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The feasibility of local doping in silicon by an open-end coaxial applicator with a tip made of the doping
material, e.g. aluminum or silver, is studied in this paper. In these experiments, localized microwave
power of 100–350 W at 2.45 GHz was applied for �1 min to obtain doped regions of �1-mm width
and�0.3-lm depth. Independent measurements of secondary ion mass spectroscopy (SIMS) and junction
built-in potential measured by atomic-force microscopy (AFM) were used to estimate the activated dop-
ing concentrations in the order of 1019 and 1022 cm�3 for aluminum and silver doping, respectively.
Potential barriers (pn junctions) of 0.5–0.7 V were measured across the aluminum-doped regions, and
I–V characteristics were observed. The doping experiments were conducted in air atmosphere, hence oxi-
dation effects were observed as well. The localized-microwave doping concept presented here could be
useful in small-scale semiconductor processes, integrated optics, and MEMS applications.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Doping processes are essential for the creation of electronic
junctions in silicon, and for the manufacturing of semiconductor
devices in general [1]. The increasing integration scale and operat-
ing speed of electronic devices require shallower junctions with
fewer defects and higher surface quality [2]. Hence, they motivate
advanced studies of ultra-shallow junction formation by various
techniques, such as using ion implantation, flash lamps, plasma
discharges, lasers, combination of both plasma and lasers, and
chemical vapor deposition [3–11]. Microwaves have been studied
for silicon-wafer annealing and doping, and for other related pro-
cesses including bonding, fast firing, and melting [12–15]. It is
noted that besides the major batch manufacturing approach in
microelectronics, there is also a need for single wafer or even single
device manufacturing techniques [16] which require small-scale
processes as presented here.

Considering p-type semiconductors production, aluminum and
silver are relatively fast-diffusing acceptors in silicon [17,18]. Their
high diffusion coefficients allow manufacturing of semiconductor
devices for power applications by rapid thermal processing (RTP)
methods [19,20]. The short diffusion time at relatively low temper-
atures allows the formation of junctions with limited surface dam-
age and lesser contaminants due to the shortened heating time and
lower temperatures. Aluminum as a dopant has the ability to getter
metallic contaminants and to increase the carrier diffusion length,
therefore it has been largely studied for improving the characteris-
ll rights reserved.
tics of solar cells [19]. Nevertheless, the mechanisms of thermal
diffusion of aluminum in silicon have not been sufficiently studied.
Silver, as another fast-diffusing dopant in silicon, is traditionally
used in Schottky metal–semiconductor junctions [21].

Lately, silver doping has been explored for quantum-well for-
mation in silicon [22]. Local doping by tips of scanning tunneling
microscope (STM) has been demonstrated recently for patterning
highly p-type doped silicon in order to form wires [23] and arrays
[24]. The microwave-drill technique [25] enables the localization
of microwave energy in a hotspot induced intentionally within
the material in a localized thermal-runaway process [26]. In this
study, we have modified this microwave RTP technique and em-
ployed it to create local doping and oxidation effects in silicon
[27]. The next sections introduce the point-contact microwave
RTP technique, present experimental results of silicon localized
doping and their analysis, and discuss the feasibility of the point-
contact microwave technique for local doping in silicon.
2. Experimental setup

In this experiment, the local doping in a silicon matrix is ob-
tained by a point-contact microwave applicator as illustrated in
Fig. 1 [28]. The near-field microwaves tend to concentrate in a
thermal-runaway process [26,29] underneath the dopant’s contact
point with the wafer. This effect causes rapid local heating that dif-
fuses the doping material into the silicon within the confined hot-
spot. The experimental device is illustrated in Fig. 2. The tip made
of the doping material is used as the center electrode in contact
with the silicon surface. The process is ceased before structural
damage or melting occurs at the silicon surface [29], except for
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Fig. 1. Local doping in silicon by a point-contact microwave applicator. The
microwave energy concentrating underneath the contact point of the dopant with
the wafer causes there a rapid thermal-runaway process that diffuses the doping
material locally into the silicon.
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Fig. 2. The experimental setup of the microwave-drill apparatus modified for
silicon doping.
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Fig. 3. Secondary ion mass spectroscopy (SIMS) profiles of n-type silicon wafers
locally doped by aluminum (a) and silver (b) using a 350-W modified microwave
drill.
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the desired local thermal diffusion of the doping material into the
silicon in the contact region.

In the experiments presented here, we used tips made of alumi-
num or silver (99.99% and 99.9998% purity, respectively) in order
to diffuse these materials thermally into n-type silicon samples
(of 0.37-mm thick, 5-Xcm resistivity wafers, cut to 20 � 20 mm2

area slices). Several experiments were conducted for the sake
of comparison with p-type silicon samples (5-Xcm resistivity,
0.5-mm thickness).

The microwave point-contact applicator shown in Fig. 2 was fed
by a 2.45-GHz power-adjustable magnetron source (Alter SM745)
in a cascade with an isolator, a directional coupler, and a three-stub
impedance-matching tuner. The doping experiments were con-
ducted in various power levels in the range of 100–350 W for a
1-min period each.

The resulting locally doped silicon slices were examined by sec-
ondary ion mass spectroscopy (SIMS) and by X-ray photoelectron
spectroscopy (XPS) using Physical-Electronics TOF-TRIFT-II and
PHI-590, respectively. The electrical characterization across the
junction formed in the locally doped silicon was performed with
atomic force microscope (AFM, Veeco’s Dimension 3100 with a
WS�M 4.0 Develop-8 software). Specifically, the latter has been
used to measure and image the Contact Potential Difference
(CPD), a well common method for potential mapping of Si pn-junc-
tions [30,31]. The 4200-SCS Semiconductor Parameter Analyzer of
Keithley was employed to measure the I–V characteristics. Prior to
these tests, the silver doped silicon slices were cleaned by nitric
acid in order to remove residues from the silicon surface. The alu-
minum-doped slices were cleaned by tetra-methyl-ammonium
hydroxide.
3. Experimental results

Fig. 3a and b show examples of SIMS profiles for n-type silicon
slices locally doped by aluminum (Fig. 3a) and by silver (Fig. 3b)
using the point-contact device fed by 350-W microwave power.
The penetration profiles shown in these graphs were derived from
the SIMS sputtering rate. The silver doping provides a higher
concentration than the aluminum doping in these conditions (in
accordance with the higher diffusivity of silver into silicon,
�4.10�9 cm2/s as compared to �4.10�13 cm2/s for aluminum, both
at �1150 �C [17–19]). Since our experiments were performed in
air atmosphere, the localized microwave heating caused also an
oxidation of the silicon. The oxide layer is deeper than the doped re-
gion in both cases. These results were verified by XPS measurements.

SIMS was used also to examine the effect of the microwave
power level on the doping profile in the n-type silicon slices. The
results presented in Fig. 4 show that the doped region depth de-
pends almost linearly on the microwave power (the doping depth
is defined here as where the SIMS dopant count has reduced to
�101 with no significant noise). At all microwave-power levels,
the silver doping was found deeper than the aluminum doping un-
der the same conditions.

The lateral diffusion profile of the silver-doped and aluminum-
doped silicon slices were examined by SIMS analyses in various
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Fig. 4. The penetration depth (counts > 101) of silver and aluminum atoms in
silicon wafers versus the microwave power applied by the modified microwave
drill.
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Fig. 6. The surface contact potential difference (CPD) across aluminum-doped p-
type and n-type silicon wafers. The latter yields a �0.5 V potential barrier.

Fig. 7. The AFM surface potential image of the n-type silicon slice after point-
contact microwave applicator treatment.
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distances from the center of the affected zone. Fig. 5 shows an
example for the decrease in the doping depth away from the con-
tact point of the microwave-electrode. A similar reduction in the
oxide concentration was observed as well. These results indicate
that though a 122-mm wavelength near-field microwave energy
has been used, the induced doping effect was localized into a lat-
eral range of <1 mm.

The potential differences were measured in both n-type and p-
type silicon slices locally doped by aluminum (both experiments
were conducted at the same conditions for the sake of compari-
son). Fig. 6 shows a measurement of the resulting CPD across the
doped regions in the n-type and p-type slices. In the p-type silicon,
the resulting potential difference is 0.09 V, whereas in the n-type
silicon it exceeds 0.5 V. Fig. 7 shows the potential image of the n-
type silicon after the point-contact microwave applicator treat-
ment. The bright area is an aluminum doped region, whereas the
dark area is un-doped n-type silicon. The image contrast indicates
the potential difference. Maximal voltages of up to 0.7 V have been
measured for aluminum doping in an n-type matrix. Since the alu-
minum dopant acts as an acceptor [18], its p-type doped region
forms a larger potential barrier combined with the n-type silicon
background. Hence, a pn-junction is formed. It should be noted that
these results are in a good agreement with those obtained for pn-
junctions made using ion implantation and thermal diffusion
methods [32].

The formation of the pn-junction was verified by measuring the
I–V characteristics of the junction, as presented in Fig. 8. The diode-
like behavior is clearly seen in this graph in a comparison to an
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Fig. 5. Lateral diffusion profiles of silver and aluminum in n-type silicon wafer
locally doped by the modified microwave drill at a 250 W power level.
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Fig. 8. The measured I–V characteristic of a silver-doped junction created by the
point-contact microwave applicator (solid curve) in a comparison to an industrially
manufactured pn junction (dashed curve).
ideal pn-junction. The potential difference was measured by AFM
on the silver-doped silicon as well for three inserted RF power
levels showing a linear dependence between the built-in voltage
and the inserted RF power. The measured CPD’s were 0.01, 0.17,
and 0.30 V at 150-W, 250-W, and 350-W microwave power levels,
respectively. The same measurements were conducted also prior to
the microwave doping process in order to eliminate the possibility
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that any potential difference had existed there before, and to verify
that the original silicon surface structure was uncorrelated to the
potential difference obtained by the doping process.

4. Analysis and discussion

The dopant atom concentration measured by SIMS can be
approximated by

CE ¼ RSFE �
IE

IM
ð1Þ

where CE is the dopant atom concentration per element, RSFE is the
dopant relative sensitivity factor for the relevant ion bombardment,
e.g. cesium or oxygen as in our case, for each element (the RSFE val-
ues for aluminum and silver is 1.4 � 1021 cm�3 and 7.2 � 1022 cm�3,
respectively [33]). IE and IM are the secondary ion intensities for the
dopant and for the silicon matrix, respectively. The maximum atom
concentrations were evaluated here as �5.5 � 1019 cm�3 and
7.2 � 1022 cm�3 for aluminum and silver, respectively.

A one-dimensional (1D) approximation of the diffusion process
can be obtained by the Fick Equation [1],

@Cðx; tÞ
@t

¼ DðTÞ @
2Cðx; tÞ
@x2 ð2Þ

where C(x, t) is the impurity concentration, D(T) is the diffusion
coefficient, and x, t, and T are the position, time, and temperature,
respectively. The solution of (2) is

Cðx; sÞ ¼ CSErfc
x

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
DðTÞs

p
( )

ð3Þ

where Cs is the surface concentration, Erfc denotes the complemen-
tary error function, and s is the total diffusion time assuming a con-
stant temperature during the process. The result is depicted in Fig. 9
for the aluminum diffusion profiles with gross boundaries for tem-
peratures of 1050 and 1100 �C resulting from Eq. (3) in a good
agreement with the experimental result. Such agreement between
this simplified model and the experimental results for aluminum
doping was not achieved for silver doping in silicon.

The maximum achievable free-carrier concentrations are intrin-
sic properties of a given semiconductor [1,34]. In our case, the sil-
icon matrix limits the formation of a highly doped p-type material.
Though aluminum concentrations can reach the solubility limit in
silicon [19], the resulting electrically-activated ion concentration
for dopant atom densities above 1020 cm�3 is gradually saturated.
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Fig. 9. The calibrated aluminum doping profile in silicon with the expected doping
boundaries for temperatures of 1050 and 1100 �C obtained by the Erfc-function (3),
in comparison with the experimental results.
The evaluation of relative atom densities in our doping experiment
is achieved by SIMS measurements. Since the active ion concentra-
tions for high levels of doping are not linearly dependent on the
dopant atom densities, and the SIMS measurements account for to-
tal atom densities, an independent measurement (such as a Hall
measurement) should be performed in order to evaluate the active
ion densities [35].

The measurement of the junction built-in-voltage (Fig. 6) serves
in this study as the independent method for estimating the electri-
cally-activated ion concentrations. The maximal measured acti-
vated-ion concentration is deduced from this built-in potential by

NA ¼
n2

i

ND
exp

qVbi

KT

� �
ð4Þ

Where ni ¼ 1:2� 1010 cm�3 is the intrinsic concentration at 300�K,
ND ffi 8� 1014 cm�3 is the matrix donor concentration extracted
from the surface resistivity (Rs = 5 X) [1], q is the electron charge,
k is the Boltzmann coefficient, and Vbi = 0.7 V is the maximal pn-
junction voltage, as measured by the AFM. As a result, the maximal
activated atom concentration for both aluminum and silver doping
is NA�1 � 1017 cm�3 for this barrier potential-difference.

Our experiments were performed in air atmosphere; therefore,
three issues should be addressed concerning the results, namely (a)
the influence of inherent oxygen impurities within the matrix over
the concentrations evaluations, (b) the formation and influence of
SiO2 in the process over the doping process and profile, and (c) the
validity of the Relative Sensitivity Factors (RSF) constants in the
presence of SiO2.

In a silicon matrix grown via the Czochralski method, in which
the silicon is grown in a quartz crucible, some oxygen from the
quartz diffuses into the silicon. These oxygen impurities form de-
fects which give rise to donors in silicon. In the literature, these
impurities, known as thermal donors, are actually double donor de-
fects, having two donor electrons which can deactivate acceptor
dopants. The concentration of these oxygen-derived donors is
about 1018 cm�3 and they might cause a reduction in p-type dop-
ing efficiency at low doping levels [35]. In our experiment, the oxy-
gen atom densities by SIMS measurement are above 1019 cm�3.
Therefore, the presence of inherent oxygen impurities in the silicon
matrix itself (1018 cm�3) is negligible for our preliminary
estimations.

The formation of SiO2 presented in Fig. 3a and b results from the
doping process itself in air atmosphere. Due to the presence of
SiO2, the RSF values for the dopants might vary, hence presenting
atom densities lower than really exist. Novak and Wilson [36] esti-
mate the expected change in RSF values for Oxygen bombardment
(as in our case) for Si and SiO2 matrices, and present an extrapo-
lated graph correlating the RSF for these two matrices with the ion-
ization potential of the sputtered impurity. It is evident that the
closer the ionization potential of the dopant is to that of Si
(�8.16 eV), the expected change in RSF for the two matrices de-
creases. According to the extrapolation of [33], the estimated RSF
for O+ beam and SiO2 matrix are 1 � 1022 cm�3 and
5 � 1022 cm�3 for aluminum and silver, respectively (with 5.99
and 7.58 eV ionization potentials, respectively). This indicates that
for the dopants used, the presence of SiO2 in the process of doping
might present atom concentrations lower than the actual ones by a
factor of �7 for aluminum and �1.5 for silver.

A better estimate for the change in measured concentrations in
the presence of SiO2 while using an Si matrix was derived by Schu-
eler et al. [37]. In their experiments, ion implantation was
performed in a silicon matrix through a layer of SiO2. The surface
concentrations of the implanted atoms were estimated after the
removal of the SiO2 layer using standard RSF values (as well as
TOF-SIMS). The conclusion extracted from [37] is that RSF values



Table 1
A comparison of the microwave point-contact doping to other methods.

Property Method

Microwave point-contact
doping (MPCD)

Ion implantation and RTP
[42–44]

Pulsed plasma doping [45,46] Laser doping [47,48]

Thermal processing Intrinsic to the doping
process

A necessary step after
implantation

A necessary step after
implantation

Intrinsic to the doping process

Thermal processing
realization

The MPCD applicator Additional RTA apparatus Additional RTA apparatus The laser

Attained temperatures �1000–1200 �C (locally) �900–1100 �C �900–1100 �C �1420 �C (locally)
Dopants’ penetration

depth
0.01–0.3 lm 0.01–1 lm 0.01–0.1 lm 0.005–0.1 lm

Penetration depth
controls

Microwave power, exposure
time

Ion accelerating voltage,
beam current

Bias pulse duty-cycle ratio Pulse repetition, energy density,
wavelength

Lateral profile controls Doping tip diameter,
exposure time

Ion beam profile Gas flow rate, discharge voltage,
time

Laser energy density, process time

Dopant’s
concentration
controls

Microwave power, exposure
time

Dopant dose, energy Process time, pulse repetition,
discharge power

Pulse repetition, wavelength, precursor
gas chemisorbed

Complexity Relatively simple Complicated, sophisticated Intermediate Intermediate
Cost Relatively low High Medium Medium–High
Safety hazards Microwave leak (unlikely) High voltage, toxic gases High voltage Vapors
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can be used for SiO2 contaminated surfaces, and a mean standard-
deviation of up to 20% in the measured concentrations can be
expected. It is noted also that oxidation may impede doping pro-
cesses [38–40].
5. Conclusions

Our experiments demonstrate the principle feasibility of the
microwave point-contact concept for local doping and oxidation
in silicon. The results show that using the modified microwave-
drill device, both silver and aluminum can diffuse relatively fast
up to depths of 0.3-lm, which are rather large depths in terms of
the typical depth of shallow junctions in silicon submicron transis-
tors. The diffusion time of one minute under a local microwave
radiation is comparable to that of the other methods discussed be-
low. Since accepted models of diffusion only partly corroborate
these results, experiments should be performed, especially with
silver doping, as well as with other dopants, also in vacuum condi-
tions or nitrogen flow, in order to separate the doping and oxida-
tion effects.

The rapid thermal diffusion processes of aluminum and silver in
silicon achieved by the microwave point-contact applicator
(Figs. 3–5) occur basically in non-equilibrium condition. Therefore,
a simplified steady-state 1D model yields only rough estimates, as
in Fig. 9 for the aluminum doping. Further experiments shall be fol-
lowed by more comprehensive numerical analyses (e.g. [41]) to
give a better theoretical insight of the experimental results.

Future experiments shall address also the issue of miniaturiza-
tion; possibly by using an AFM as a platform for the point-contact
microwave applicator. In this scheme, an AFM tip made of the dop-
ing material will radiate the near-field focused microwaves in or-
der to obtain narrower junctions (in analogy to [23]). The local
doping concept presented here can be incorporated with other
capabilities of modified microwave drills (e.g. local heating, bond-
ing [25], cutting, grooving, etc.). These could be applicable for
small-scale (single chip) manufacturing [16], for MEMS fabrication,
and for solid-state structuring processes [24].

A comparison of the proposed microwave-point-contact doping
(MPCD) concept to the existing doping methods is shown in Table 1
for ion implantation [42–44], plasma doping [45,46], and laser
doping [47,48]. It is evident now that using the MPCD setup it is
possible to obtain junctions (with controllable profiles) compara-
ble to that of mature methods. However, unlike ion implantation
and plasma doping, the MPCD does not require additional tools
to carry out the essential thermal processes for dopants activation
and annealing. The thermal process proposed here is an intrinsic
enabler of the junction creation. The MPCD setup is considerably
simpler and cheaper with regard to sophisticated ion implanters
and plasma doping equipment. Moreover, there is no need for haz-
ardous high-voltages. Unlike existing RTP methods, the MPCD en-
ables heating silicon locally as the laser based doping method. The
MPCD junctions are accomplished with lower temperatures rela-
tive to the laser doping, which requires more complicated and
expensive setups. It should be noted though that the MPCD at this
premature stage of development has inferior lateral junction reso-
lution with regard to ion implantation. Hence, the MPCD can be
considered for applications which are less sensitive to spatial res-
olution of the formatted junctions yet requiring low-cost small-
scale capabilities.
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