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Laser tuning silicon microdevices for analogue
microelectronics
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Highly accurate resistances can be made by iteratively laser inducing diffusion of dopants from the drain and
source of a gateless field effect transistor into the channel, thereby forming an electrical link between two
adjacent p-n junction diodes. We show that the current-voltage characteristics of these new microdevices are
linear at low voltages and sublinear at higher voltages where carrier mobility is affected by the presence of high

fields. A process model is proposed involving the calculation of the laser melted region in which the dopant
diffusion occurs. Experimental results are well described by the proposed model.

Introduction

Due to the inevitable fabrication process variabilities, micro-
electronics circuit functionality are very often altered, result-
ing in chips off specifications or useless. Because of the in-
trinsic characteristics of digital microelectronics, which essen-
tially consists of low (or 0) and high (or 1) voltages, they can
be built more robust to these fabrication variabilities than
analog circuits for which high accurate components are re-
quired. To keep pace with the rapid growth of digital mi-
croelectronics, trimming techniques have to be used to ac-
curately adjust some microdevices’ characteristics for analog
microelectronics. We have recently proposed a new laser tech-
nique to finely tune analog microelectronics circuits which
presents the advantages of being very accurate, using very
small die area, and being easily integrated into any actual
CMOS process without additional steps.1, 2) A patent dis-
closing the detailed device structure and creation method has
been recently accepted.3)

In this paper, after reviewing the principle of the technique,
we present the electronic characterization and the modeling
of these new microdevices and show that they present excel-
lent current-voltage linear behavior at usual microelectronics
voltages. Furthermore, process modeling based on the laser
induced silicon melted region calculation is detailed and suc-
cessfully compared to experimental results.

Principle of the laser tuning method

The laser tuning technique, which has been described pre-
viously 1, 2) is performed on a device structure consisting of
a MOSFET, without the gate, fabricated by a conventional
CMOS process. This is shown schematically in Fig. 1. For
an n-type resistor, the device structure consist of two highly
doped regions, separated by 2L and formed by implantation
into a p-well, resulting into two p-n junctions facing each
other. Before performing laser trimming, the only current
that can flow through the device is the p-n junctions leak-
age current, resulting essentially in an open circuit. Focusing
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Fig. 1. Schematics of the laser induced diffusible resistance.

a laser beam on the gap region between the two junctions
causes melting of the silicon, resulting in dopant diffusion
from the highly doped regions to the lightly-doped gap re-
gion. Upon removal of the laser light, the silicon solidifies
and freezes in place, leaving the diffused dopants in a new
special distribution forming an electrical link between the
highly doped regions. This laser-diffused link constitutes the
trimmed resistor. Tight control of process parameters is nec-
essary to create efficiently these laser diffusible links while
avoiding damage to adjacent devices and structures. These
parameters are the laser spot size, the pulse duration, the
laser power, the number of laser expositions and the position
of the laser spot relative to the device. By varying the pa-
rameters between each laser intervention, one can accurately
control the tuning of the device. The laser system consist-
ing of the laser, the necessary optics to focus the beam on
the microelectronics chip and a X–Y–Z computer controlled
positioner has been described previously.1, 2)

Device characterization

Figure 2 shows some typical microdevices that have been
tuned with the laser. These circuits, which have no specific
electronic functionality other than testing the devices, con-
sist essentially of arrays of gateless MOSFET’s with a source
to drain distance of 1.7µm. The figure has been taken by
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Fig. 2. Optical microscope image of a laser induced modifica-
tion of the device. The interdielectrics are essentially unaf-
fected.

Fig. 3. SCM image (left) and corresponding AFM image (right)
of a laser induced diffusible resistance. The n-channel is clearly
visible on the SCM image whereas topography (AFM) reveals
no significant deformation of the p-well (The distance between
the source and the drain is 1.7µm).

(a) (b)

Fig. 4. Current-voltage characteristics of three laser diffusible resistances at (a) low voltages (< 1.5V) and (b) at high voltages.

an optical microscope and shows that the top interdielectrics
layers are almost not affected by the laser. Figure 3 shows im-
ages produced with an Atomic Force Microscope (AFM) and
a Scanning Capacitance Microscope (SCM) (Digital Instru-
ments, Dimension 3100 model) of a laser diffused resistance,
where all outer dielectric layers have been removed by an HF
etch. Five laser pulses with a beam waste of 0.9 µm were used
in this experiment and the laser parameters were maintained
at a duration of 1µs and a laser power of 0.75W incident
on the surface of the chip ( estimated at 0.65W on the sil-
icon surface). While the AFM image reveals no significant
deformation of the p-well, the SCM image shows clearly that
dopants, represented by a dark gray, have diffused from the
two n+ regions into the p-channel. The diffused region is
about 1.1± 0.2µm in diameter.

Current-voltage (I–V ) characteristics have been measured us-
ing a Hewlett Packard 4155A semiconductor parameter an-
alyzer. The current-voltage curves of typical laser diffusible
resistances are presented in Fig. 4. Lower resistance devices
(lower than few kΩ) present an excellent linearity over the
range of voltages normally used in microelectronics (±1.5V),
while higher resistance devices show non-linear effects and a

relatively small (−0.3V to 0.3V) linear region. In Fig. 4 (b),
I–V characteristics are plotted up to relatively large applied
voltages. They show a non-linear behavior primarily related
to the carrier velocity saturation at moderate fields and to an
avalanche effect at high fields, reducing the resistance which
permits a greater current to flow into the device.

Process modeling

Modeling this process involves a time-dependent three-
dimensional (3D) calculation of the temperature due to the
laser irradiation,4) followed by a dopant distribution calcula-
tion using Fick’s law. A simple model must include the effects
of the laser power, beam waist and exposure time as well as
the geometric characteristics of the initial structure. Device
characteristics can then be evaluated by solving the three
differential coupled equations to obtain the 3D distributions
of electron and hole concentrations, as well as the electric
field in the device presenting a non-uniform dopant distribu-
tion. In addition, modeling must also include the possibility
of varying the laser beam location and power from pulse to
pulse to obtain the desired device characteristics.
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Some insight on process modeling can be obtained by using
careful approximations. We consider the effect of a focused
laser beam incident on a n+-p-n+ silicon structure, resulting
in the diffusion of dopants into silicon. Because the diffu-
sion coefficient of dopants in liquid Si is almost seven orders
of magnitude higher than that of crystalline Si, we assume
that only dopants in the silicon melt diffuse.5) During the
laser pulse, the silicon melt dimension increases and then de-
creases as the pulse ends. Therefore, we propose that only
the maximum melted region (as denoted by rmelt on the Si
surface) has to be determined in the temperature calculation;
the dopants located outside this region are assumed to be im-
mobile. As the pulse duration t gets longer, dopants with a
diffusion coefficient Dd will have more time to diffuse over a
length of

rD = 2
√
Ddt, (1)

in the entire melted region, yielding a more uniform dopant
distribution. For instance, Arsenic, the major dopant in
the n+ regions of the investigated structures, presents dif-
fusion constants between Dd = 3.3 × 10−4 cm2/s and 6.8 ×
10−3 cm2/s corresponding respectively to the fusion tempera-
ture (T = 1683K) and to a reasonable temperature of molten
Si (T = 3000K).5) Equation (1) gives in these conditions:

rD(µm) = 0.36
p
t(µs) for T = 1683K, (2)

and

rD(µm) = 1.65
p
t(µs) for T = 3000K, (3)

suggesting that laser pulses of the order of a microsecond are
required for uniform dopant distribution over a fraction of a
micrometer.

To calculate the maximum melted region one has to solve
the basic energy balance equation including the laser source
term as well as the conduction, convection and radiation heat
losses. Since the radiation term is essentially negligible com-
pared to the conduction term and since, in a first approxi-
mation, we can neglect convection because the pulse melting
time is lower than few µs, the energy balance equation can
be written as:4)

ρc
∂T

∂t
= ∇ · [κ∇T ] + S(x, y, z, t), (4)

where ρ, c, κ denote density, specific heat and thermal con-
ductivity, respectively. The heat source S is given by:

S(x, y, z, t) = [1−R]Q(x, y)f(z)g(t), (5)

Q(x, y) =
P

πw2
exp

�
−x

2 + y2

w2

�
, (6)

f(z) = αe−αz, (7)

where R is the surface reflectivity, P the incident power, w
the 1/e laser spot radius, α the optical absorption coefficient
and g(t) the temporal laser profile (in this case we assume
a rectangular pulse). Temperature dependent thermal con-
ductivity can be eliminated from Eq. (4) using a Kirchhoff
transform:6)

Θ(T ) =

Z T

T0

κ(T ′)
κ(T0)

dT ′, (8)

where Θ(T ) is called the linear temperature and T0 is the
initial temperature. The heat equation is then solved using
Green’s function method.7) The solution has been calculated
by Cohen et al.8) and is given by:
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2π3/2κ(T0)

×
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(9)

where erfc ( ) is the complementary error function, D is the
thermal diffusivity and

ξ =
p

4D(t− t′). (10)

As it is, Eq. (9) does not take into account the temperature
dependence of Si properties or latent heat of fusion. However,
by using an adiabatic approximation,9) it is possible to par-
tially consider these in the calculation. The temporal integral
of Eq. (8) is subdivided into small time segments, each lasting
∆ti. These segments cumulatively add up to give the total
temperature at the designated time. Each segment depends
on the total temperature reached by the preceding segment.
In this way, silicon properties can be adjusted to the tem-
perature reached after each segment. The time intervals ∆ti
are chosen so as to limit the temperature only to rise a few
Kelvins. The main draw back to this method is that the prop-
erties of Si depend on temperature which in turn depends on
time and position. The adiabatic approximation takes care of
the temperature variation with time, but not with position.
As for latent heat of fusion (L), it is taken into account with
the use of an energetic criterion.10) If the fusion temperature
(Tf ) of silicon is reached, subsequent temperature increases
are converted into enthalpy:

H =

Z T

Tf

(ρc)Tf dT
′, (11)

where ρc is evaluated at Tf . As long as the energy accu-
mulated is less than the latent heat of fusion, the material
is considered still in the melt transition. When H ≥ L, the
liquid phase is reached and subsequent temperature rise cal-
culations return to normal (albeit with liquid silicon proper-
ties).

While our calculation approach using Eq. (9) is basically
not rigorous, it is expected to be more accurate than using
Eq. (9) without temperature dependent properties, as it will
be shown when calculations are compared to experimental
results. As an example, for the conditions given in Fig. 3,
the model using constant silicon properties predicted that
the silicon would not melt, which is obviously not the case.
However, our approach gives a calculated radius of 0.5µm,
which is very close to the observed dopant diffused area of
0.55± 0.1µm seen in Fig. 3.

Another way to compare experimental and theoretical
calculations is to determine the conditions which give a
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fixed melted radius. This can be done in the following
manner. Before laser irradiation, the resistance of the
microdevice has essentially an infinite value. According
to the proposed model, process parameters must be such
that the melted region must reach the source and the
drain before the dopants begin to diffuse into the channel.
For a determined laser power, a minimum pulse width is
required to diffuse sufficient dopants to produce a resistance.
We have performed measurements on microdevices with a
1.7µm source to drain distance and for source and drain
initial concentrations of 5 × 1019 cm−3. Figure 5 shows
experimental results to produce a resistance of a finite value
(readable on the multimeter, i.e. between 107 and 108 Ω)
with only one laser irradiation. Note that to obtain 108 Ω
on the multimeter, a silicon resistivity of 103 Ωcm is needed
corresponding to a dopant concentration as low as 1013 cm−3

in the channel on the average.11) Even at the shortest pulse
width of 0.07µs (at few Watts on Fig. 5), we estimate using
Eq. (3) that this time is long enough to assure sufficient
dopant diffusion to be observed at the multimeter. The
dashed line on Fig. 5 corresponds to the calculated time
and power for a melted radius of 0.85µm (half the distance
source to drain) using Eq. (9). The full line corresponds to
our calculation taking into consideration all silicon prop-
erties dependence with temperature. The agreement between

Fig. 5. Minimum time needed to create a resistance of finite value
(i.e. between 107 and 108 Ω) as a function of laser power for one
laser irradiation. Small squares are experimental results and lines
are calculated from the model with (full line) and without (dotted
line) latent heat of fusion and thermally dependent Si properties.

the results and our calculation (full line) is very good and
furthermore supports the proposed model that the diffusion
into the melted region is the main mechanism controlling the
process.

Conclusions

Highly accurate resistances compatible with CMOS technol-
ogy can be easily made by laser inducing dopant diffusion.
These new microdevices have very linear I–V curves at the
usual microelectronics operating voltages and present non-
linear behavior due to carrier velocity saturation followed by
avalanche effects. We clearly showed that the process is based
on the dopant diffusion into the melted silicon and our cal-
culations are in good agreements with experimental results.
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