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ABSTRACT

The effect of film thickness on the electrical properties of boron-doped LPCVD polysilicon films with doping con-
centration ranging from 1 x 10" to 1 x 10" ¢m~3 has been characterized from 1.2 um down to 0.1 um. The resistivity in-
creases exponentially as the film thickness decreases, rather than remaining constant, and the rate of increase is a
strong function of doping concentration. After a quantitative study on the physical mechanisms which can affect the re-
sistivity as film thickness decreases, the carrier trapping effect due to grain-size variation at different film thicknesses
is shown to be the dominant factor. A trapping model without assuming the depletion approximation can explain well
the experimental data and enhances understanding of the resistivity behavior as the polysilicon film thickness de-

creases.

Polycrystalline-silicon (polysilicon) material is com- fect of film thickness by including-the polysilicon/oxide
posed of aggregates of single crystal grains with a grain interface scattering mechanism. They used 1.95 um as the
boundary between adjacent grains. The grain boundary is mean free path of electrons in silicon, which implies that
a transitional region between different orientations of  if a polysilicon film thickness is reduced to the range of
neighboring crystallites. Polysilicon films have been 1.95 um, the effect due to collisions of electrons to the
widely used in integrated circuits such as silicon gates, in- polysilicon/oxide interface can become a dominant factor
terconnections, passivation or isolation layers, diffusion to cause the resistivity increase.
sources, resistors, monolithic distributed RC filters, di- The above review shows that the effect of film thick-
odes, active devices, and redundancy programming ele- ness on the electrical properties of LPCVD polysilicon
ments. Its increasing range of applications ensures the films at different doping concentrations has not been
importance of this material in the coming era of VLSIL fully understood and that, in fact, different viewpoints ex-

Since the demand for better performance and higher ist on the dominant mechanism for the resistivity changes
packing density of VLSI circuits requires the device size as the film thickness decreases. In this work, therefore,
to be scaled not only in the horizontal but also in the we first characterized the electrical properties of boron-
vertical direction, the thickness of polysilicon films used doped LPCVD polysilicon films which had thickness

in most integrated-circuit applications has been scaled ranging from 1.2 down to 0.1 pum and doping concentra-
from several micrometers (1, 2) down to tenth of a mi- tion ranging from 1 X 107 to 1 x 10Y cm™3. It will be
crometer (3). In addition, the film deposition generally shown that as the film thickness decreases, the resistivity
has changed from atmospheric-pressure chemical vapor increases exponentially, rather than remaining constant
deposition (APCVD) (1, 2) to low-pressure chemical vapor as in conventional resistor materials, and the rate of in-
deposition (LPCVD) (4) for better film quality and higher crease is a strong function of doping concentration. There
throughput. As a result, understanding of the thickness are several possible physical mechanisms to cause this in-
scaling effect on the electrical properties of LPCVD crease, such as polysilicon/oxide interface scattering,
polysilicon films in the submicrometer range is impor- dopant segregation to the grain boundaries, dopant
tant for device design in VLSI circuits. leaching or loss, dopant segregation to the polysili-
Kamins (1) studied the thickness dependence of Hall con/oxide interface, and changes of the number of carri-
mobility and resistivity in APCVD polysilicon films, ers trapped into grain boundaries because of grain-size
which had thickness ranging from 3 to 24 um and were variations. A detailed quantitative analysis will show that
doped by diffusion with concentrations ranging from 10'® the dominant mechanism causing the resistivity increase
to 10 cmi~®. Resistivity of these polysilicon films de- is the carrier trapping effect due to grain-size reduction.
creases with increasing film thickness. Kamins showed .
that this decrease in resistivity is due mainly to the in- Experimental Results
crease of mobility. Because an APCVD polysilicon film Sample preparation and measurements.—Undoped
with thickness larger than several micrometers is com- polysilicon films 0.1-1.2 pum thick were deposited onto
posed of a few layers of grains stacked in the thickness di- 0.80 um thick SiO, layers thermally grown on silicon wa-
rection, the measured mobility is actually an average mo- fers. The deposition was done in an LPCVD reactor at
bility over the film thickness. The mobility near the top 620°C by H, ambient pyrolysis of silane with a deposition
surface is larger in a thicker film because the grain size rate of 80 A/min. The implanted boron doses were se-

becomes larger. Mei et al. (5) studied the resistivities of lected to give calculated doping concentrations at three
APCVD polysilicon films which had thickness down to different levels: 1 x 107, 2 x 10, and 1 x 10" c¢m™3. The

0.25 um and were doped by phosphorus ion implantation calculations assumed a uniform dopant profile and no
with a concentration of 1.2 x 10 ¢m™3. The resistivity dopant loss. The implantation energies were selected to
also decreases with increasing film thickness. It was rea- yield a maximum implantation dose near the center of the
soned that this resistivity increase is due mainly to polysilicon films. After the devices were patterned by
dopant segregation to the interface between polysilicon plasma etching, a 0.80 um-thick CVD oxide layer was de-
film and its underlying oxide layer. Recently, Colinge et posited at 430°C. Contact windows were opened, and the
al. (6) proposed a theoretical equation [Eq. [5] in (8)] for wafers were divided into two groups. One group had the
the mobility in polysilicon films, which considers the ef- contact windows implanted heavily with boron to give p*
897
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contacts; the other group did not have this implantation.
All the wafers were then annealed at 900°C for 420 min in
N, to remove the implantation damage and to ensure uni-
form dopant distribution. A 1.0 um-thick aluminum layer
was deposited and defined over the contact areas. The
contacts were alloyed at 450°C for 20 min in N,. The de-
vices included different shapes of resistors, van der Pauw
structures (8), and cross-bridge structures (8).

The thickness of polysilicon film was measured by an
a-step profiler. The grain structure and grain size were
studied using transmission electron microscopy (TEM)
techniques. Figure 1 shows the typical cross-sectional
TEM micrographs. It was found that all the grain struc-
tures of undoped and doped samples were conical, and no
significant recrystallization was observed, in contrast to
the reported grain growth in phosphorus-doped samples
in Ref. (9). From thin to thick polysilicon films, the sur-
face roughness becomes worse, and the grain size at the
top of the surface, which corresponds approximately to
the distance between the hillocks (9), increases. A quanti-
tative measurement of the grain.size was performed using
top-viewed TEM micrographs shown in Fig. 2. Two meth-
ods were used, and the results agreed well. One method
was to measure the area of a certain region and to count
the number of grains within that area. The average grain
size L is calculated from the following equation

L = (area/number of grains)®/m [1]

where m is the micrograph magnification factor. The
other method (10) was to draw a line and to count the
number of grains across the line. The average grain size is

L = (line length/number of grains)/m [2]

The measured grain size decreases as the film thickness
decreases (Fig. 3).

By using the secondary ion mass spectroscopy (SIMS)
technique (11), dopant profiles were proven uniform, and
no significant dopant loss was observed. The SIMS anal-
ysis was done with a 12 keV O,* beam raster scanned and
gated to accept 20% of the central portion. Charging prob-
lems were minimized by using the electron flood gun
and integration of the secondary ion energy distribution.
We used a 50 keV boron implantation with dose of 5 x
10" em™ as a standard. The measured doping concentra-
tions were within 20% of the projected values. Figure 4
shows typical SIMS profiles of samples which have pro-
jected doping levels of 2 X 10" cm~? ‘and thickness of ei-
ther 0.2 or 1.0 um.

Electrical measurements included the I-V characteris-
tics, resistivity, and Hall voltages. Resistivity was always
measured over the linear I-V range with small applied
bias. Sheet resistances for some high-value resistors were
difficult to obtain from the Hall setup and were calcula-
ted, therefore, from measured resistance and device
geometry.

Results.—The measured sheet resistance vs. film thick-
ness at room temperature is shown in Fig. 5a for a doping
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Fig. 1. Cross-sectional TEM micrographs. A, top: t = 1950A, N =
1 X 107 ¢cm~3. B, bottom: t = 9800A, N = 2 X 10 cm™2 ¢ = film
thickness, N = doping concentration.

concentration of 1 x 107 em~3, and in Fig. 5b for 2 x 10®
cm~3. The contacts between aluminum and polysilicon in
samples without p* contact dopants are ohmic at small
applied voltage. Inclusion of the p* contact dopants does
not significantly affect the sheet resistance. Figure 5a
and 5b shows that when the film thickness decreases, the
sheet resistance increases exponentially. The thickness
dependance of the resistance is considerably larger at a
doping concentration of 2 x 10® cm~® than at 1 x 10V
cm~3, The resistivity, which can be calculated by multi-
plying the sheet resistance by the film thickness, is also

0.5um

Fig. Z. Top view TEM micrographs of the samples in Fig. 1
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Fig. 3. Measured average grain size vs. film thickness

shown in Fig. 5a and 5b as a function of film thickness. A
rapid increase of the resistivity with decreasing film
thickness occurs, especially at thickness less than 0.8 um.
This behavior is different from ohmic resistors of other
materials, the resistivity of which is generally indepen-
dent of thickness.

Theoretical Interpretation

Two theories have been proposed to model the trans-
port properties of doped-polysilicon films. The first is a
dopant-segregation model, where the grain boundary
serves as a sink to cause preferential segregation of
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Fig. 5. Measured sheet resistance and resistivity vs. film thickness
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dopant atoms that become inactive at the boundary (12,
13). This model, however, cannot explain the mobility
minimum at a critical doping concentration, the tempera-
ture dependence of the resistivity, and the hyperbolic-
sine I-V behavior of polysilicon resistors at high electric
field. The second theory is a carrier trapping model
(1,2,17, 14-16), where the trapping states inside the grain
boundary, due to defects and incomplete atomic bond-
ings, can trap free carriers from the ionized dopants. This
process not only reduces the number of free carriers, but
also creates a potential barrier surrounding the grain
boundary, which impedes the motion of carriers from one
crystallite to another. This model better explains the
sharp changes of resistivity with doping concentration,
the mobility minimum, the temperature dependence of
resistivity, and the hyperbolic-sine I-V behavior at high
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electric field. Even if the dopants do segregate, the
trapping model can still be applied, based on an active
dopant concentration that can be obtained by sub-
tracting the inactive dopant concentration from the actual
doping concentration (15, 17).

For thin-film polysilicon resistors, several physical
mechanisms may cause the observed resistivity increase
when film thickness decreases. The effect of these mech-
anisms will be considered individually below.

Scatterings at horizontal grain boundaries and poly-
siliconfoxide interface.—TEM results on LPCVD films
show that the grain structures in all samples having dif-
ferent film thicknesses are conical. In such conical struc-
tures, grain boundaries rarely occur in the direction paral-
lel to the polysilicon/oxide interface, in contrast to the
randomly stacked grain structures usually observed in
APCVD polysilicon films. If the structure had many
stacked layers of such horizontal grain boundaries, the re-
sistances of the samples with p* contact dopants could
not be the same as those without the contact dopants be-
cause the grain boundary is a high resistance region.
However, it is found that the resistances of samples with
p*™ contact dopants are approximately equal to those with-
out p* contact dopants. This demonstrates that, even
though horizontal grain boundaries may exist occasion-
ally, they do not seriously disturb the current flow, and
the possibility of carriers colliding with the horizontal
grain boundaries is low. Since the mean free path of carri-
ers in the intrinsic silicon is approximately 2004, which
is much smaller than the thinnest film thickness in our
samples, the carriers should have had several collisions
before scattering at the polysilicon/oxide interface. As a
result, the scattering effects due to both polysilicon/oxide
interface and horizontal grain-boundaries should not be
the dominant factor responsible for the resistivity in-
crease (18) in LPCVD polysilicon films with thickness
down to 0.1 um. Another piece of indirect evidence to
support the conclusion is that when the oxide layer above
polysilicon film is removed, the measured resistance
does not change too much from the resistance of samples
with the top oxide layer present, and the rate of resistivity
increase as the films become thinner is almost the same.
In addition, that different rates of the resistivity increase
at different doping concentrations is difficult to explain
based on scattering effect.

Dopant segregation to grain boundaries—Although the
amount of dopant segregation to grain boundaries can be
a function of film thickness, Mandurah et al. (19) showed
that no significant segregation effect occurs in boron-
doped polysilicon films. In our boron-doped samples, the
grain-boundary segregation should not be the dominant
factor for the resistivity increase.

Dopant leaching or loss.—After inplantation and before
annealing, the samples were coated with a thin layer of
low temperature deposited oxide to protect their surfaces
from furnace ambient and to prevent loss of dopants dur-
ing the high temperature process. The SIMS results (Fig.
4) proved that the actual doping concentration in the
polysilicon film is close to the projected value within 20%
variation, and no significant loss was found even in the
thinnest samples.

Segregation to polysiliconfoxide interface.—From the
SIMS results as shown in Fig. 4, no significant pileup of
the dopants was found at the polysilicon/oxide interface
in the samples with doping concentration up to 2 x 10
cm~2. It should be noted that an electron flood gun for
charge compensation was employed. While not shown in
Fig. 4, the silicon signal remained constant when sput-
tering through the Si/SiO; interface. It has been shown
(20) that at normal incidence O,* bombardment, silicon is
completely oxidized to SiO,. At a doping level of 1 x 10*°
em~®, a small pileup of the dopants has been observed;
however, its amount is not so significant as to affect the
absolute doping level in the film. This effect can become
important at higher doping concentration.

! The mean free path M is vu(m*u/q), where vy, is thermal veloc-
ity of the carriers, v, = (3kT/m*)*?, and u is mobility. In intrinsic
silicon, A = 237A for holes and =204A for electrons at room tem-
perature. In a doped silicon crystallite, A is even smaller. For ex-
ample, A = 1304 at a doping concentration of around 102 cm~.

April 1984

Carrier trapping.—Before a quantitative calculation
of the carrier trapping effect on the resistivity change
due to reduction of film thickness, general features of
the carrier trapping model are briefly reviewed here.
Several assumptions were made in the previous
trapping models (2, 15) to simplify the calculation. The
polysilicon film is assumed to be composed of identical
crystallites having a grain size L, and the grain boundary
is assumed to contain Q. cm~? of traps located at an en-
ergy level of ey with respect to the intrinsic Fermi level
at the grain boundary (Fig. 6). The traps are assumed to
be initially neutral and become charged by trapping car-
riers. When dopants are added into polysilicon films,
some of the mobile carriers around the grain boundary
are trapped by the trapping states in the grain boundary,
resulting in a depletion region. Using these assump-
tions, an abrupt depletion approximation was used to
calculate the energy band in the crystallites. For a given
grain size, since the effective trapping states in the grain
boundary are finite, there exist two possible conditions,
depending on the doping level. If the doping concentra-
tion is high, the crystallite can only be partially depleted
and a neutral region remains (Fig. 6b). If the doping
level is decreased to a critical doping concentration N*,
the crystallite is totally depleted (Fig. 6¢). Because the
crystallite becomes totally depleted, the number of free
carriers remaining in the crystallite drastically de-
creases, thus causing a sharp resistivity increase. As the
doping level further decreases, the crystallites remain in
the condition of total depletion, and resistivity increases
at a rather gradual rate. This explains why the resistivity
vs. doping concentration curve of polysilicon films has
a sharp change in slope near the critical doping level N*.
Similarly, at a given doping concentration, there exists a
critical grain size L* below which the grains are totally
depleted. For a grain size around the value of L*, as the
grain goes from partial to total depletion, the resistivity
change due to grain size variation is drastic.

As mentioned above, TEM results showed that when
polysilicon film thickness is reduced, the grain size de-
creases. The effect of such grain-size change on the re-
sistivity of polysilicon films will be examined based on
the carrier trapping model below.

The previous trapping models (2, 14, 15) using the de-
pletion approximation can clearly describe the transport
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properties of polysilicon films. However, the depletion
approximation causes abrupt changes in the resistivity
with respect to grain-size variations near the transition
between the partial depletion and the total depletion
condition (21).2 These abrupt changes can be smoothed
by using a more accurate solution of Poisson’s equation
without assuming the depletion approximation (21). Re-
cently, an exact solution for polysilicon resistivity was
derived, which can avoid such abrupt changes and is
valid over a wide range of doping concentrations, tem-
peratures, and grain sizes (22). In this work, because
samples are not very heavily doped and data were mea-
sured at room temperature, the exact Fermi-Dirac statis-
tics of free-carrier distribution can be approximated by
Boltzmann statistics, thus relaxing our exact analysis
(22) to similar equations derived by Board and Darwish
(21), except that a more precise formulation of the Fermi
level should be used. By defining the intrinsic Fermi
level in the bulk silicon E;, as zero energy and assuming
the electron (hole) energy positive (negative) for upward
and negative (positive) for downward direction (Fig. 8),
the Fermi level is

1
Er=kTIn {Z exp (E /kT)

[v/1 + 8(N/n,) exp (—E/kT) — 1]} [3]

where N, is the doping concentration, n, is the intrinsic
carrier concentration, and impurity level E,, is (15)

1
E,= (? E, - 0.08 + 4.3 x 10-® NA’“*) + Ei(0)  [4]

By solving Poisson’s equation and using suitable bound-
ary conditions (21), the relationship of intrinsic Fermi
level at grain boundary E;(L/2) with respect to the intrin-
sic Fermi level at the center of grain E;(0) can be calcula-
ted from

Q) ]
(Z—L;CITA) = (W — Up) + Ble™ — ") + (e — e™™)
(5]

where Ly = (2kTe/q®*N )**, B = kT/q, u, and u, are defined
as Ey(L/2)/kT and E(0)/kT, respectively, and the ionized
trap density in the grain boundary Q" is related to the
number of metallurgical traps @ as follows (2, 15)

Qr

@’ =713 exp (U1 + (e — Ep)/kT] 16]

where ey is the trapping-state energy level with respect
to the intrinsic Fermi level at the grain boundary. The
corresponding grain size L is given by

L=1Lp f [(w = up) + B (e" — e¥0) + (7" — e™0)]"* du
“o (71

By varying u,, therefore, the corresponding 4, and L can
be calculated using Eq. [5] and [7].® The resistivity is
then obtained from (15)

_ (2mm*kT)'?
Lg*p(0)

where qVy = kT (u; — u,) and p(0) = N, exp (—u,). For
simplicity, crystallite bulk resistivity is not included.

To compare theory to the experimental results, it is
necessary to determine m*, permittivity e, n,, E,, L, @,
and ey. The values of single-crystal silicon were used for
the first five parameters (15) and L was measured from
TEM micrographs (Fig. 3). @ and e; were obtained ex-
perimentally from the p vs. 1/kT curves of polysilicon re-
sistors by usihg similar procedures described in Ref.
(15). The method is valid because the samples used for
parameter extraction have doping concentrations away
from N*, and thus the depletion approximation is valid.

2 This can be interpreted in terms of film thickness as follows:
at a given doping concentration, when film thickness changes

such that its grain size is close to L*, the abrupt depletion ap-
proximation becomes invalid.

3 The contents of Eq. [5], [6], and [7] are different from their
corresponding expressions in Ref. (21) by including the neces-
sary corrections.

exp (qVy/kT) (8]
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Also, since @ could be precisely determined, the value
of er was adjusted within a reasonable degree to produce
the best results of the p vs. L curves. Figure 7 shows the
measured resistivities of different thickness films wvs.
the measured average grain sizes. The theoretical curves
agree well with the experimental data and explain the
drastic increase of resistivity with decreasing film
thickness. Because decrease of film thickness causes re-
duction of grain size, when the grain size reaches around
210A at doping concentration of 2 x 10'8 em=3, most of
the grains go from partial depletion into total depletion,
and the number of free carriers available for conduction
drastically decreases, thus causing a sharp increase of
resistivity. In contrast, at doping concentration of 2 x
10" cm~3 for the range of film thickness studied in this
work, most of the grains have been totally depleted, and
therefore, the changes of resistivity are not so drastic as
in those samples with doping concentration of 2 x 10
cm~®, As aresult, the carrier trapping effect due to grain-
size variation at different film thicknesSes is a dominant
factor for the resistivity increase in boron-doped
LPCVD polysilicon films as the film thickness de-
creases (=1000A).

Conclusions

The effect of film thickness on the electrical properties
of boron-doped LPCVD polysilicon films has been stud-
ied down to film thickness of 0.1 um. It has been found
that the resistivity increases exponentially as the film
thickness decreases, rather than remaining constant, and
the increasing rate is a strong function of doping concen-
tration. After a quantitative study of the physical mecha-
nisms which may affect the resistivity as film thickness
decreases, the carrier trapping effect due to grain-size var-
iation at different film thicknesses was shown to be the
dominant factor. A trapping model without assuming the
depletion approximation can explain the experimental
observations well and enhances understanding of the re-
sistivity behavior as polysilicon film thickness decreases.
It also shows that when the polysilicon films are em-
ployed in VLSI circuits, the sensitivity of the resistivity to
the film thickness must be considered in the device de-
sign (23).
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Polycrystalline Silicon Recrystallization by Combined CW Laser

and Furnace Heating
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ABSTRACT
A modified CW argon laser-induced lateral recrystallization of polycrystalline silicon is described. Holding the
sample in a furnace at elevated temperature of about 1000°C resulted in significantly reduced thermal gradients and
stresses. A wider range of power is allowed for proper recrystallization both on oxide and substrate areas simulta-
neously. Preferred thermal profiles enabled larger lateral epitaxy of ~50 um per single scan. The higher substrate tem-
perature resulted also in wider melted areas and high scan rates of 80 cm/s enabling much shorter processing time.

In recent years, intensive effort has been made in differ-
ent techniques to obtain large area silicon on insulator
(SOI) as an alternative substrate for integrated circuits.
Besides the obvious advantages of reduced junction ca-
pacitance, no device coupling, and no contact spiking, it
can eventually lead to three-dimensional integration of
electronic devices (1, 2). Gat et al. observed (3) that the
recrystallization of polysilicon layers on an insulating
substrate by a CW laser beam results in grains having di-
mensions up to 2 x 25 um?

In order to fabricate larger-area SOI structures without
grain boundaries and with complete control of the crys-
tallographic orientation, seeded lateral epitaxy technique
has recently been studied (4, 5). In this technique, a re-
gion where the polysilicon is in direct contact with the sil-
icon substrate serves as a seed for lateral crystal growth
to the area where the polysilicon is over an insulating
layer.

With standard isoplanar technology, lateral epitaxy of
20-30 um was obtained. Modified coplanar structure with
no step between the polysilicon on silicon (PS) and poly-
silicon on oxide (PO) or the utilization of thin underlying
insulators (< 15004) resulted in further increase of the lat-
eral epitaxy to 70-80 um (5, 6).

In the standard laser recrystallization configurations,
the silicon wafer is attached to a metal chuck that can be
heated up to 700°C (6) and the laser beam raises the layer
temperature to above its melting point of 1415°C. Such an
arrangement suffers from two major drawbacks: (i) It is
difficult to find optimal recrystallization conditions for
both the PS and PO areas due to the difference in the ver-
tical heat conduction in the two regions, and (ii) the high
lateral thermal gradients are bound to reduce the crystal-
line quality of the recrystallized layer.
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To overcome these two problems, the approach of this
work was to raise the substrate temperature to about
1000°C by placing it in a diffusion furnace and use lower
laser power to raise locally the polysilicon temperature to
its melting point. In this setup, the wafer loses most heat
by blackbody radiation rather than by thermal conduct-
ance to the metal chuck.

In the following, certain results of this combined laser
and furnace recrystallization technique are reported.

Experimental

The experimental setup consisted of the laser, the op-
tics, the scanners, and the furnace, where the wafer was
held during the recrystallization process. The laser was a
Coherent 18W Ar ion laser, operated in the multiline
mode with wavelengths near 0.5 um. The optical system
consisted of two lenses in a beam expanding structure
that served both as beam expander and focusing element
to obtain an 80 wm diam spot size, at a focal distance of
700 mm. The beam was scanned across the wafer by
means of two galvanometer-driven mirrors. The silicon
wafer was vacuum held by an adjustable quartz tube
which entered the furnace from its back side. The system
also included a conventional metal vacuum chuck for
comparison purposes. The experimental setup is illus-
trated schematically in Fig. 1.

The 0.5 um-thick polycrystalline silicon layer was de-
posited on a standard isoplanar structure, obtained by lo-
cal oxidation of the p-type <100> silicon substrate to 0.7
and 1.1 um oxide thicknesses. As a stabilizing capping
layer, use was made of CVD-deposited Si;N, or thermally
grown SiO; layers of various thicknesses. After the recrys-
tallization step, the capping layers were removed and
Secco etch (7) was used to reveal the grain boundaries.

Results

Effects of recrystallization at elevated substrate
temperatures.—The main advantage of the recrystalliza-
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