. Accordingly, there the Ge concentration is
initially N0=0 with a constant gradient toward the Ge profile
of 
N�T�=N�T�−N0, i.e., no Ge is re-emitted from the Si
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substrate into the oxide. Assuming an uniform diffusion co-
efficient D�D�x�, a linearization of Fick’s first law yields

m�T,t� = D�T�

N�T�


x
ta = D̃0 exp�−

EA

kT
� ta


x
. �10�

The atomic concentration N�T� of the diffusing Ge specie
close to the Ge profile depends on the heat of formation for
the corresponding chemical reaction. Thus, the total activa-
tion energy EA includes both, the energy of formation and

migration; D̃0 is an effective prefactor of diffusion �unit:
1/cms�. From the RBS data in Fig. 12 in case of implantation
in the 50-nm-thick oxide m�900 °C�=1.6�1014 cm−2 and
m�1000 °C�=3.4�1014 cm−2 can be easily deduced, result-
ing in EA�0.95 eV. For 100-nm-thick SiO2 m�900 °C��3
�1013 cm−2 and m�1000 °C�=1.0�1014 cm−2 are obtained,
but the first value indicates just an upper level as the amount
of trapped Ge is below the detection limit. A respective ac-
tivation energy of EA	1.55 eV indicates that the diffusivity
of GeO is clearly influenced by the Si /SiO2 interface
whereas EA increases with the distance of the Ge profile to
the interface. A similar effect of the oxide thickness is re-
ported for Si self-interstitial diffusion in SiO2 �Ref. 50� and
is explained by the emission of O vacancies �or SiO� from
the interface �see also Sec. IV C�.

B. Supposed mechanism of GeO diffusion in SiO2

From our experiments GeO is identified as the mobile
species in SiO2, which explains both the correlated Ge redis-
tribution and loss. But the diffusion mechanism deserves
closer attention, as the idea of a diffusing GeO molecule
through the SiO2 network is probably misleading. At el-
evated temperatures �T	900 °C�, which are required for
NC formation and oxide annealing, statistically breaking and
reforming of SiuO bonds occurs within the SiO2 network
including bond switching during relaxation. Thus, it is likely
that the GeO molecule is integrated into the covalent struc-
ture of SiO2. In Figs. 13�a�–13�c� a possible configuration for
embedded GeO in the SiO2 network is schematically shown
neglecting the real tetragonal structure of the oxide. The
switching of two SiuO bonds leads to a structure similar to
a so-called Ge oxygen-deficient center �Ge ODC� �Ref. 52�
characterized by an oxygen vacancy �VO� in combination
with a substitutional Ge atom �SGe�. Several possible models
for an oxygen vacancy in SiO2 are reported.51,53,54 A configu-
ration as in Fig. 13�c� with three oxygen bonds and one
GeuSi bond corresponds to a Ge3+ oxidation state as ob-
tained in the XPS spectra in Fig. 5:

SiO2 + GeO → SGe + VO �11�

Remember that with GeO also an extra O is introduced
which migrates accompanied to the Ge ODC. But, along its
way through the oxide, it is exchanged with oxygen from the
relaxing SiO2 network. If such a Ge ODC reaches the oxide
surface, it emanates from the surface into the annealing am-
bient as a GeO molecule. In case O is present in the anneal-
ing ambient, the oxygen vacancy and thus the Ge ODC is
annihilated, forming “immobile” GeO2 which is embedded

in SiO2. This state corresponds to the fixed Ge amount closer
to the oxide surface as shown in Fig. 10�a�.

In the temperature range up to 1000 °C oxygen vacancies
have a much higher mobility in SiO2 than Si or Ge
interstitials.53,55 Previous experiments reveal that in Ge
doped silica glass only Ge ODC’s are observed or, in other
words, the oxygen vacancies localize preferably near Ge
atoms.52,56 SiuSi related ODC’s with neighboring Ge atoms
are transformed in an exothermal reaction to SiuGe related
ones due the weaker GeuO bond with an energy gain of
ER	0.6 eV:52

wSi u Si w + w Si u O u Ge w

→ w Si u Ge w + w Si u O u Si w + ER.

�12�

The existence of such Ge related oxygen vacancy defects
was confirmed at Ge implanted oxides by luminescence
measurements.57,58 The process of enhanced Ge diffusivity is
similar to the well known transient enhanced diffusion of
boron, which is related to the diffusion of mobile Si self-
interstitials in Si bulk material.59 Here, the Ge impurity atom
is connected to a highly mobile oxygen vacancy representing
a diffusing Ge ODC complex. In that way the Ge atom gains
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FIG. 13. Model for the introduction of a GeO molecule in the
SiO2 network. �a� Switching of two SiuO bonds �marked by
crosses� leads to a reconfiguration as suggested in �b� by the forma-
tion of a bound Ge interstitial and an oxygen vacancy or to a prob-
ably more relaxed state as shown in �c�. The latter configuration is
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posed by Uchino et al. �Ref. 51� A 3D model of �c� is shown in �d�,
for instance, with an interatomic distance of 1.6 and 2.38 Å
for SiuO and SiuGe, respectively �Ref. 52�, and a
SiuOuSi �GeuOuSi� bond angle of about 144°.
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a much higher diffusivity than a Ge interstitial alone. Recent
investigations by Minke et al.48 show that the activation en-
ergies for the diffusion of Ge and Si in SiO2 are nearly
equivalent, which leads the authors to the suggestion that the
diffusion mechanism is similar for both. Dangling bonds of
the glassy matrix are supposed to be involved in the diffusion
process instead of an Si or Ge interstitial motion. This clearly
underlines the coherence of our model.

C. Role of Si ÕSiO2 interface

The existence of a substoichiometric SiOx �x�2� region
close to the Si /SiO2 interface is well known and widely ac-
cepted in the microstructure of SiO2 films on Si. This is
equivalent to the presence of a high concentration of oxygen
vacancies decaying with oxide depth.60 The emission and
diffusion of VO is much more pronounced during annealing
in an ambient with low or even negligible oxygen partial
pressure.61 As the O vacancies are essentially involved in Ge
ODC’s �shown before�, the mobility of the Ge increases with
the number of available oxygen vacancies. This explains the
enhanced Ge mobility with decreasing distance of the Ge
profile to the Si /SiO2 interface as obtained from Fig. 12. Our
calculated values for the activation energy of Ge migration
of EA�0.95 eV and EA	1.55 eV approximate the reported
value of oxygen vacancy migration of EA=1.8 eV �Ref. 53�
�from ab initio calculations according to an ideal oxide net-
work� with increasing oxide thickness. Available oxygen va-
cancies support pathways for the Ge atoms diverging from
the ideal model of oxygen vacancy migration. In the balance
of energies a contribution of formation �EA=0.85 eV from ab
initio calculations62,63� can be omitted as the detachment of
Ge atoms from Ge precipitates in SiO2 �which form already
during Ge implantation� is mediated by an exothermal reac-
tion similar to an oxidation to GeO.

As a comparable effect, the self-diffusivity of Si in SiO2
shows also a significant dependence on the oxide thickness.50

The diffusivity increases with reduced oxide thickness, but
this influence gets weaker if oxygen is introduced in the
annealing ambient.49,50 SiO molecules are discussed to be
involved in the Si self-diffusion.64–66 It was argued that, es-
pecially during annealing at very low oxygen partial pres-
sure, SiO molecules are emitted from the Si /SiO2 interface
into the oxide.61 However, the explanation of the present
results using GeO and SiO molecules instead of O vacancies
leads to contradictions. The molecules would annihilate each
other when they meet in the oxide region between the Ge
profile and the Si /SiO2 interface:

GeO + SiO → SiO2 + Ge. �13�

An unbound Ge interstitial would remain in SiO2, which has
a much lower diffusivity in SiO2 than GeO as discussed be-
fore. The Ge diffusivity would tend to decrease with decreas-
ing oxide thickness in contradiction to present results �Fig.
12�. However, as mentioned by Stesmans et al.,54 the model
of SiO in SiO2 can conceivably be unravelled by the idea of
a SiuSi oxygen vacancy in accordance to our structure
hypothesis:51

SiO → SiO2 + VO. �14�

Migrating oxygen vacancies cause long-range distortions in
the oxide network52 leading actually to a Si self-diffusion in
SiO2. Penetrating oxygen in SiO2 from the annealing ambi-
ent annihilates the oxygen vacancies and suppresses the Si
self-diffusion. Thus, the Si self-diffusion in SiO2 can be ex-
plained by a mechanism involving oxygen vacancies instead
of SiO molecules or Si interstitials.

V. CONSEQUENCES OF THE Ge LOSS AND
REDISTRIBUTION FOR A Ge NANOCRYSTAL MEMORY

DEVICE

The significant mobility of Ge can be used for the forma-
tion of a self-organized Ge NC layer close to Si /SiO2 inter-
face which has been reported for Ge implanted gate oxides of
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FIG. 14. Formation of a near-interface layer of Ge NC’s in
20 nm SiO2 after 5�1015 74Ge+-ions /cm2 implantation at 12 keV
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spectra after ion implantation ��� and annealing ���. After anneal-
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ity to the Si /SiO2 interface. A minor part is trapped at the Si sub-
strate surface. �b� HAADF STEM image reveals separate Ge NC’s
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100 nm10 or more device relevant of 20 nm thickness.9,18

Such a near-interface NC layer is a desired configuration for
Ge-nanocrystal-based memory devices.3,4,9,11 The Ge redis-
tribution due to volatile GeO or, in other words, due to Ge
ODC’s during annealing in Ge implanted SiO2 �dox
=20 nm� is illustrated in Fig. 14�a�. The Ge loss, mainly
occurring at the near-surface region, is about 30% of the
implanted fluence after annealing at 950 °C for 30 s.

Contrary to the Ge accumulation at the uppermost Si sub-
strate shown in Fig. 12, here the Ge forms NC’s within the
oxide which is confirmed by TEM �Fig. 14�b��. This process
deserves a more detailed description. For IBS in thin gate
oxides �dox�20 nm�, the implantation cascade usually meets
the Si substrate resulting in a mixing of the Si /SiO2 inter-
face. During subsequent annealing �phase� separation of Si
and SiO2 occurs associated with a complete interface recon-
struction and a formation of tiny Si precipitates in the SiO2
close to the Si /SiO2 interface.70 At these Si precipitates a
significant amount of mobile Ge �from GeO� condenses �see
Eq. �9��. The high contrast of the bright spots in the TEM
micrograph of Fig. 14 confirms that the NC’s are composed
mostly of Ge atoms, as such small Si NC’s would be not
resolvable by high-angle annual dark field �HAADF� scan-
ning TEM. On the contrary, to Ge interstitial diffusion, the
migration of GeO-like complexes lead to an oxidation of the
excess Si in SiO2, confirming the formation of a nearly el-
ementary pure Ge NC’s layer.

The process of interface reconstruction and formation of
Si precipitates �or even NC’s� in the oxide can be traced in a
3D-KLMC simulation as presented in Fig. 15.3 As a model
system, there a Si /SiO2 /Si stack is treated by a Si irradia-
tion. The Si excess in the oxide close to the Si /SiO2 inter-
faces is achieved just by ion beam mixing, more or less
independent of the kind of the implanted ions. During an-
nealing the interfaces recover and a certain amount of mixed
Si atoms remain within the SiO2, forming precipitates that
subsequently grow to Si NC’s.

The influence of mobile Ge has to be carefully adjusted
according to the right balance in processing between the
presence of excess oxygen necessary for the Ge redistribu-
tion and the Ge loss, especially if a single NC layer is de-
sired. In addition to appropriate implantation conditions, spe-
cial care has to be taken for the oxygen partial pressure in the
annealing ambient which has to be quite low; otherwise
GeO2 formation in the gate oxide dominates. A small amount
of hydrogen in the annealing ambient can be used to sup-
press the Ge loss. In addition subsequent thermal processes
during device fabrication including hydrogen or oxygen con-
taining species and/or post-IBS heat treatments may influ-
ence the NC’s arrangement. The deposition of a capping
layer such as Si3N4 prior to implantation is not helpful be-
cause in this case oxygen from moisture is excluded which is
needed for a considerable Ge redistribution.

VI. SUMMARY

A considerable Ge loss and redistribution is obtained dur-
ing cleaning and annealing treatment of low-energy Ge im-
planted SiO2 films, whereas the loss becomes more pro-
nounced the closer the implanted profile is located to the
oxide surface. A model for the diffusion of Ge in SiO2 is
given, which explains the high mobility of Ge in the oxide
during annealing considering oxygen vacancies as the key
diffusing elements. Ge loss and redistribution are strongly
correlated to �i� a spatial modification of the oxide stoichi-
ometry due to atomic relocations during ion implantation and
�ii� the penetration of additional oxygen and hydrogen spe-
cies into the damaged oxide after implantation. Atomic col-
lision during Ge implantation leads to a near surface oxygen
deficit �i.e., Si enrichment� and an oxygen excess slightly
behind the Ge implanted profile with respect to the initial
SiO2 stoichiometry. Additionally, moisture �H2O vapor, H,
and OH� penetrates into the damaged oxide during storage at
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FIG. 15. �Color online� Formation of a Si NC layer close to the Si /SiO2 interface traced by 3D-KLMC simulation for a stack of 50 nm
n+-poly Si /15 nm SiO2 / �100�Si which is irradiated by 50 keV, 1�1016 Si+-ions /cm2. The gray scale/color reflects the number of diatomic
SiuSi bonds. After 50 000 MC steps Si NC’s and SiO2 clusters are formed in the SiO2 and the Si bulk, respectively. Due to the higher
mobility of O in Si than Si in SiO2 the Si NC’s are far more stable than the SiO2 clusters in Si. With proceeding simulation/annealing time
the Si /SiO2 interface gets smoother and the NC’s dissolve until a equilibrium of totally separated regions �SiO2 and Si bulks� is reached. The
KMC simulation was performed by Heinig, Forschungszentrum Dresden-Rossendorf, and is presented with kind permission of the author
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air, compensates a Si excess close to the oxide surface, and
enhances the oxygen excess in further depth. Thus, depend-
ing on the implantation parameters the overall oxygen �and
hydrogen� excess in SiO2 �“intrinsic source”� is already con-
ditioned prior to annealing. Apart from very shallow Ge pro-
files, where H2O2 containing cleaning chemicals cause a
drastic reduction of the Ge content in the oxide by the for-
mation of water soluble compounds �GeO2, H2GeO3�, the
main Ge loss and redistribution occurs during subsequent
annealing treatment. For neutral annealing ambients �e.g.,
Ar� the local ratio of Ge and excess oxygen within the oxide
after ion implantation and cleaning determines whether Ge is
incorporated in the SiO2 network as GeO2, oxidizes to highly
mobile GeO, or remains as elemental Ge forming Ge NC’s.
A small amount of oxygen in the annealing ambient assists
the formation of GeO and GeO2, whereas an H2 /Ar anneal-
ing at 900 °C significantly reduces the Ge loss probably due
to a reduction of Ge oxides. During annealing the Ge loss is
related to mobile GeO, which diffuses toward the oxide sur-
face and escapes there into the annealing ambient �or the
vacuum� due to its high vapor pressure. The diffusivity of
GeO in SiO2 �D�10−16 cm2 /s at 900 °C� is orders of mag-
nitude higher than of Ge interstitials. These considerations
agree with the experimental result15 that the Ge redistribution

in SiO2 is highly suppressed for samples protected by a dif-
fusion barrier �e.g., Si3N4� prior to implantation avoiding a
penetration of the damaged oxide by moisture or oxygen.
GeO molecules in SiO2 can be considered to be equivalent to
Ge ODC’s. Then, the diffusion mechanism is determined by
the correlated Ge and oxygen vacancy movement through
the oxide. As the Si /SiO2 interface acts as an additional
source of oxygen vacancies, the diffusivity of Ge is influ-
enced by the oxide thickness, too.

Although a Ge loss is an undesired effect, with our find-
ings and the diffusion model the high Ge mobility can ad-
vantageously be used to form a near interface, �-like Ge
NC’s layer in thin gate oxides for multidot memory devices.
The diffusing Ge is trapped at Si nucleation centers close to
the Si /SiO2 interface that are formed as a result of interface
mixing and phase separation during ion implantation and an-
nealing, respectively.
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