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ABSTRACT

Highly accurate resistances can be made by iteratively laser inducing diffusion of dopants from the drain and source

guteless leld effeet transistor into the channel, therehy forming an electrical link between two adjacent p-n junction

kg, We show that the current-voltage charclenistics of these new microdevices are finear at low voltages and sublinear at

ghier voltages where carrier mobility is affected by the presence of high fields. A process model is proposed involving the

wlation of the loser melted region in which the dopant diffusion occurs. Experimental results are well described by the
wed mendel,

Keywords: Lascr frimming, microelectronics. resistance
INTRODUCTION

Due 1o the inevitable [abricanion process variabilities, microelectromes circuit functionality ane very often altered,
qesulting in chips off gpecifications or useless. Because of the intnnsic characteristics of digital microelectronics, which
esentially consists of low lor 0y and high {or 1) voliages, they can be built more robust to these fabrication variabilities thin
apalop circuits lor which high uaccurate components iare required. To keep pace with the rapid growth of digital
i _'cmﬁle::m:nil:h, rimming technigues have 10 be used to accurately adjust some microdevices' characteristics for anilog
‘mieroclectromics, We have recently proposed a new laser technigue to finely tune analag microelectronics circuits which
presents the advantiges of being very accurate, using very small die area, and being easily integrated 1o any actunl CMOS
- nrocess withol additional steps (1,21, A patent disclosing the detniled device structure and creation method has been pecently
gecepled (3],

In this paper, afier reviewing the principle of the technique, we present the electronic characterization and the
modeling of these new microdevices and show that they presemt excellent current-voliage linear behavior al usual

microelectronics voltages. Furthermore, process modeling based on the laser induced silicon melied region calculation 14
i X i
detailed and successfully compared 1o experimental results,

PRINCIPLE OF THE LASER TRIMMING METHOD

The laser trimming technigue. which has been described previously [1.2] is performed on a device structure consisting
ol a MOSFET. without the gate. fabricated by a conventional CMOS process. For an n-iype rasistor, the device siructure
onsist of two highly doped regions, separated by 2L and formed by implantation into a p-well, resulting into two p-n junciions

fucing cach other. Before performing laser rimming, the only curment that can flow through the device is the p-n junctons
Jeakage current. resulting essentially in an open circuit. Focusing a laser beam on the gap region berween the two junctions
guuges melting of the silicon, resulting in dopant diffusion from the highly doped regions to the lightly-doped gap region.
Upon removal of the laser light, the silicon solidifies and freezes in place, leaving the diffused dopants in 4 new special
distribution forming an electrical link berween the highly doped regions. This laser-diffused link constitutes the mmmmed
esistor, Tight control of process parameters is necessary 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
munther of laser expositions and the position of the laser spot relative to the dévice. By varying the parameiers hetween each
 iser infervention, ane can accurately control the tuning of the device. The laser system consisting of the laser, the pecessary
,E_L;}]:Llus 1o focus the heam on the microelectronics chip and a X-¥-Z computer controlled positioner has been described
previously [1.2]-
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DEVICE CHARACTERIZATION

Figure 1 shows some typical microdevices that have been tuned with the laser. These circuits, which have
clectromic functionality other than testing the devices, consist essentially of arrays of gateless MOSFET's with a
drain distance of 1.7um. Figure | (a) has been taken by an optical microscope and shows that the top interdielectrics 1
almost not affected by the laser. Figure | (b) shows an image taken by a Focus lon Beam (FEI Company). The [ hlau]a
represent holes which have been deliberately made with the laser to cut electrical links, Again, the laser process for mak
diffusible resistance has essentially no effect on the interdielectrics, Figure 2 shows images produced with an Atomie
Micrascope (AFM) and a Scanning Capacitance Microscope (SCM) (Digital Instruments. Dimension 3100 model) ﬂfli
diffused resistance. where all outer dielectric lavers have been removed by an HF cich, Five laser pulses with o beam wis
0.9um were used in this experiment and the laser parameters were maintained at o duration of 1jts and a laser power of 0
mcident on the surface of the clup ( estimated a (.65 W on the silicon surface), While the AFM i image reveals no lﬂgrli
deformation of the p-well. the SCM image shows clearly that dopants, represented by o dark gray, have diffused from the
- regions into the p-channel, The diffused region is about 1,140.2 um in diameter.

Figure | (a)

Optical microscope image
ol o laser  induced
modification of the device.
The merdielecirics are
essentinlly unaffected,

Laser ireadiation

Laser culs 10

Figure | ()

Focus ion beam image of a
luser  induced  diffusible
resistance. The 1wo black
spots on the left are due 10
two deliberate laser cuis. In
the middle, three laser
irradiations were performed
on the microdevices. The
interdielectrics  lavers  are
essentially unaffected.,

Laser trradiation.

Figure 1 Images of laser induced diffusible resistances

6 Froc. SPIE Vol, 4637




Rata rigpe
3 tarepe

#pad, 008

enter current 1o flov into the device,

[{A)

10.0 = 0

Bufla dupw liwighi
B oraveys

!' JELe: :‘...: HCM :il‘ﬂ:r;l_."t' ”L'“:' and L'lll'l‘l.‘h‘]‘ll.:'lll.j.ir'li_" AFM “Hil?_.':l: “'|_1|_1']'|.“ of i !;I-‘;l'r |H'L!1-|'—"J4.| ‘I”'l'u};-ihh_.. I'L"ijﬁ‘lill'li:f.
elearly visible on the SCM image whereas topography (AFM) reveals no significant
hetween the source and the drain is 1.7pm)

Current-voltage (I-V) characteristics have been measured using a Hewlew Packard 41554 semiconduct
ailyzer, The current-voltage curves of typical lnser diffusible resistances are presented in Figure 3. Lower resist
lower than few kE2) present an excellent linearity over the range of volt
higher resistance devices show non-linear effects and a relative
Elarneteristics are plotted up 1o relatively large applied voltages. They show a non-linear behavior primarily rel
Seimier velocity saturation at moderate fields and to an avalanche effect at high
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Figure 3: Current-voltage characteristics of three laser diffusible resistances at (a) low voltages (< 1.5V) and (h) at high
viltnges
In order 10 more deeply understand these 1-V characteristics, these created devices can easily be associaied 1y 1

nd=ven+ diode where the laser diffused region acts as the n-doped region |
analysis shows that a monotonous electric field is created throughout the v region penerating o drift carrier current, resulting i
i linear 1-V curve, As the applied voltage increases, 1 more intense electric field, as large as 5kV/em, is applicd on the carriers,
especially near the junctions where the presence of space charges adds to the magnitude of the field. The bending of the 1-Y js
attributed o the saturation of the camiers velocity al these higher fields, To verify this,
analysis has been carried out with the computer program ISE TCAD (5], using the doping level dependant mobility madel of
Muasetti et al.[6] and the velocity saturation model of Canali et al [7]. As shown in figure 4, simulation caleulutions are in very
pood agreement with experimental results when a uniform dopant concentration of L.3x10" ent™ is gssumid, The theoreticl
analysis is being pursued on the 1-V charcteristics at even higher fields, especially after the current saturation, where space-
charge-limited currents are expected 10 be Important,

41. At low applied voltages, a 1D finite element

a 2D finite element quasi-stationary
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Figure 4: 2D simulation of the 1-V characteristics of a laser diffusible resistance of 1.802 k)
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PROCESS CHARACTERIZATION AND MODELING

Maodeling this process involves a nme-dependent three-dimensional (3D) caleulation of the temperature due 1o the
Jser irradiation [8], followed by a dopant distribution calculation using Fick's law. A simple model must include the effects of
flie Jaser power, beam waist and exposure time as well as the geometric characteristics of the initial structure, Device
chiracteristics can then be ¢valuated 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 distribution, In
adition, modeling must also include the possibility of varying the laser heam location and power from pulse to pulse to obtain
the desired deviee charactenstics,

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
diffusion cocfficient of dopants in liquid Si is almost seven orders of magnitude higher than that of crystalline 5i, we assume
that only dopanis in the silicon melt diffuse [9]. During the laser pulse, the silicon melt dimension increases and then decreases
widhe pulse ends, Therefine, we propose that only the maximum melted region (as denoted by v, on the Si surface) has to be
determined in the temperature calculation: the dopants located outside this region are assumed o be immobile. As the pulse
duration ¢ gets longer, dopants with o diffusion coefficient D, will have more time to diffuse over a length of

r=2JD,1 (1
it the entire melted region, yielding o more uniform dopant distribution. For instance, Arsenic, the major dopant in the o+
tegions of the investigated structures, presents diffusion constants between D=3.3x 10%%em™ /s and 6.5x 10 em™s correaponding
fespectively to the fusion temperature (T=1683K) and 1o o reasonable temperature of molten 51 (r=3000K) [9]. Equation (1)
pives in these conditions:

Ty () = {:I_]fj...'fl.r[_”_ﬂ for T=1683 K (23

il Iy ) = I_I:n.':*-,.,'r.ri'.ff.‘.'] for T=3000 K (3)

suggesting that laser pulses of the order of a microsecond are required for uniform dopant distnbution over a [raction of a
Creler.

T calculate the maximum melied region one has 1o solve the basic energy balunce equation including the laser source
term as well as the conduction, convection and radiation heat losses, Smnce the radiation term is essentially negligible compared
10 the conduction term and since, in a first approximation, we can neglect convection because the pulse melting time is lower
thon few pis, the energy balince equation can be written as [8]

ar el ‘
po— = Vt[ﬂ.-‘f ]+ S(x.y,2:1)
ot (4)
where p, ¢, 1 denote density, specific heat and thermal conductivity. respectively. The heat source S 15 given by

S(x,y.z.8) = [1-R]Q(x,¥) f(2)g(r)

(3]
2 "|
: P | Ay
fix,y) = Ee}qp_ = |
1t L M N (6)
flz) = e (7)

here R is the surface reflectivity, P the incident power, w the /e laser spot radius, o the optical absorpiion coefficient and
| plifthe temporal laser profile (in this case we assume a rectangular pulse). Temperature dependent thermal conductivity can be
 eliminated from cquation (4} using a Kirchhoff tansform [10]:
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caleulation (full line) is very good and furthermore supports the
main mechanism controlling the process,

L gy
@I{T ) = —[ _"'f-'f_bdr
o WLy (8
where €(T) is called the linear temperature and Ty is the initial temperature. The heat equation is then solved using Green's

function method [11). The solution has been calculated by Cohen et al | 12] and is given hy:

(1-R)Po 3B L eXpl—(x2 + ¥2) / (B2 + w2 )]
J. dc 1(z.5)

Cla v, z,0) =

22Ty kb =2 2
2 k(T ) SR . (9) {
— I . o \ i [ Wi
28 = Yreniostira) el 1ol @ 2\ s oufy o (GE )
I{z.2) = Fosexplorg? /4| e-a :. 1 —uﬁ|I Bt 1| | +ew| 1 —erfe| —,;+3"§'J]
- | \ = 44 ! LS T
where erfef §is the complementary error function, D is the thermal diffusivity and
§ = Jabu-n) (100,

As it is, equation (9) does not take ino
|

dccount the temperature dependence of Si properties or latent heat of lusion,
However, by using an adiabatic approxim

ation [13], it is possible to partially consider these in the calculation. The temporn
integral of equation (8) is subdivided into small time segments, cach lasting Ar,,
the total temperature ot the designated ime. Each segment depends on the total temperature reached by the preceding sepment,
In this way, silicon properties can be adjusted to the temperature reached after each segment. The time intervals A are chosen
S0 48 to limit the temperature only to rise a few Kelvins, The main draw back to this method is that the propertics of Si depend
tn temperiture which in tm depends on time and position, The adiabatic approximation takes care ol e temperatune
variation with time, but not with position. As for latent heat of fusion (L), it is taken into account w
criterion | 14], If the {fusion temperature (7

H = £ (Pl di

These segments cumulatively add uj o give

ith the use of an enerpetic
Vot silicon is reached, subsequent temperature increases are converted inte enthalpy:

()
where o is evalumed w0 7, As long as the energy accumulated is less than the latent heat of fusion, the material is considered

stll in the melt wansition. When H 2 L, the liquid phase is reached and subsequent temperature rise calculations return ©
normal (albeit with lguid silicon propemies),

While our caleulation approach using equanon (9) is basically not rigorous, it is expected 10 be more accurate than
using equation (9 withoul temperature dependent properties, as it will be shown when
experimental resulis, As an example, for the conditions given in figure 2. the model using constant silicon properties predicied
that the silicon would not melt, which is obviously not the case. However, our approach gives a caleulated rading of (.5,
which is very close 1o the abserved dopant diffused area of 0,55 +0.1um seen in Figure 2,

calenlations are compared (o

Another way 1o compare experimental and theoretical calculations is to determine the conditions which give u lixed
melted radivs. This can be done in the following manner. Before laser irradiation, the resistance of the
essentially an infinite value. According 1o the proposed model, process parameters must be such that the melied region must
reach the source and the drun before the dopants begin 1o diffuse into the channel. For a determined laser power, a minioum
pulse width is required 10 diffuse sufficient dopanis to produce a resistance. We have performed measurements an

microdevices with a 1.7 pm source to drain distance and for source and drain initial concentrations of 3 X 10" em”, Figure 6
shows experimental results o produce a resistance

of a finite value (readable on the multimeter, ie. between 107 and 10° f
with only one laser irradistion. Note that o obtain 10° £} on the mulimeter, a silicon tesistvity of 107 Qcm s needed
corresponding to a dopant concentration as low as 107 cm™ in the channel on the average [15]. Even at the shorest pulse

width of (.07 us (at few Warre on fi gure 6}, we estimate using equation (3} that this ime s long enough w assure sufficient
dopant diffusion to be observed at the mulfimeter. The dashed line on figure 5 comesponds to the caleulated time and power for
a melted radius of 0.85um (half the distance source 10 drain) using equation (9). The full line corresponds to our calenlation
taking into consideration all silicon properties dependence with temperature. The agreement between the results and our

proposed model that the diffusion into the melted region is the

microdevice has
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Fig, 51 Minimum time needed to create a resistance of fimite value (1.e. between 107 and 107 £2) 05 o lunction of laser power
for one laser ireadintion, Small squares are experimental results and lines are calculated from the model with (full Tie) and
without (dotted line) laotent heat of fusion and thermally dependent Si properties,

CONCLUSIONS

Highly accurate resistances compatible with CMOS technology can be easily made by loser inducing dopant
ifusion. These new microdevices have very linear 1-V curves at the usual microelectronics operating voliages and present
wnelinear behavior due 1o carrier velocity saturation followed by avalanche effecis. We clearly showed that the process is
hsed on the dopant diffusion into the melted silicon and our calculations are in good agreements with experimental results.
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