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Chapter 5 

Electrical Properties 

5.1 Introduction 

Polycrystalline-silicon films formed by chemical vapor deposition are 
used in a wide variety of ULSI applications requiring very different elec­
trical properties. High-value load resistors for static random-access­
memory (RAM) cells utilize the high resistance of lightly doped polysil­
icon to provide a convenient and stable resistor that limits the current 
flowing in the cell. At the other extreme, the excellent technological 
compatibility of poly silicon with high-temperature, integrated-circuit 
processing allows straightforward fabrication of self-aligned gates and 
convenient interconnections in ULSI circuits. Although a resistivity of 
less than about 10-3 n-cm - eight orders of magnitude less than for 
static RAM load resistors - is routinely achieved, the lower bound on 
the resistivity of polysilicon can limit the performance of silicon-gate 
integrated circuits that use polysilicon interconnections to conduct sig­
nals long distances across a chip [5.1J. As feature sizes become smaller 
and intrinsic transistor delays decrease on chips of increasing overall 
dimensions, the resistance of polysilicon interconnections is becoming a 
more serious limitation on integrated-circuit performance. 

In this chapter we will examine the wide range of electrical properties 
that can be achieved in CVD polysilicon films and show that the high 
resistance of lightly and moderately doped polysilicon is related to the 
grain boundaries. Methods of modifying the electrical properties by 
controlling the number of grain boundaries or their electrical activity 
will be examined. For highly doped films, we will see that the resistivity 
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196 CHAPTER 5. ELECTRICAL PROPERTIES 

is limited by the solid solubility of the dopant; ie, by the amount of 
dopant that can be incorporated in substitutional sites within the grains. 

5.2 U ndoped polysilicon 

The range of deposition parameters accessible in a low-pressure reac­
tor is limited, and the resistivity can be studied over a much wider 
range of deposition temperatures in films deposited in cold-wall reac­
tors. For thin polysilicon films deposited in a polycrystalline form over 
the temperature range from 650 to 1050°C in an atmospheric-pressure, 
cold-wall reactor, the resistivity parallel to the surface is in the mid-lOs 
!i-cm range and is not sensitive to the deposition temperature [5.2]. The 
value of mid-lOS !i-cm is close to the resistivity of intrinsic silicon. 

Although the crystal structure varies widely over the range in which 
polysilicon films are deposited, the resistivity of undoped films is quite 
insensitive to the structure. For example, the grain size increases with 
increasing thickness, but the resistivity varies only slightly with film 
thickness, changing from about 5 X 105 !i-cm for films 0.5 11m thick to 
about 3 X 105 !i-cm for films 25 11m thick. Similar values of resistivity 
are also observed in layers deposited in different types of reactors. 

Undoped films deposited in the amorphous form at lower tempera­
tures and subsequently crystallized by annealing at a higher tempera­
ture have a resistivity about 2 or 3 times higher than films deposited 
in the polycrystalline form. In films deposited at a higher rate, the dis­
continuity in resistivity occurs at a higher temperature, consistent with 
the increased transition temperature from an amorphous deposition to 
a polycrystalline deposition at a higher deposition rate. 

At higher temperatures, epitaxial films can be formed on single­
crystal wafers at the same time that poly crystalline films are deposited 
on oxide-covered wafers. Measurement of the conductivity type (using a 
hot-point-probe) shows that the single-crystal films are n-type while the 
polycrystalline films are p-type. The n-type behavior of single-crystal 
samples is attributed to impurities in the silane used to deposit the films. 
The different conductivity type of the polycrystalline films implies that 
structural defects influence the resistivity enough to compensate for the 
small amount of n-type dopant in the silane. 

In thick films, the resistivity can be measured perpendicular to the 
film plane, as well as parallel to it, and is somewhat lower in the per-
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5.2. UNDOPED POLYSILICON 197 

pendicular direction. In films about 13 !-lm thick, the resistivity is about 
3 X 105 f!-cm in the film plane, but only 1.5 x 105 f!-cm in the perpen­
dicular direction. This anisotropy is probably related to the columnar 
crystal structure normal to the film plane (Fig. 2.10) [3.12]. Similar 
anisotropic conductivity is seen in thicker samples with a columnar 
grain structure deposited from a silicon halide at a high temperature 
(1100°C) [2.57]; the resistivity is 5 X 105 f!-cm parallel to the film plane, 
but only 5 X 104 f!-cm perpendicular to it. 

For moderate electric fields, the current flow is ohmic, although non­
linear current-voltage behavior is observed for fields above 104 V jcm 
in the vertical samples, in which high fields can be readily applied. 
Measurements with different electrode materials and sample geometries 
suggest that the nonlinearity is not dominated by the electrodes. 

Over the temperature range from -25 to 200°C, the conductivity of 
undoped films varies with the measurement temperature T according to 
the relation 

(5.1 ) 

with an apparent activation energy Ea above room temperature of ap­
proximately half the bandgap of silicon. However, a weaker temperature 
dependence is sometimes observed below room temperature, indicating 
a different conductivity-limiting mechanism at low temperatures. The 
conduction may arise from hopping between localized states [5.3] within 
the grain boundaries [2.34, 5.4, 5.5], with a temperature dependence of 
the conductivity of the form 

(5.2) 

Irreproducibly low values of resistivity are sometimes observed on 
films with unprotected surfaces, probably because of surface conduction 
from adsorbed moisture or contamination. Thin films deposited in the 
amorphous form and subsequently crystallized are less likely to exhibit 
anomalously low resistivity, even without surface protection. The re­
sistivity of all the films is stable if a thermally grown oxide is used to 
passivate the surface. 
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198 CHAPTER 5. ELECTRICAL PROPERTIES 

5.3 Amorphous silicon 

The electrical properties of amorphous silicon that are not crystallized 
by subsequent heat treatment can be very different from those of polysil­
icon because of their greater structural disorder. In polysilicon, the 
basic conduction process within the grains is similar to that in crys­
talline silicon, with conduction of electrons and holes in well-defined 
conduction and valence bands. At all energies above the lower edge of 
the conduction band, electrons can readily move through the crystal. 
The properties of polysilicon differ from those of single-crystal silicon 
primarily because of the grain boundaries. 

In amorphous silicon, on the other hand, the basic crystalline struc­
ture is absent, and the concept of a band structure becomes somewhat 
tenuous. Instead of a well-defined bandgap, there is a range of energies 
with few allowed states. The edges of this region are not sharply sepa­
rated from regions with allowed states in which the carriers can readily 
move through the material. Instead, near the edges of the "bandgap," a 
high density of localized states is present. Carriers in these states cannot 
readily move through the material, and they do not contribute signifi­
cantly to the conduction. At higher energies, carriers can move through 
the material, but the absence of a well-defined crystal structure greatly 
reduces the ability of carriers to move (ie, reduces their mobility). 

In amorphous material the energy corresponding to the lower edge 
of the conduction band in a crystalline material is called the lowest un­
occupied molecular orbital (LUMO), and the energy corresponding to 
the upper edge of the valence band is called the highest occupied molec­
ular orbital (HOMO). Although the structure of amorphous material is 
very different from that of crystalline material, applying the familiar 
concepts of bandgap and mobility to amorphous material is useful. 

The effective bandgap of amorphous silicon can be much greater 
than that of polycrystalline silicon; values near 1.8 e V are often found, 
although the value depends strongly on the deposition conditions, the 
bonding, and the amount of hydrogen incorporated. As discused in 
Sec. 2.11.4, the amorphous silicon used in very low-temperature pro­
cesses can be deposited in the 300°C temperature range by plasma­
enhanced CVD and contains a large amount of hydrogen. The relative 
amounts of hydrogen bound as Si-H and Si-H2 can affect the electrical 
properties, as well as the stability of the material. 
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5.4. MODERATELY DOPED POLYSILICON 199 

Conduction occurs primarily by hopping between localized states, 
with the temperature dependence given by Eq. 5.2, rather than by con­
duction in well-defined bands. The "bandgap" is important because 
it influences carrier generation and, therefore, the leakage current and 
the energy dependence of the photosensitivity. Because the bandgap 
is greater in amorphous silicon than in crystalline silicon, the leakage 
current may be lower because fewer free carriers are generated; however, 
the larger bandgap may lead to a greater temperature dependence of 
the leakage current than in polysilicon with its smaller bandgap. 

5.4 Moderately doped polysilicon 

For static RAMs and other devices in which high resistivity is needed, 
the magnitude of the resistivity and its control are important. At low 
dopant concentrations, the resistivity changes only slowly with increas­
ing dopant concentration. The measured resistivity remains in the mid-
105 n-cm range and can be as much as six orders of magnitude greater 
than those of similarly doped, single-crystal silicon, as shown in Fig. 5.l. 
At intermediate dopant concentrations, the resistivity decreases rapidly 
and approaches that of single-crystal silicon. Control of the resistance 
of a high-value resistor is best in lightly doped material; achieving accu­
rate values of resistance in the intermediate dopant-concentration range 
is difficult because of the rapid variation of resistance with dopant con­
centration. The large difference between polysilicon and single-crystal 
silicon is observed in material deposited over a wide range of deposi­
tion conditions, with deposition temperatures varying from less than 
600°C to more than noo°c. Similar behavior is seen when the dopant 
is added during deposition as when it is added after deposition by ion 
implantation or from a gas-phase dopant source. 

In this section, we will examine the causes of the large difference 
between the resistivity of polysilicon and that of single-crystal silicon, 
and in a subsequent section we will discuss techniques to achieve bet­
ter control with intermediate dopant concentrations. Two mechanisms 
- both involving grain boundaries - can cause the electrical behavior 
of polysilicon to depart from that of single-crystal silicon at low and 
moderate dopant concentrations. In Sec. 3.6 we saw that n-type dopant 
atoms physically segregate at grain boundaries because of their lower 
energy in the disordered, grain-boundary region [3.23, 5.6] and, there­
fore, do not contribute to the conduction process. In this section, we 
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200 CHAPTER 5. ELECTRICAL PROPERTIES 
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Figure 5.1: The resistivity of poly silicon is much greater than that of 
similarly doped, single-crystal, epitaxial silicon. It changes slowly at low 
dopant concentrations, but decreases rapidly at intermediate dopant 
concentrations. At high dopant concentrations it approaches the re­
sistivity of single-crystal silicon. (Large-grain, ",15 ,urn-thick films de­
posited in a cold-wall reactor at '" 1000°C.) 

will see that carriers contributed by substitutional dopant atoms can be 
trapped in deep energy levels at the grain boundaries [5.7-5.11], again 
reducing the number of carriers available for conduction. 

5.4.1 Carrier trapping at grain boundaries 

To determine the number of free carriers in polysilicon films, the sub­
stitutional dopant concentration must first be found by considering the 
loss of dopant atoms that segregate to the grain boundaries and are elec­
trically inactive. Even after this loss is considered, however, the conduc­
tivity of polysilicon is still much less than that of single-crystal silicon 
containing the same concentration of substitutional dopant atoms. Free 
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5.4. MODERATELY DOPED POLYSILICON 201 

I I 
~ qvl--~ E 

------- -}--- - - ---t=-N~t;iij-- -- E~ 
--~ ~--E\I , , 

Grain I I 
Boundary--l 1----'1--..... ~1.---:)2_1 

Figure 5.2: Many of the free carriers contributed by substitutional 
dopant atoms in the grains are quickly immobilized at the grain bound­
aries at traps of density NT per unit area with energies within the 
bandgap. 

carriers (either electrons or holes) are contributed to the conduction or 
valence band by substitutional dopant atoms located within the grains, 
just as in single-crystal silicon. However, many of these free carriers 
are quickly trapped at low-energy positions at the grain boundaries, 
as schematically shown in Fig. 5.2 [5.7] and, consequently, cannot con­
tribute to the conduction [5.7,5.8]. 

Dangling bonds at the grain boundaries and defects within the 
grains both lead to allowed states within the bandgap of the polysilicon 
(Fig. 5.3). The deep states associated with the dangling bonds have 
energies near the middle of the forbidden energy gap [5.9], where they 
are most effective in allowing generation and recombination of carriers. 
(The maximum density is slightly below mid-gap, as discussed below.) 
In addition to states near mid-gap resulting from broken bonds, strained 
bonds cause a high density of shallow tail states near the band edges. 

In our discussion of carrier trapping, barrier formation, and conduc­
tion, we will consider n-type silicon. However, unlike dopant segrega­
tion, carrier trapping is similar in n- type and p-type polysilicon; barriers 
form in polysilicon of both conductivity types. (On the other hand, in 
germanium the grain boundaries are strongly p-type so that barriers 
form only in n- type material.) Some minor differences in the electrical 
behavior of n-type and p-type polysilicon will be considered later. 

Potential barriers 

The charge trapped at the grain boundaries is compensated by op­
positely charged depletion regions surrounding the grain boundaries 
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202 CHAPTER 5. ELECTRICAL PROPERTIES 
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Figure 5.3: Traps are primarily located at grain boundaries, although 
defects within the grains also create some states. The shallow tail states 
are associated with strained bonds, and the deep states near mid-gap 
are caused by broken bonds. 

(Fig. 5.4b) [5.10]. From Poisson's equation, the charge in the depletion 
regions causes curvature in the energy bands, leading to potential bar­
riers that impede the movement of any remaining free majority carriers 
from one grain to another [5.7, 5.8]. The barrier height VB (Fig. 5.4c) 
can be expressed in terms of the dopant concentration N and the width 
of the depletion region Xd using Poisson's equation: 

qN 
(5.3) 

where q is the magnitude of the charge on an electron, f is the permit­
tivity of silicon, and a one-dimensional case is considered. Solving for 
VB, we find 

(5.4) 

The barrier height depends strongly on the substitutional dopant 
concentration and the trap density and energy. Barrier formation in 
both n-type and p-type polysilicon indicates that both electron and 
hole traps exist at the grain boundaries. At low dopant concentrations 
the total number of carriers N L per unit area in a grain of length L is 
much less than the number oftraps NT per unit area at the grain bound­
ary. If the energy levels of the traps are deep enough, virtually all the 
free carriers contributed to the conduction band by the substitutional 
dopant atoms are trapped at grain boundaries, and very few are free 
to contribute to conduction. Because the dopant concentration is low, 
the depletion regions surrounding the grain boundaries extend through 
the entire grain, and no neutral region remains. The low dopant con­
centration also means that the energy bands within the grain have little 
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(a) 

(b) 
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203 

Figure 5.4: Depletion regions form in the grains surrounding the grain 
boundaries to compensate the charge trapped at the grain boundaries 
(b). The charged depletion regions cause curvature in the energy bands 
(c) and the resulting potential barriers. From [5.10]. Reprinted with 
permission. 

curvature (Fig. 5.5a); the barriers to conduction are small, and any free 
carriers that are present can readily move from one grain to another. 
The small barrier and low carrier density are consistent with an ob­
served resistivity of lightly doped polysilicon close to that of intrinsic 
silicon. 

When the grains are completely depleted, the depletion region as­
sociated with a grain boundary extends a distance L /2 on each side of 
the boundary, and the barrier height can be expressed as 

(5.5) 

As the dopant concentration increases, more carriers are trapped at the 
grain boundary; the curvature of the energy bands and the height of 
the potential barrier both increase (Fig. 5.5b), making carrier transport 
from one grain to another more difficult. 

In the simplest version of the carrier-trapping model, the energy 
of the grain-boundary traps is assumed to be deep enough that they 
are completely filled when the dopant concentration exceeds a critical 
value N* = NT/ L [5.8, 5.10]. As the concentration of dopant atoms 
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(a) 

(e) 
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(b) 

(d) N-

Figure 5.5: The barrier height VB increases with increasing dopant con­
centration until all the traps are filled. Above the critical dopant con­
centration N*=NT / L, it decreases as neutral regions form within the 
grains. 

increases above N*, the number of trapped carriers per unit area of 
grain boundary remains constant at the value NT. The added carriers, 
which are not trapped, form neutral regions within the grains, as seen in 
Fig. 5.5c; and, from charge neutrality, the width of the depletion regions 
decreases according to the relation 

NT 
xd = 2N 

The barrier height is then found from Eq. 5.4 to be 

VB = qN (NT)2 = qNf 
2E 2N 8EN 

(5.6) 

(5.7) 

and the barrier to carrier transport between grains decreases as the 
dopant concentration increases above its critical value N*. Thus, as 
shown in Fig. 5.5d, when dopant atoms are added to polysilicon, the 
potential barrier first increases, reaches a maximum, and then decreases. 
This nonmonotonic behavior has important consequences for the elec­
trical conduction and can explain the markedly different electrical prop­
erties of polysilicon and single-crystal silicon seen in Fig. 5.1. 
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5.4. MODERATELY DOPED POLYSILICON 205 

5.4.2 Carrier transport 

At low dopant concentrations, the width of the depletion region on 
each side of the grain boundary is half the grain size. At moderate 
dopant concentrations, it decreases with increasing dopant concentra­
tion, but even at a dopant concentration of 1017 cm-3 , it is several tens 
of nanometers wide (for a typical grain-boundary trap density ",,1012 

cm-2 ). Tunneling is not significant for barriers ofthis width, and carri­
ers usually travel from one grain to another by thermionic emission over 
the barrier. At high dopant concentrations the width of the depletion 
regions can be less than about 10 nm, and tunneling through the barrier 
can also contribute to the current flow. However, the barrier height de­
creases with increasing dopant concentration, so conduction across the 
barrier may no longer limit the current flow. 

When thermionic emission dominates, the conduction process can be 
understood by considering the effect of an applied field on the barrier 
height. The thermionic-emission current density J can be written as 

J = qnvc exp [- k~(VB - V)] (5.8) 

where n is the free-carrier density, Vc is the collection velocity (vc = 
JkT /27rm*), VB is the barrier height with no applied bias, and V is 
the applied bias across the depletion region. With no applied bias, the 
barriers to carrier transport in the forward and reverse directions are 
equal. The forward current J F of electrons emitted over the barrier 
by thermionic emission equals the reverse current J R in the opposite 
direction, and no net current flows. 

When a voltage is applied, the barrier to carrier transport in one 
direction decreases, while it increases in the opposite direction. In gen­
eral, the applied voltage divides nonuniformly between the two sides 
of a grain boundary [5.12]; however, for small applied biases, approx­
imately half the applied voltage appears across each depletion region. 
The barrier in the forward direction decreases by an amount V ~ ~ VG 
where VG is the bias across one grain boundary (ie, the applied bias 
across the sample divided by the number of grains, assuming all grain 
boundaries are equivalent). The barrier increases by the same amount 
in the reverse direction [5.12]. 
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Figure 5.6: Current-voltage characteristics for 3 ""m thick, polysilicon 
films doped with about 2 X 1016 cm-3 phosphorus atoms; the samples 
have lengths A of 100, 213, and 318 ""m, as indicated. From [5.13J. 
@1978, Pergamon Journals, Ltd. Reprinted with permission. 

By considering thermionic emission in the two directions, the net 
current density J = JF - JR can be found [5.13J. With V ~ ~Va 

(5.9) 

and 

JR = qnvc exp [- k~ (VB + ~ Va)] (5.10) 

The net current density is then given by 

( qVB) [(qVa) (qVa)] J = qnvc exp - kT exp 2kT - exp - 2kT (5.11) 

or 

(5.12) 

Current flow in polysilicon films fits this expression well, as shown in 
Fig. 5.6 [5.13J. 
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Figure 5.7: The critical dopant concentration N* varies inversely with 
the grain size. From [5.14]. Reprinted with permission. 

At low applied voltages the voltage drop across each grain bound­
ary is small compared to the thermal voltage kT/q, and the general 
expression of Eq. 5.12 can be simplified by using the relation 

. h (qVa) qVa 
sm 2kT :=:::i 2kT (5.13) 

to obtain a linear relation between current and applied voltage: 

(5.14) 

From Eq. 5.14 an expression for the average conductivity cr = J / £ = 
JL/Va can be obtained: 

(5.15) 

Thus, conduction in polysilicon is an activated process with an activa­
tion energy of approximately qVB, which depends on the dopant con­
centration and the grain size. 

From this simple model we see the importance of the critical dopant 
concentration N*, at which all the grain-boundary traps are filled with 
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Figure 5.8: The resistivity of phosphorus-implanted polysilicon films 
is lower for films with larger grains, especially at intermediate dopant 
concentrations. 

carriers from the substitutional dopant atoms. Below N*, the free­
carrier concentration is low, and the resistivity is high. As dopant is 
added, the increasing free-carrier concentration is compensated by the 
increasing barrier height, and the resistivity remains high. At dopant 
concentrations greater than N*, the free-carrier concentration increases 
and the barrier height decreases, allowing the resistivity to decrease 
rapidly with increasing dopant concentration. Thus N* divides the high 
resistivity region from the region with rapidly decreasing resistivity. 
From the definition of N* (N* = NT/L), we expect it to vary inversely 
with grain size L. The inverse proportionality between critical dopant 
concentration and grain size has been observed for grain sizes varying 
from 20 nm to over 20 11m (Fig. 5.7) [5.14]. 

For the typical submicrometer-thick polysilicon films used in most 
integrated-circuit applications, the grain size is usually somewhat less 
than 100 nm. Using this value with a trap density somewhat greater 
than 1012 cm-2 of grain-boundary area, we find the critical dopant con­
centration to be of the order of 1017_1018 cm-3 , as observed for thin 
polysilicon films deposited over a wide range of conditions (Fig. 5.8) 
[5.15]. For films deposited at a high temperature in a cold-wall reactor, 
the critical dopant concentration is slightly lower than for polysilicon 
films deposited at a much lower temperature in the low-pressure reac­
tor. The :films deposited at the higher temperature have a slightly larger 
grain size and, consequently, a lower critical dopant concentration. The 
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Figure 5.9: The resistivity, as well as the sheet resistance, of polysilicon 
films decreases as the thickness increases. 

critical dopant concentration for low-pressure films deposited in an ini­
tially amorphous form and subsequently crystallized is appreciably lower 
than for either of the other two types of polysilicon, consistent with its 
larger grain size, as discussed in Sec. 2.11.4. The resistivity is most 
sensitive to the grain size in the intermediate-concentration range. It 
does not vary significantly with grain size for lightly or heavily doped 
films. 

The effect of grain size is also seen by considering the variation of 
resistivity with increasing film thickness. The grain size increases as 
the film thickness increases [2.2], and the resistivity decreases, as seen 
in Fig. 5.9 [5.7]. The resistivity of single-crystal films deposited at the 
same time is independent of film thickness, as expected. Because the 
resistivity of the polysilicon films decreases with increasing thickness t, 
the sheet resistance decreases more rapidly than lit. 

Effective mobility 

To express the conductivity in Eq. 5.15 in the usual linear form of Ohm's 
law, u = qnj.L, an effective mobility j.Leff can be defined as 

(5.16) 
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The quantity f-Leff is a mobility in the sense that it describes the ease 
of carrier movement from one grain to another in the polycrystalline 
material. It is not the familiar microscopic mobility related to carrier 
scattering in a homogeneous piece of semiconductor. Instead, it de­
scribes the restriction of current flow by the grain-boundary barrier. 

Because of its strong dependence on barrier height, the mobility de­
pends sensitively on dopant concentration. As dopant atoms are added 
to un doped polysilicon, the barrier height increases (Fig. 5.5d), and the 
mobility decreases until the dopant concentration reaches its critical 
value N*. Above this value the barrier height decreases, and the mobil­
ity increases. The predicted minimum in the mobility with increasing 
dopant concentration is observed, as shown in Fig. 5.10 [5.8]. (Note 
that Fig. 5.10 only shows the dependence of the mobility on dopant 
concentration over a limited range. At even higher dopant concentra­
tions, grain-boundary barriers no longer limit the mobility, and ionized 
impurity scattering dominates, as in single-crystal silicon. In this region 
the mobility decreases with increasing dopant concentration, parallel­
ing the behavior in single-crystal silicon; however, even at high dopant 
concentrations, the mobility is about a factor of two less than that in 
single-crystal silicon, as will be discussed in Sec. 5.6.) 

Hall mobility 

In the discussion above, we developed an expression for the effective 
mobility, which describes the ease with which a carrier moves through 
a material composed of grains and high-resistance grain boundaries. 
This macroscopic quantity differs fundamentally from the microscopic 
mobility characterizing carrier-scattering mechanisms. Although the 
effective mobility has been compared with the measured Hall mobility, 
the theoretical relation between these two quantities is not obvious. 

In an inhomogeneous film both the grains and the space charge re­
gions surrounding the grain boundaries contribute to the Hall voltage 
[5.16-5.20]. Detailed analysis of such an inhomogeneous structure shows 
that the carrier concentration corresponding to the measured Hall con­
stant is always less than the carrier concentration in the grains [5.19]. 
The discrepancy is greatest when the barrier is high or the depletion 
regions occupy a large portion of the grain. At very high carrier con­
centrations, the barriers are small, and the measured Hall concentration 
approaches the actual carrier concentration. Similarly, in very lightly 

IPR2025-00099 Page 00025



5.4. MODERATELY DOPED POLYSILICON 

1000 

~IOO 

~ 
~ 

I:i 
.: 
~ 
~ .. 
~ 10 

----- ...... ...... 
'\, 

+ Experimental 

- Theoretical 

-- Single-Crystal 
Silicon 

'\, 
'\, 

" '\, 

211 

Figure 5.10: The room-temperature, Hall hole mobility as a function of 
boron concentration measured in approximately 1 J.lm thick polysilicon 
films. From [5.8]. Reprinted with permission. 

doped material, the entire grain is depleted, and the barriers are again 
small so that the Hall concentration approaches the average carrier con­
centration. With certain approximations, the Hall mobility is related to 
the barrier height by the expression [5.20] 

( qVB) 
J.lH ,.... exp - kT (5.17) 

which has the same dependence on the barrier height as the effective 
mobility (Eq. 5.16) used in the expression for the conductivity. 

Temperature dependence 

From the expression for the low-field conductivity in Eq. 5.15, we can 
find the temperature dependence of the resistivity 

(5.18) 

for dopant concentrations both below and above the critical dopant 
concentration N*. At low dopant concentrations N L < NT, and the 
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grains are completely depleted. The maximum carrier concentration is 
then 

( qVB + EF) N (qVB + EF - !EG) 
n = ni exp kT = e exp kT (5.19) 

where ni is the intrinsic carrier concentration, EF is the Fermi level 
measured from the intrinsic Fermi level at the grain boundary, and Ne 
is the effective density of states at the conduction band edge. Using this 
expression in Eq. 5.18, we find the resistivity to be 

_ kT (!EG - EF) 
P - q2 NeveL exp kT (5.20) 

Assuming that the traps pin the Fermi level at the grain boundary near 
mid-gap, EF ~ Ei == 0, and the dominant temperature dependence of 
the resistivity has the form 

(5.21) 

Thus, the resistivity exhibits an activated behavior, with an apparent 
activation energy of approximately half the bandgap. 

For dopant concentrations above the critical dopant concentration, 
N L > NT, and neutral regions exist within the grains. The carrier 
concentration n is approximately equal to the dopant concentration N, 
and the resistivity can be written 

In this region 

kT (qVB) 
P = q2NveL exp kT 

v _ qNf 
B - 8EN 

(Eq. 5.7), and the resistivity is proportional to 

1 ( q2 Nj. ) 
P ex: N exp 8EkT N 

(5.22) 

(5.23) 

(5.24) 

The resistivity is again an activated process; however, in this region the 
apparent activation energy Ea is no longer constant, but varies inversely 
with the dopant concentration N: 

_ q2 Nj. 
Ea - 8EN (5.25) 
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Figure 5.11: Logarithm of the normalized resistivity as a function of 
reciprocal temperature, showing a well-defined activation energy. From 
[5.8]. Reprinted with permission. 

From Eqs. 5.21 and 5.25, we expect that the activation energy is 
about half the bandgap energy for undoped polysilicon, and remains 
at approximately this value for dopant concentrations below the crit­
ical dopant concentration. Above the critical dopant concentration, 
the resistivity and activation energy decrease until other conduction 
mechanisms limit the conduction process at very high dopant concen­
trations. Consistent with the model, the resistivity does, indeed, ex­
hibit a well-defined activation energy which decreases with increasing 
dopant concentration, as shown in Fig. 5.11 [5.8]. (More detailed anal­
ysis [5.21] shows that the activation energy obtained from an Arrhenius 
plot differs from the barrier height because of the shift of the Fermi level 
with temperature. Calculations show that Ea ~ qVBO = qVB(1 + IT) 
with I ~ 1.5 X 1O-3/K [6.114].) The rapid variation of resistivity with 
temperature in lightly doped films makes using such films for precise 
resistors difficult. 

5.4.3 Trap concentration and energy distribution 

The similar behavior of electrons and holes implies that either type 
of majority carrier can be trapped at the grain boundaries and that 
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Figure 5.12: Dopant-concentration dependence of the activation energy 
of the conductivity in thick polysilicon films deposited in a cold-wall 
reactor. 

the grain-boundary traps are located near mid-gap or are distributed 
symmetrically around mid-gap. More detailed observation reveals some 
subtle differences. When the p-type dopant boron is added, both the 
resistivity and the activation energy of the resistivity decrease mono­
tonically with increasing dopant concentration, as shown in Fig. 5.12 
[2.4]. However, for the common n-type dopants, the resistivity and its 
activation energy initially increase as dopant is added, before reaching 
a maximum and then decreasing [2.4, 5.22]. This asymmetry suggests 
that the dominant traps are located somewhat below mid-gap, pinning 
the Fermi level there in lightly doped polysilicon and is consistent with 
the conductivity-type measurements discussed in Sec. 5.2, which show 
that lightly doped polysilicon is slightly p- type even if small amounts of 
n-type dopant are added. 

Other studies also indicate that the trap density is highest near mid­
gap [5.23]; the Fermi level at the grain boundaries appears to be located 
slightly below mid-gap at about 0.62 eV below the conduction band edge 
[5.24]. This energy level is consistent with an electronic state related 
to dangling silicon bonds about 0.65 eV below the conduction band 
edge [5.25]. (Dangling bonds are related to trivalent silicon, which has 
been found at grain boundaries in polysilicon [5.26] and at individual 
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grain boundaries in silicon bicrystals.) In contrast to the behavior in 
poly crystalline silicon, the dominant traps in lightly doped, plasma­
enhanced CVD amorphous silicon formed by decomposition of silane 
in a glow discharge appear to be located slightly above mid-gap [5.27]; 
undoped films are n-type, rather than p-type, and the resistivity and 
its activation energy initially increase as p- type dopant is added, before 
reaching a maximum and then decreasing. 

From the measured electrical behavior and the carrier-trapping 
model, a typical grain-boundary density of traps is found to be about 
mid-1012 cm-2 of grain-boundary area. As the grain size increases, the 
number of traps per unit volume decreases. We saw in Sec. 2.11.4 that 
silicon layers deposited in amorphous form and subsequently crystallized 
can have larger grains than layers deposited in polycrystalline form. The 
electrical properties reflect the larger grains formed by crystallization 
and also the increase in grain size with increasing film thickness [5.28]. 
The resistivity is lower, the mobility is higher, and the fraction of active 
dopant is also higher. 

An independent measure of the the density of grain-boundary states 
can be obtained by electron spin resonance measurements. The density 
is lower in films with a greater degree of preferred crystalline orientation 
[2.34]' possibly because of the improved structure of grain boundaries 
between grains with similar orientation perpendicular to the film plane. 
As the grain-boundary tilt angle increases, the structure of the grain 
boundary becomes more complex, and the conduction becomes increas­
ingly nonlinear [5.29]. 

The simplest carrier-trapping model suggests that a discrete level 
exists at the grain boundary and that the Fermi level is pinned close 
to this level until all the carrier traps there are filled as more dopant 
is added. These assumptions lead to a well-defined maximum in the 
barrier height as the dopant concentration increases. These approxi­
mations are appropriate for a moderate density of traps located near 
mid~gap. However, if the trap density is high or the traps are located 
far from mid-gap, the traps may be only partially filled when a neutral 
region begins to form. The bending of the energy bands may raise the 
trap level at the grain boundary above the Fermi level so that carriers 
from additional dopant atoms create a neutral region, with some of the 
trap levels remaining unfilled. 

A further complication arises because of the varying properties of dif­
ferent grain boundaries: The traps can be distributed in energy within 
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the bandgap, allowing the number of trapped carriers to continue in­
creasing as the Fermi level moves through the trap distribution. In this 
case, the dopant concentration at which the traps are completely filled 
need not coincide with the formation of a neutral region within the in­
terior of the grain [5.10]. A neutral region can form within a grain even 
though the traps are not completely filled, and there may be a range of 
dopant concentrations over which the barrier height varies only weakly 
with dopant concentration. 

The basic model can be extended to consider both high trap con­
centrations, trap energies away from mid-gap, and traps distributed in 
energy. Of these more complex cases, we first consider the effect of 
increasing the density NT of traps per unit area located at a discrete 
energy ET within the band gap at the grain boundary [5.10]. In this 
case, the probability of a trap being occupied arises from the require­
ment that the combination of the grain boundary and compensating 
depletion regions must be neutral: 

[ 1 (ET + q VB - E F)] -1 
2Nxd = NT 1 + 2exp kT (5.26) 

The critical dopant concentration N* is then found by letting Xd = ~ L: 

N* = ~ [EF - ET + kTln (2NT - 2)] 
q2£2 N*L 

(5.27) 

which can be solved iteratively. At low trap concentrations, all the traps 
are filled before any neutral region forms, and N* oc L -1, as we found 
before. However, for higher trap concentrations, a neutral region forms 
before all the traps are filled, and N* oc L -2. 

For N < N*, the corresponding barrier height is 

(5.28) 

as before. For N > N*, however, 

(5.29) 

Figure 5.13 [5.10] shows the barrier height for a grain size of 100 nm, 
typical of polysilicon films used in integrated circuits. For low trap 
densities, the barrier height reaches a maximum at the critical dopant 

IPR2025-00099 Page 00031



5.4. MODERATELY DOPED POLYSILICON 217 

concentration and then decreases, as we found earlier. However, for 
higher trap concentrations, the neutral region begins to form before 
all the traps are filled. As additional dopant atoms are added, the 
corresponding carriers fill the remaining unoccupied traps. Because a 
neutral region exists for dopant concentrations greater than N*, the 
intrinsic Fermi level in the center of the grain remains fixed in relation 
to the Fermi level. At the grain boundary, the Fermi level is pinned near 
the discrete mid-gap trap level, and the barrier height remains nearly 
constant. Not until all the traps are filled can the Fermi level move 
above the trap level to decrease the barrier height. In the intermediate 
region, the barrier height is approximately [5.10] 

(5.30) 

which varies only slowly with dopant concentration. 
If the grain-boundary states are distributed in energy, rather than 

being located at a discrete energy, the behavior is more complex. For 
a trap density DT per unit area per unit energy (cm -2 e V-I) dis­
tributed uniformly in energy, the charge-neutrality condition can be 
written [5.10] 

(5.31) 

The critical dopant concentration for this case again varies as L -1 for 
small grains and low trap densities, while it changes as L -2 for large 
grains and high trap densities. Another analysis considered a Gaus­
sian energy distribution of trap states at the grain boundary [5.30]. 
Detailed comparison of experimental data with models which assume 
either discrete or uniformly distributed trap levels indicates that the 
trap distribution appears to be strongly peaked near mid-gap, rather 
than being broadly distributed within the band gap [5.10]. 

Key points of the basic carrier-trapping models 

The models predict the resistivity to be high below the critical dopant 
concentration and to decrease rapidly above this value, as observed 
(Fig. 5.1). Below the critical dopant concentration the free-carrier con­
centration is low, and the resistivity is high. As the critical dopant 
concentration is approached, the barrier height increases; the ease of 
carrier motion from one grain to another (ie, the effective mobility) 
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Figure 5.13: Barrier height as a function of dopant concentration when 
a neutral region forms before all the grain-boundary traps are filled. 
From [5.10j. Reprinted with permission. 

decreases; and the resistivity remains high. The barrier height is maxi­
mum near the critical dopant concentration, and the effective mobility 
is minimum. Above the critical dopant concentration the free-carrier 
concentration increases and the barrier height decreases; in this range 
the resistivity decreases rapidly with increasing dopant concentration 
until it approaches that of single-crystal silicon. 

5.4.4 Thermionic-field emission 

The basic model presented above considers conduction only by 
thermionic emission of energetic carriers over the top of a parabolic 
potential barrier. However, near its top the barrier is narrow, and tun­
neling through the top portion of the barrier is likely for those carriers 
with energy slightly below the top of the barrier [5.31, 5.32j. 

The combination of thermionic emission and tunneling, called 
thermionic-field emission, can be modeled by calculating the number 
of carriers approaching the barrier with energy E and the probability 
T(E) of each carrier tunneling through the portion of the potential bar-
ner 

( Ix 1)2 V(x) = VB 1---;:; (5.32) 

for which V(x) > E. 
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Figure 5.14: The impedance of the grain boundary is modeled by con­
sidering a high, narrow barrier at the grain boundary, in addition to the 
parabolic, depletion-region barriers surrounding the grain boundary. 

For some ranges of dopant concentration, grain size, and temper­
ature, thermionic-field emission can contribute a significant portion of 
the total current. For example, at room temperature with a dopant con­
centration of 5 x 1017 cm-3 and a grain size of 120 nm, the thermionic­
field-emission current is estimated to be about 70% as large as the 
thermionic-emission current [5.32]. Thermionic-field emission becomes 
more important at lower temperatures, where fewer carriers have ener­
gies greater than the barrier height. This conduction mechanism will 
be discussed in more detail in the next section. 

5.4.5 Grain-boundary barriers 

In the basic carrier-trapping model the grain-boundaries themselves are 
assumed to be very narrow compared to the grains. Their only effect 
is to change the number of active dopant atoms and free carriers in 
the grains by acting as sites for dopant segregation and carrier trap­
ping. However, the disordered nature of the grain boundaries and the 
discontinuities that they introduce into the periodic structure of the 
crystallites can also directly reduce the current flow. This additional 
impedance can be modeled by adding a high, narrow, potential barrier at 
the grain boundary, as shown in Fig. 5.14. This grain-boundary barrier 
is assumed to be present in addition to the parabolic, depletion-region 
potential barriers created by the uncompensated dopant atoms that 
neutralize carriers trapped at the grain boundary. The grain-boundary 
barrier can be modeled as a region with a width similar to that of the 
physical grain boundary (a few atom spacings) and a band gap different 
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from that of crystalline silicon. To move from one crystallite to another, 
the carriers must either tunnel through the grain-boundary barrier or 
be sufficiently energetic to be thermally excited over the barrier. 

To treat the problem over a fairly wide range of dopant concentra­
tions, we consider the composite barrier shown in Fig. 5.14, consisting of 
both the parabolic potential barrier and the high, grain-boundary bar­
rier. Because the composite barrier can be wide and high, we consider 
thermionic-field emission, in which a carrier is thermally excited before 
tunneling through a portion of the barrier. This intermediate case can 
be treated by finding the number of carriers with an energy E incident 
on the composite barrier from each side and the probability that each 
carrier can tunnel through the barrier [5.33J. The number of carriers 
having energy within the range dEx incident on the barrier per second 
per unit area (the supply function) is given by [5.34J. 

47rm*kT [ ( Ex + 7/;)] N(T, 7/;, Ex)dEx = h3 In 1 + exp - kT dEx (5.33) 

where 7/; = Ec - EF, Ex is the energy component in the x-direction, and 
h is Planck's constant. The probability that a carrier with energy Ex 
can tunnel through the barrier is given in the WKB approximation by 

(5.34) 

where zero energy is taken as the bottom of the conduction band in the 
neutral regions of the grains, Xl and X2 are the classical turning points 
at which Ex = V, and m*, the effective mass of the carriers, is assumed 
to be independent of the carrier energy. 

The high, grain-boundary potential barrier is most important at in­
termediate and high dopant concentrations. At low dopant concentra­
tions, the parabolic, depletion-region barrier limits the conduction. In 
the dopant-concentration region where both barriers must be included 
in the analysis, three different ranges of carrier energies are considered: 

1. The carriers have energy less than that required to surmount the 
parabolic potential barrier in the depleted regions of the grains: 
Carrier transport occurs by tunneling through a portion of the 
parabolic potential barrier plus the grain-boundary barrier. 

2. The carriers have sufficient energy to surmount the parabolic bar­
rier in the depletion regions but not sufficient energy to travel 

IPR2025-00099 Page 00035



5.4. MODERATELY DOPED POLYSILICON 221 

over the grain-boundary barrier: Transport occurs by tunneling 
through the grain-boundary barrier. 

3. The carriers are sufficiently energetic to surmount the grain­
boundary barrier: Carriers freely pass over the barrier. 

The total current can be found by considering the energy distribution 
of the carriers and using the appropriate forms of the potential V (x) in 
the expression for the net current - the difference between the currents 
traversing the barrier from the left and from the right. By comparing 
the model to experimental data, reasonable values of about 1 nm have 
been obtained for the width of the grain-boundary barrier [5.35]. 

The detailed behavior of the grain-boundary barrier can depend on 
the dopant being added [5.36]. For boron, the width of the barrier 
is independent of the dopant concentration, with a value in the range 
0.7-0.9 nm. For phosphorus, however, the width appears to decrease 
with increasing dopant concentration above about 1018 cm-3 , changing 
from 1.1 nm at a dopant concentration of about 1018 cm-3 to about 
0.5 nm for dopant concentrations in the mid-1019 cm-3 range. This 
different behavior of boron and phosphorus is attributed to their differ­
ent tendencies to segregate to the grain boundaries. The incorporation 
of phosphorus atoms into the disordered sites at a grain boundary is 
postulated to decrease its effective width. Since boron does not tend to 
segregate to grain boundaries, the grain-boundary width is independent 
of dopant concentration for boron-doped films. As we will see in Sec. 5.6, 
the added barriers at the grain boundaries can model the higher resistiv­
ity of polycrystalline silicon compared to single-crystal silicon observed 
for very high dopant concentrations, at which the parabolic, depletion­
region barriers are small. 

5.4.6 Limitations of models 

The carrier-trapping model can be further refined, but these more de­
tailed treatments often require that physical parameters be the same for 
all grains and grain boundaries in the layer. For example, the density 
of carrier traps NT at a grain boundary depends on the structure of the 
grain boundary, which can vary from one grain boundary to another 
[5.37]. Photoconductivity measurements suggest that the potential bar­
riers are larger for high-angle grain boundaries than for low-angle grain 
boundaries. The properties can even vary from point to point along 
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DISTRIBUTION OF POLYSILICON GRAIN AREA 
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Figure 5.15: Distribution of grain sizes in a 1 J.Lm thick polysilicon 
film. From [5.39]. @1984, Pergamon Journals, Ltd. Reprinted with 
permission. 

the same grain boundary. Boundaries with low densities of trap states, 
and therefore low barriers, are preferential current paths [5.38]. These 
variations limit the quantitative use of refined models. 

Grain-size variations also limit detailed quantitative modeling. Al­
though the "grain size" used to find the voltage across one grain bound­
ary is consistent with the average measured grain size in some inves­
tigations, it differs in other studies and is often used as an adjustable 
parameter to match the experimental data; the models then only pro­
vide the functional form of the equation describing the conduction. 

The number of grains N G in the current path should be obtainable 
from the expression for the current flowing at high electric fields: 

(5.35) 

where V is the voltage applied across the sample. If a uniform grain 
size is assumed, NG should be just the sample length divided by the 
grain size L. However, values of NG found from Eq. 5.35 appear to 
vary with dopant concentration [5.39] while transmission electron mi­
croscopy shows that the grain size does not change appreciably with 
dopant concentration for moderate doping. 

Most models assume that all grains are the same size both along the 
current-flow direction and perpendicular to the film plane. However, 
experimental data indicate that the sizes of grains in a given sample are 
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Figure 5.16: The nonuniform grain size in a polysilicon film leads to 
nonuniform current flow, making quantitative modeling difficult. From 
[5.39]. @1984, Pergamon Journals, Ltd. Reprinted with permission. 

fairly widely distributed, as shown in Fig. 5.15 [5.39], and the barrier 
height between grains can also vary markedly from one grain boundary 
to another. Consequently, the current flow is nonuniform, with the cur­
rent traveling preferentially along lower resistance, but possibly longer 
paths, as indicated in Fig. 5.16 [5.39]. We also saw in Sec. 2.4 that the 
grain size varies through the thickness of the film, being greater near the 
top than near the bottom, so that the grain-boundary density is lowest 
near the top of the film. Thus, the resistance should be lower for paths 
closer to the film surface, and the current is expected to flow nonuni­
formly over the film thickness. If the current is a nonlinear function 
of the voltage, the current path can even vary as the applied voltage 
changes. The nonuniform current flow changes the effective number of 
grains in the path; the apparent variations in grain size inferred from 
electrical measurements are consistent with the effect of a distribution 
of grain sizes, both in the film plane and through the thickness of the 
film [5.39]. The effect of these nonuniformities is most noticeable near 
the critical dopant concentration, where some grains can be completely 
depleted while others contain a neutral region. 

The nonuniform grain size in polysilicon films limits the usefulness of 
refined models which assume a uniform grain size. While differentiating 
between discrete and uniformly distributed energy levels for the traps 
seems to be possible, extracting more detailed information, such as the 
energy distribution of these levels may not be possible. Similarly, using 
experimental conduction data to differentiate between slightly different 
models is difficult. These refined models are only useful when an ad-
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equate statistical description of the grain-size distribution is available. 
However, this distribution depends sensitively on deposition conditions. 
Thus, the carrier-trapping model is a useful, semi-quantitative tool for 
describing conduction in polysilicon, but overly detailed refinement of 
this model requires more accurate values of physical parameters than 
can realistically be obtained. 

5.4.7 Segregation and trapping 

Although we have considered dopant segregation and carrier trapping 
independently, possible interactions can occur. We saw in Sec. 3.6 that 
dopant atoms become electrically inactive when they segregate at grain 
boundaries. However, more subtle modification of the electrical prop­
erties of the grain boundaries can be caused by the segregated dopant 
[3.24]. Dopant atoms segregating to the grain boundaries may interact 
with the dangling bonds or other defects which cause the grain-boundary 
traps, satisfying some of the unsaturated bonds and reducing the trap 
density and, consequently, the resistivity. For example, phosphorus seg­
regation has been postulated to decrease the trap density and lower 
the barrier height [5.38]. The lower vibrational entropy implied by the 
decrease of A in Eq. 3.7 as dopant segregates suggests that segrega­
tion [3.24], as well as the heat treatment itself [5.11], causes the grain 
boundaries to become more ordered, possibly decreasing the number of 
carrier traps there [3.24]. Thus, as the dopant segregates, dopant loss 
from substitutional sites within the grains increases the resistivity, but 
reduced carrier trapping at grain boundaries tends to decrease it [5.40]. 
(These effects are most readily observed in moderately doped films, in 
which carrier trapping affects the electrical behavior most strongly.) 

On the other hand, if dopant atoms at the grain boundary are read­
ily ionized, they may cause additional Coulomb scattering and reduce 
the majority-carrier mobility. They may possibly change the minority­
carrier transport as well. (These effects are most visible in highly doped 
samples.) However, loss of dopant atoms by segregation usually domi­
nates, and modification of the carrier traps or scattering is secondary. 
Dopant segregation may also promote grain-boundary reconstruction, 
again changing the number of traps at the grain boundary. Unlike the 
other effects discussed, however, reconstruction is not reversible. 

Although the disorder at grain boundaries makes complete bond­
ing of dopant atoms there possible, magnetic resonance spectroscopy 
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of phosphorus segregated at the grain boundaries in polysilicon sug­
gests that the phosphorus is four-fold coordinated [5.41]. Four-fold co­
ordination implies that the dopant is electrically inactivated by carrier 
trapping, rather than by changes in the number of bonds. 

5.4.8 Summary: Moderately doped polysilicon 

In this section, we have seen that three interrelated effects lead to the 
marked differences between the electrical properties of polysilicon and 
single-crystal silicon: First, atoms of some dopant species physically 
segregate to the grain boundaries and do not contribute to the conduc­
tion. Second, some of the carriers provided by substitutional dopant 
atoms within the grains are immobilized by carrier traps at the grain 
boundaries and are lost to the conduction process. Third, potential 
barriers at the grain boundaries impede the movement of the remaining 
free carriers from one grain to another. 

As the dopant concentration increases beyond its critical value, the 
barrier height decreases until transport across the barrier no longer lim­
its the conduction. Other conduction mechanisms then must be consid­
ered to understand the resistivity of polycrystalline silicon. For example, 
when the grain-boundary barriers are low and ionized impurity scatter­
ing within the grains limits the conduction, the conductivity decreases 
with increasing temperature. This temperature dependence contrasts 
with the increase in conductivity with increasing temperature found 
when thermionic emission over the grain-boundary barriers limits con­
duction. In Sec. 6.4 we will see that the change in the temperature 
coefficient of resistivity (TCR) from negative to positive with increas­
ing dopant concentration is important for the low-value resistors often 
fabricated in polysilicon. At even higher dopant concentrations, other 
mechanisms limit the conduction. Thus, the carrier-trapping models 
explain the electrical behavior over an important dopant-concentration 
range, but do not apply to very lightly or very heavily doped polysilicon. 

5.5 Grain-boundary modification 

Because the traps located at grain boundaries strongly degrade the elec­
trical properties of polysilicon and devices fabricated in it, attempts are 
made to reduce the density of active traps associated with the grain 
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Figure 5.17: As the dangling bonds at the grain boundary are "passi­
vated" with hydrogen, the depletion barrier surrounding the boundary 
decreases. From [6.122]. ©1985 IEEE. Reprinted with permission. 

boundaries. Either the effectiveness of the trapping sites can be re­
duced or the grain boundaries themselves can be removed. 

5.5.1 Grain-boundary passivation 

In the first approach, the defects are passivated so that the states within 
the forbidden gap are not active and no longer trap carriers. As we have 
seen, traps are associated with the dangling bonds at the grain bound­
aries arising from the lattice discontinuities which form when differently 
oriented grains join. Dangling bonds at a SijSi02 interface are often 
passivated by terminating them with hydrogen atoms. Similarly, hydro­
gen can passivate dangling bonds and other defects at grain boundaries 
[5.42] and reduce the number of active traps there. The passivation 
of grain boundaries has been directly observed by electron spin reso­
nance [5.43]. The residual spin density, corresponding to unpassivated 
grain-boundary states, varies with the passivation temperature and is 
lowest after hydrogenation at 350°C. As the number of trapped carri­
ers decreases, the potential barrier associated with the grain boundary 
also decreases (Fig. 5.17) [6.122]. The resistivity of moderately doped 
polycrystalline silicon is markedly reduced by incorporating hydrogen 
[5.44], and it becomes less sensitive to small variations in the dopant 
concentration. The properties of devices fabricated in the hydrogenated 
polysilicon are also improved [6.132], as we will discuss in Sec. 6.13. 
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Passivation of grain-boundary traps has received increasing attention 
because of the use of polysilicon thin-film transistors in active-matrix, 
liquid-crystal displays (Sec. 6.13). 

The atomic hydrogen needed to passivate the dangling bonds at 
grain boundaries cannot be readily obtained by annealing in molecu­
lar hydrogen or in forming gas (a N2/H2 mixture), but several other 
techniques can introduce atomic hydrogen into polysilicon. 

A plasma dissociates molecular hydrogen; the resulting atomic hy­
drogen can then diffuses into the grain boundaries, interact with the 
defects, and effectively passivate the grain-boundary traps, lowering 
the grain-boundary-limited resistance [5.44, 5.45] and improving device 
characteristics [6.132]. Only a fraction of the added hydrogen passivates 
grain-boundary states [5.43] so that the amount of hydrogen added must 
be considerably greater than the number of grain-boundary states to be 
passivated. The efficiency of the hydrogenation process increases with 
increasing dissociation of H2 or Ht into atomic Hand H+ [5.46]. In ad­
dition to the concentration of hydrogen ions, the effectiveness of plasma 
hydrogenation depends on the temperature of the substrate, and the du­
ration of the treatment [5.47]. The effectiveness of hydrogenation may 
possibly also be increased by coupling acoustic energy into the system 
[5.48]. Plasma hydrogenation is the most widely used hydrogenation 
technique, but it is time consuming. 

In addition to passivating grain-boundary defects, plasma hydro­
genation can also neutralize dopant atoms, especially boron, reducing 
the electrically active dopant concentration [5.49, 5.50]. For moder­
ately doped films, the decreased dopant concentration may increase the 
grain-boundary barrier, adversely affecting the resistivity. 

Hydrogen can also be added effectively by diffusing it from a 
hydrogen-containing, plasma-deposited, nitride layer (SiNx:H) of the 
type often used to passivate integrated circuits [5.51]. The hydrogen 
content is these nitride layers is often 10-20%, and the hydrogen is 
weakly bound; it diffuses readily and can move from the nitride into 
an adjacent polysilicon film during a mild heat treatment - often at 
"'400°C. The effectiveness of adding hydrogen by this technique de­
pends on the annealing temperature and time. The technique is simple, 
but control and subsequent device stability are questionable. 

Hydrogen passivation can also be obtained by implanting hydrogen 
into the polysilicon film. Subsequent annealing at a low temperature 
moves the hydrogen to the grain boundaries, where it can interact with 

IPR2025-00099 Page 00042



228 CHAPTER 5. ELECTRICAL PROPERTIES 

the defects to reduce the effectiveness ofthe grain-boundary traps [5.45]. 
The hydrogen also appears to activate some of the dopant atoms segre­
gated to grain boundaries [5.52], causing somewhat different interactions 
with dopants that segregate and those that do not. The effectiveness of 
hydrogenation by ion implantation depends on the hydrogen dose and 
the subsequent annealing temperature. The technique is very control­
lable, and throughput can be high, but implant damage can possibly 
degrade the devices. To reduce implant damage, the hydrogen can be 
implanted into the surrounding dielectrics and diffused into the polysil­
icon, but much higher hydrogen doses are then needed. 

Although the hydrogen added to polysilicon can passivate the grain 
boundaries, it is not firmly bound. The hydrogen, and consequently 
the passivation, are rapidly lost from the grain boundaries by anneal­
ing at temperatures in the 400-500°C range [5.52, 6.132]. Therefore, 
it must be added after all high-temperature heat treatments in the 
device-fabrication process are complete. The hydrogenation process is 
repeatable, and hydrogen can be re-incorporated by another exposure 
to active atomic hydrogen. Positively charged hydrogen species may 
possibly move in electric fields within devices [5.53], causing concern 
about long-term reliability of hydrogen-passivated devices. The limited 
stability of hydrogen has led to the investigation of deuterium for simi­
lar passivation of grain boundaries, but with greater stability [5.54]. In 
addition to hydrogen and deuterium, lithium can also passivate grain 
boundaries [5.55] and neutralize recombination centers [5.56]. Although 
lithium is less compatible with integrated-circuit processing than hydro­
gen, lithium has been suggested for use in solar cells. 

5.5.2 Recrystallization 

Even when the grain boundaries are passivated with hydrogen to the 
maximum extent practical, the number of active grain-boundary states 
is still appreciable. To obtain devices of markedly higher quality, the 
grain boundaries themselves must be removed or at least reduced in 
number. As we saw in Sec. 2.11.2, solid-phase grain growth of moder­
ately doped polysilicon requires extremely high temperatures for long 
times and is incompatible with integrated-circuit processing. However, 
large grains can be obtained by rapidly melting and solidifying the 
fine-grain polysilicon film with a scanned heat source such as a cw 
laser, electron beam, graphite strip-heater, or high-intensity incoher-

IPR2025-00099 Page 00043



5.5. GRAIN-BOUNDARY MODIFICATION 229 

ent lamp [2.119]. When the silicon solidifies, only a relatively small 
number of grains nucleate; these grains grow laterally into the rapidly 
cooling molten silicon to produce large-grain material containing few 
grain boundaries with their associated traps. The entire thickness of 
the fine-grain silicon must be melted so that the solidifying silicon does 
not regrow on the underlying small grains to again produce a fine-grain 
structure. The moving heat source provides the temperature gradient 
needed for lateral growth from a few nucleating grains [5.57]. Alterna­
tively, the lateral thermal gradient can be obtained by locally varying 
the amount of power absorbed by partially covering the surface with 
layers of varying reflectivity [5.57]. The heat loss into the underlying 
substrate may also be varied locally by placing oxides of different thick­
nesses under different regions of the polysilicon [5.57]. 

Controlled lateral temperature gradients are not readily obtained 
with a pulsed laser. However, the availability of high-power lasers, es­
pecially excimer lasers, with relatively uniform light intensity over ar­
eas of ('V 1 cm2 makes these lasers useful for significantly improving the 
properties of polysilicon films [5.58]. Although melting the layer with a 
pulsed laser may not increase the grain size optimally, it can reduce the 
defect density within the grains [5.59]. The grain size can be increased 
further by locally varying the power absorption by placing patterned 
layers on the surface to change the optical absorption [5.57, 5.60]. 

Crystallizing a film deposited in the amorphous form with a pulsed 
laser can be especially attractive when the film is deposited on a sub­
strate with a low melting or softening temperature, such as inexpensive 
glass. Because the laser pulse is short, the silicon film stays at the 
melting temperature for ~100 ns, limiting the heating of the underlying 
glass substrate. 

In moderately doped, fine-grain polysilicon, the resistivity varies 
rapidly with dopant concentration as the grain-boundary traps become 
saturated with carriers. Because most of the grain boundaries are re­
moved in recrystallized polysilicon, the resistivity is much less sensitive 
to variations in the dopant concentration. For example, for a resistivity 
in the intermediate range, melting with a laser can reduce the resistiv­
ity variation from a factor of ten to a factor of two for a 30% change in 
the implanted dose [5.61] if the resistor dimensions are large enough to 
sample many grains. If the dimensions are small, however, only a few 
grains are included, and significant statistical resistivity variations can 
occur. 
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The remaining grain boundaries in the recrystallized silicon film arise 
from random nucleation. In critical applications even these few grain 
boundaries must be removed. This can be accomplished by opening win­
dows periodically in the oxide above the single-crystal substrate before 
the fine-grain polysilicon is deposited. As the molten silicon solidifies 
during recrystallization, the crystal structure of the substrate propa­
gates into the solidifying material, first vertically, and then laterally over 
the oxide, to produce grain-boundary-free, single-crystal silicon over the 
insulating oxide. However, the distance that the grain-boundary-free 
material can propagate laterally is limited by competing random nucle­
ation, restricting the use of this seeding technique. 

As an alternate approach, transparent material of varying thick­
ness can be placed above the silicon before recrystallization so that the 
amount of power absorbed from a narrow-band optical source varies 
from one region to another. The regions that absorb the least power 
are coolest and solidify first so that any grain boundaries that sub­
sequently form are outside of these regions. Because the location of 
the grain boundaries can be controlled photolithographically using this 
technique, they can be placed outside of the active device regions (eg, in 
the isolation regions between devices). This technique can be coupled 
with the seeding technique discussed above to control the orientation of 
the grain-boundary-free material. 

5.6 Heavily doped polysilicon 

The major use of polysilicon films in ULSI circuits is for the gate elec­
trode and one layer of interconnections in MOS integrated circuits. The 
material used for interconnections must have the lowest possible resis­
tivity to increase circuit speed and avoid voltage drops along long lines. 
However, as increasing concentrations of dopant atoms are added to 
polycrystalline silicon (for example, by ion implantation), the resistiv­
ity decreases to a.limiting value and then remains constant, as shown in 
Fig. 5.18 [5.62]. Because boron does not segregate to grain boundaries, it 
is the most effective and controllable dopant in moderately doped films; 
however, at high dopant concentrations the resistivity of phosphorus­
doped polysilicon is lower. The limiting resistivities are about 400 f..Ln­
cm in phosphorus-doped polysilicon and about 2000 f..Ln-cm in arsenic­
or boron-doped polysilicon after annealing at 1000°C. 
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Figure 5.18: The resistivity of polysilicon after annealing at 1000°C is 
limited to approximately 2000 /tn-cm for boron and arsenic doping and 
about 400 /tn-cm when the polysilicon is doped with phosphorus. From 
[5.62]. Reprinted with permission. 

Hall measurements [5.62-5.64] suggest that the electrically active 
carrier concentration saturates as the dopant concentration increases 
and remains constant as more dopant atoms are added. The dopant con­
centrations at which the number of electrically active carriers saturates 
are somewhat less than 1 x 1021 cm -3 for phosphorus, ",2 X 1020 cm -3 for 
boron and ",6 X 1020 cm-3 for arsenic [5.62, 5.63]. However, the number 
of electrically active carriers is considerably less than the dopant con­
centration needed to reach saturation in polysilicon, as in single-crystal 
silicon [5.65]. The carrier mobilities in heavily doped polysilicon are 
about half those in single-crystal silicon of the same dopant concentra­
tion. Similar behavior has been found for films deposited under widely 
varying deposition conditions, as discussed below. 

5.6.1 Solid solubility 

While the resistivity in moderately doped polysilicon is much greater 
than that in similarly doped single-crystal silicon, the resistivity in 
heavily doped polysilicon is only about twice that in correspondingly 
doped single-crystal silicon. Values of resistivity approaching those in 
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single-crystal silicon suggest a common resistivity-limiting mechanism. 
In single-crystal silicon at high dopant concentrations, the amount of 
substitutional dopant that can be incorporated into the lattice is lim­
ited by the solid solubility of the dopant species in silicon [5.65, 5.66]. 
Solid solubility also appears to limit the amount of dopant that can be 
actively incorporated into polysilicon [5.67], with the same value of solid 
solubility in the crystalline grains of polysilicon as in single-crystal sili­
con [5.68]. At high phosphorus concentrations the carrier concentration 
saturates at that corresponding to solid solubility [5.69]; for arsenic, the 
saturation value appears to be less than the reported solid-solubility car­
rier concentration [5.70], possibly because of uncertainly in the value of 
arsenic solubility in silicon [5.63], as well as significant arsenic precipita­
tion and segregation. The limiting resistivity is greater in arsenic-doped 
films than in phosphorus-doped ones for polysilicon, as for single-crystal 
silicon [5.67]. The solid solubility depends more strongly on tempera­
ture for boron than for arsenic over the 800-1000°C temperature range 
[5.71]. 

Solid solubility appears to limit the conductivity in films deposited 
over a wide range of conditions, including those deposited in cold-wall 
reactors over the temperature range from 700 to 1000°C [1.33], as well 
as films deposited in the more common, hot-wall, low-pressure reactors. 

In somewhat less heavily doped polysilicon, the observed carrier con­
centration is less than the dopant concentration, probably because of 
dopant segregation at the grain boundaries. For phosphorus, about 
80% of the dopant atoms are electrically active, while for arsenic, which 
segregates more strongly, only about 60% are active, contributing to 
the lower conductivity in arsenic-doped films even below solid solubility 
[5.63]. 

5.6.2 Method of doping 

Gas-phase doping: Dopant atoms can be added to poly silicon during 
deposition by introducing a phosphorus-containing gas such as phos­
phine PR3 into the deposition chamber or after deposition either by 
diffusion from a gaseous source such as PR3 or POCb or by ion implan­
tation. When phosphorus is added to the films from a gaseous source at 
a relatively high temperature (so that thermal equilibrium is attained in 
a relatively short time), the amount of phosphorus incorporated appears 
to equal its solid-solubility value at the doping temperature. Auger 
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Figure 5.19: After doping from a gaseous source, the resistivity of 
polysilicon is slightly lower for higher doping temperatures. 

analysis of films doped from a POCb source suggests that the total 
phosphorus concentration increases monotonically with increasing dop­
ing temperature, corresponding to its increased solid solubility at higher 
temperatures. Relatively little additional dopant is incorporated within 
the grain boundaries or as precipitates during the deposition process. 
The amount of dopant needed to saturate the dopant segregation sites 
at grain boundaries appears to be only a small fraction of the total 
dopant concentration in very heavily doped films. 

The electrical properties also reflect the increasing solid solubility 
with increasing temperature in the normal temperature range [5.65]. 
The resistivity decreases slightly with increasing doping temperature, as 
shown in Fig. 5.19 [5.72]. Figure 5.20 [5.72] shows that, even in single­
crystal silicon, the limiting carrier concentration nss is lower than the 
solid-solubility dopant concentration Css [5.65,5.66]. If the electrically 
active carrier concentration corresponding to solid solubility at each 
doping temperature is combined with the resistivity of the correspond­
ing film (Fig. 5.19), a nearly constant mobility of about 32 cm2 /V-s is 
calculated over the entire doping-temperature range considered. This 
value is similar to that obtained from Hall measurements and is about 
half the single-crystal mobility at the same dopant concentration. 

Ion implantion: Although little excess phosphorus is incorporated 
when poly silicon films are doped from a gaseous source, average concen­
trations of dopant atoms well in excess of solid solubility can be added by 
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Figure 5.20: The resistivity is consistent with a free-carrier concentra­
tion nss corresponding to the solid solubility Css of phosphorus at 
the doping temperature and a mobility f.1 equal to about half that in 
similarly doped, single-crystal silicon. 

ion implantation. However, dopant atoms at concentrations above solid 
solubility are not usually electrically active [5.71]. For at least phospho­
rus, the excess dopant atoms can precipitate at grain boundaries and 
may seriously degrade the integrated circuit. For example, as we saw in 
Sec. 4.2.3, phosphorus-containing precipitates can oxidize more rapidly 
than polysilicon to form a low-quality oxide [4.7]. Subsequent etching 
of the oxide can leave voids extending through much or all of the thick­
ness of the polysilicon in these regions and attack the underlying gate 
oxide. For high dopant concentrations, conventional ion implantation 
from mass-separated sources can be slow. Alternative techniques are 
being investigated to add large amounts of dopant rapidly, especially 
for large-area polysilicon devices [5.73, 5.74]. 

Diffusion from doped oxides: Polysilicon films can also be doped 
by diffusion from a doped oxide formed by chemical vapor deposition 
or from a spin-on glass containing a high concentration of the dopant 
species [5.75]. Using a spin-on glass requires careful evaporation of the 
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solvent before heating to the dopant diffusion temperature to preserve 
the film integrity. The portion of the doped oxide or glass adjacent to the 
polysilicon must be heavily doped; a thin undoped region can block the 
diffusion of boron. For phosphorus, the phosphorus-containing region 
can "melt through" a thin undoped region. 

In situ doping: The kinetics of in situ doping were discussed in 
Sec. 1.8. Excess dopant can be incorporated when the dopant is added 
during deposition. At the low temperatures at which polysilicon films 
are usually deposited, the time needed for the dopant to reach equilib­
rium can be much longer than the time to deposit a few atom layers 
of silicon, and nonequilibrium dopant concentrations in excess of solid 
solubility can be incorporated. The excess dopant may be electrically 
active immediately after deposition, contributing carriers to the con­
duction process [5.68, 5.76]. 

Because of the nonunity segregation coefficient of the dopant from 
the gas phase into the depositing silicon film, the dopant-gas concentra­
tion can decrease at a different rate than the silicon-gas concentration 
along the length of the reaction chamber. Therefore, the concentra­
tion of dopant incorporated into the film can vary along the length of 
the chamber. When the dopant concentration is above solid solubility, 
the amount of excess dopant in different films can vary even though 
the carrier concentration of all the films corresponds to solid solubility. 
Consequently, the amount of precipitation and the related film degra­
dation occurring later in the device-fabrication process can vary with 
the position of the wafer in the reactor. 

5.6.3 Stability 

Although carrier concentrations corresponding to high solid solubilities 
can be introduced at high doping temperatures, the dopant may not 
remain electrically active after further, lower-temperature, heat treat­
ments. Because the solid solubility is usually lower at the lower tem­
perature, the dopant is rejected from active substitutional sites. It may 
precipitate within the grains, or more likely at the grain boundaries, 
where the disordered structure provides sites for easy precipitation. If 
the time of the lower-temperature heat treatment is long enough for 
thermal equilibrium to be reached, the dopant in excess of solid solu­
bility at the lower temperature precipitates and no longer contributes 
to the conductivity of the film. However, during very short heat treat-
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ments, the dopant may not have time to reach equilibrium at the new 
temperature, and active dopant concentrations in excess of solid solu­
bility can be obtained. 

The effect of annealing on dopant deactivation can be seen for 
polysilicon films doped with phosphorus from a gas-phase source at 
lOOO°C and subsequently annealed at lower temperatures for a lim­
ited time [5.63]. High active dopant concentrations can be obtained by 
rapidly heating to a high temperature with a laser and cooling quickly. 
Subsequent furnace annealing can reduce the active carrier concentra­
tion [5.63]. At very low annealing temperatures, the carrier concentra­
tion changes little, although the dopant concentration is substantially 
above solid solubility at these temperatures; the annealing time is not 
long enough for excess phosphorus to leave solution. At intermediate an­
nealing temperatures, less time is needed, and the carrier concentration 
decreases as excess phosphorus is able to leave solution during the heat 
treatment. Some of the excess dopant is likely to leave solution even 
during the final integrated-circuit annealing process in the 400°C tem­
perature range. At high temperatures, the carrier concentration again 
increases because of the increased solid solubility. Assuming that the 
amount of dopant added during gas-phase doping equals the solid solu­
bility at the doping temperature, the phosphorus concentration should 
be below solid solubility at temperatures higher than the doping tem­
perature, and the carrier concentration should not depend strongly on 
the annealing temperature. 

In addition to the nominal annealing temperature and time, the rate 
of temperature transitions can affect the final resistivity. The cooling 
rate is especially important after annealing heavily doped films at high­
temperatures. At high temperatures the dopant solid solubility is high. 
As the films are cooled the equilibrium solid solubility decreases. If 
the cooling is slow, much of the dopant has time to leave solution; the 
active carrier concentration decreases; and the resistivity increases, as 
discussed in Sec. 3.6.2 [3.92]. The slow cooling used to avoid wafer 
deformation increases the loss of dopant. The fast cooling used after 
rapid thermal processing minimizes the dopant loss. 

Competing changes during annealing can lead to complex changes 
in the resistivity. In situ doped films deposited at low temperatures 
can contain dopant concentrations above solid solubility at the depo­
sition temperature. When they are annealed at higher temperatures, 
the grains may grow, with a corresponding increase in mobility and de-
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crease in resistivity. At the same time, excess dopant can leave solution, 
increasing the resistivity. 

5.6.4 Mobility 

Although the barrier to conduction created by the depletion regions 
surrounding the grain boundaries decreases at high dopant concentra­
tions (as expected from Poisson's equation), the mobility at the highest 
dopant concentrations is only about half that in single-crystal silicon. 
Similar values are found from Hall-mobility measurements [5.15, 5.62] 
and inferred from the limiting resistivity and the carrier concentra­
tion corresponding to solid solubility [5.72] (Fig. 5.20). The high, nar­
row, grain-boundary barrier, through which the carriers must tunnel 
[5.32, 5.33], can explain this difference. A barrier thickness of about 
1 nm and a barrier height corresponding to amorphous silicon are con­
sistent with the experimental data [5.35, 5.36]. 

The mobility is also different for different n-type dopant species 
[5.67, 5.68], and is lower in arsenic-doped films than in phosphorus­
doped films [5.63, 5.64]. A value close to 30 cm2 /V-s is obtained for 
the highest phosphorus concentrations that can be achieved by furnace 
annealing, but the mobility is only about 20 cm2 /V-s for arsenic-doped 
polysilicon [5.15, 5.63, 5.64]. The lower mobility in arsenic-doped films 
is attributed both to stronger ionized-impurity scattering by arsenic, 
as in single-crystal silicon [5.63], and to more effective grain-boundary 
scattering in arsenic-doped polysilicon than in phosphorus-doped films. 
Melting the film with a laser reduces the strong grain-boundary scat­
tering in arsenic-doped polysilicon [5.63]. The resistivity of furnace­
annealed films containing high concentrations of both arsenic and phos­
phorus is higher than that for films doped only with phosphorus. This 
behavior, attributed to the increased grain-boundary scattering caused 
by arsenic, degrades the performance of some MOS integrated circuits 
in which the arsenic implantation used to dope the source and drain 
regions also enters the polysilicon gate that has previously been doped 
with phosphorus. 

5.6.5 Trends 

The trend toward lower processing temperatures for ULSI fabrica­
tion decreases the conductivity that can be achieved in polysilicon. 
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Using short, high-temperature, heat cycles near the end of the device­
processing sequence can improve the conductivity [5.77]. Because grain 
boundaries and other defects limit the mobility in even heavily doped 
polysilicon, the mobility can be improved somewhat by reducing the 
number of grain boundaries. Larger grains can potentially be obtained 
by solid-state grain growth or by liquid-phase recrystallization, but the 
improvement in mobility is limited to approximately a factor of two for 
very heavily doped polysilicon. 

Although the limited conductivity of polysilicon is becoming an in­
creasingly severe constraint on the performance of small-geometry, high­
performance integrated circuits, polysilicon is often augmented by an 
overlayer of a more highly conductive material, such as a refractory 
metal silicide, as we saw in Sec. 3.5.3. Retaining the superior electrical 
properties and excellent stability of MOS transistors with polysilicon 
directly over the gate insulator is strong motivation for augmenting, 
rather than replacing, polysilicon in the near future. 

However, as will be discussed in Sec. 6.2.6, the modulation of the 
carrier concentration by the gate voltage within the polysilicon near the 
underlying gate dielectric can create a depletion region that decreases 
the effective coupling of the gate voltage to the transistor channel and 
degrades the maximum transistor current. This limitation may even­
tually lead to the replacement of poly silicon with a metal [6.11]. Even 
in this case, however, the gate may be initially formed from polysilicon 
- to utilize its compatibility with high-temperature processing - and 
replaced with metal later in the process [6.12]. 

5.7 Minority-carrier properties 

5.7.1 Lifetime 

In our discussion of conduction in polycrystalline silicon, we saw that 
the current was limited by potential barriers that impede the flow of ma­
jority carriers. Minority carriers, on the other hand, see an attractive, 
rather than a repulsive, potential, and can readily move to the grain­
boundary defect states and recombine with trapped majority carriers. 
Because of the efficient recombination at grain boundaries, the minority­
carrier lifetime in polysilicon is expected to be markedly less than in 
single-crystal silicon. In addition, the defect concentration within the 
grains of polysilicon is higher than in high-quality, single-crystal sili-
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con, and recombination at defects within the grains again reduces the 
minority-carrier lifetime. 

The effective lifetime reff can be written in terms of the volume 
lifetime 10 in the grains and the grain-boundary recombination velocity 
s [5.24, 5.78, 5.79]. Alternatively, it can be expressed as [5.80] 

2d exp (-qVB/kT) 
reff = - ___ -=-~..::...-;:;...:,.. ___ -7-

3crvDT(Efn - Efp) 
(5.36) 

where DT is the interface trap density (cm-2 eV-1 ), cr is the capture 
cross section, d is the grain size, v is the thermal velocity of the carriers, 
VB is the height of the potential barrier at the grain boundary, and E fn 
and Efp are the quasi-Fermi levels for electrons and holes, respectively. 

Another approach estimates the lifetime by treating the surface re­
combination sites as if they were distributed uniformly throughout the 
bulk of the material [5.14]. In this approximation 

1 
reff = --­

crvNsT 
(5.37) 

where NST is the effective density of recombination centers (per unit 
volume). For cubic grains, the number of recombination centers per 
unit volume is given by NST = 3 Nit! d, where Nit is the concentration of 
recombination centers per unit area at the grain boundary. 

U sing the latter approach, the lifetime can be found from diffusion 
length measurements, from photoconductive decay, or from the reverse 
characteristics of p-n junction diodes. The reverse characteristics of 
diodes formed within material with sub micrometer grain size are domi­
nated by generation within the space-charge region of the p-n junction, 
and the corresponding lifetime is of the order of 20-100 ps [6.106]. In 
thicker films with larger grains, the lifetime inferred from forward diode 
characteristics is about 100-300 ps in polysilicon, much less than the 
microsecond lifetime found in similarly doped single-crystal films. 

Because the total grain-boundary area per unit volume depends on 
the grain size, the lifetime also varies as the grain size changes. Fig­
ure 5.21 [5.14] shows the predicted linear dependence of lifetime on grain 
size. From the empirical relation reff = 5 X 10-6 d found from Fig. 5.21, 
and v = 107 cm/s, the product crNit = 6.7 X 10-3 • With the value of 
cr = 2 X 10-16 cm2 measured for the capture cross section of surface 
states, Nit is found to be 3 X 1013 cm-2 - about an order of magnitude 
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Figure 5.21: The minority-carrier lifetime in polysilicon increases ap­
proximately linearly with increasing grain size. From [5.14]. Reprinted 
with permission. 

greater than the density of carrier traps found from the majority-carrier 
conductivity. However, the different effect of lifetime in neutral regions 
and in depletion regions should also be considered in interpreting the 
experimental data [5.81]. 

5.7.2 Switching characteristics 

The properties of the parabolic, depletion-region barriers between grains 
not only depend on the physical nature of the grain boundary, but they 
can also be modulated by the electrical bias applied and the current 
flowing. Applying a high voltage can cause the current to increase 
abruptly. The change may persist only while the voltage is applied 
(threshold switching), or it can be permanent (memory switching). 

Temporary threshold switching is usually caused by changes in the 
net charge in the grain-boundary traps and the surrounding depletion 
regions by excess carriers traveling across the sample [5.82-5.85]. As 
the charge that causes the depletion-region barriers is neutralized by in­
jected charge, the depletion-region barriers decrease, and the majority­
carrier current flowing in the sample increases. The resulting abrupt 
change in the conductivity with applied voltage leads to the observed 
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threshold switching. The dynamics of charge trapping and emission can 
also cause anomalous capacitive current [5.86]. 

In the simplest case, minority carriers injected into the grains 
cause threshold switching by neutralizing some of the majority carri­
ers trapped at the grain boundaries, with the consequent barrier-height 
decrease and current increase. Consider a p+ -n junction within a polysil­
icon layer [5.87]. At low voltages, only a few holes are injected from 
the p-type polysilicon into the n-type polysilicon. The trapped charge 
at the grain boundary is not appreciably changed, and the resistivity 
of the n-type region remains high. However, when a large number of 
holes is injected, the holes can interact strongly with the grain-boundary 
traps. The holes can recombine with trapped electrons or themselves be 
trapped, depending on the trap energies. In either case, the net negative 
charge in the grain boundary decreases, and the amount of compensat­
ing charge in the surrounding space-charge region also decreases, low­
ering the barrier height. This reduction of the barrier height increases 
the conductivity of the polysilicon, so that more voltage is available 
to forward bias the p+ -n junction. More holes are then injected into 
the polysilicon, leading to regenerative feedback above a critical switch­
ing voltage. When sufficient charge has been injected to neutralize the 
grain boundaries in the lightly doped region, only a small holding volt­
age is required to provide the current needed to maintain the grain 
boundaries in their low-resistance, neutral state. Similar behavior can 
occur if charge is injected from the electrodes into the polysilicon. In 
either case, the resistance of the polysilicon appears to "switch" from 
a high-impedance state to a low-impedance state. When the voltage is 
removed, the excess minority carriers recombine; majority carriers are 
again trapped; and the resistance of the polysilicon returns to its initial 
high value determined by the zero-bias barrier height. 

Injection of excess majority carriers can also cause threshold switch­
ing. Initially, some of the injected carriers are trapped at the grain 
boundaries (assuming that not all of the traps were previously filled), 
and the barrier height increases. However, once the grain-boundary 
traps are filled, additional majority carriers are not trapped at the grain 
boundaries, but remain in the grains to neutralize the uncompensated 
dopant atoms near the grain boundaries, decreasing the barrier height. 

In addition to charge injection, the applied voltage itself can cause 
threshold switching. When a voltage is applied, a portion of the voltage 
appears across the depletion region on each side of each grain bound-
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ary. The resulting high electric field across the reverse-biased side of 
the barrier can narrow and lower the barrier. Some of the trapped car­
riers can then escape from the grain-boundary traps either by tunneling 
through the narrowed barrier, or by thermionic emission over the bar­
rier, which has been lowered by the applied voltage (or by thermionic­
field emission). As the traps at one grain boundary empty, the barrier 
height decreases, allowing more of the applied voltage to appear across 
other grain boundaries, and similar field-assisted trap emptying becomes 
likely at the other grain boundaries. This regenerative effect can lead 
to a rapid increase in the conductivity of the polysilicon as the voltage 
increases. 

The switching behavior depends strongly on the temperature, with 
the probability of switching increasing rapidly with increasing temper­
ature. The switching voltage and the holding voltage both increase 
significantly when the number of grains across which the voltage is ap­
plied increases, but the switching and holding currents are relatively 
insensitive to the number of grains. In fine-grain polysilicon, the ap­
plied voltage is divided across many grain boundaries so that any effect 
of the statistical inhomogeneities from one grain to another is small. 
However, in large-grain material, formed by laser recrystallization for 
example, only a few grain boundaries appear in the conduction path, 
and multiple, discrete, negative-resistance switching voltages are ob­
served [5.84]. 

At higher currents, a large, permanent reduction in the resistivity 
of the polysilicon can occur. This memory switching is probably re­
lated to the formation of a permanent, relatively conductive filament 
by resistive heating of the polysilicon when a high current flows [5.82]. 
Dopant atoms from the heavily doped contact regions can diffuse rapidly 
along a very hot solid path or a molten region to form a heavily doped, 
conductive channel that remains when the applied voltage is removed 
[5.88,5.89]. Memory switching can decrease the resistance by a factor of 
106 or more because of the highly nonlinear dependence of the resistiv­
ity of polysilicon on the dopant concentration. More complex memory 
switching behavior is observed in polysilicon doped with both boron and 
phosphorus. It has been suggested that n-type regions within the grains 
are converted into p-type regions as the phosphorus content within the 
grains is reduced by the tendency of phosphorus to segregate to grain 
boundaries [5.90]. 
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5.8 Summary 

Grain-boundary effects cause the electrical properties of polycrystalline 
silicon to differ from those of single-crystal silicon. At low and moder­
ate dopant concentrations, dopant segregation to and carrier trapping 
at grain boundaries reduces the conductivity of polysilicon markedly 
compared to that of similarly doped, single-crystal silicon. Not only 
is the number of carriers reduced, but movement of the carriers from 
one grain to another is impeded by potential barriers surrounding the 
grain boundaries. Because the properties of moderately doped polysili­
con are limited by grain boundaries, modifying the carrier traps at the 
grain boundaries by introducing hydrogen to saturate dangling bonds 
improves the conductivity. 

When polysilicon is used as a gate electrode or an interconnection in 
integrated circuits, its limited conductivity can degrade circuit perfor­
mance. At high dopant concentrations, the active carrier concentration 
is limited by solid solubility of the dopant species in crystalline silicon. 
The amount of active dopant is influenced by the time and temperature 
of the last fabrication step at which the dopant is mobile enough to in­
teract with grain boundaries or approach its equilibrium solid-solubility 
value. 

The minority-carrier lifetime in polysilicon is markedly lower than 
that in single-crystal silicon, but it increases with increasing grain size. 
High applied voltages can lead to temporary or permanent reduction in 
the resistance of a polysilicon structure. 
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Applications 

6.1 Introduction 

In previous chapters we considered the properties of polysilicon that 
make it useful in integrated circuits. In this chapter, we want to apply 
that information to specific applications. Because of the wide range of 
integrated-circuit devices in which polysilicon is now used, this discus­
sion cannot be all inclusive. A few of the more important applications 
are considered in detail, and others are briefly mentioned. 

The dominant application of polysilicon is for gate electrodes in 
CMOS (s;.omplementary metal-Qxide-§.emiconductor) integrated circuits, 
and that technology will be discussed in some detail. Related devices, 
such as nonvolatile, floating-gate, memory elements and high-value load 
resistors will also be examined. In addition to CMOS applications, 
polysilicon is used in most bipolar integrated circuits, where it both 
provides compact, low-capacitance structures and modifies the basic 
transistor physics. As use of polysilicon for bipolar integrated circuits 
became more widespread, the technologies used to fabricate MOS and 
bipolar integrated circuits have tended to converge, and many of the 
processes developed for one technology are applied to the other. 

Poly silicon is also widely used in dynamic, random-access memories 
(DRAMs). In some DRAMs multiple layers of polysilicon are placed 
above the surface of the silicon substrate to form complex stacked ca­
pacitor cells; in other cases, a trench is formed in the substrate, coated 
with a dielectric, and then filled with polysilicon to form the storage ca­
pacitor. Polysilicon-filled trenches are also being increasingly used for 
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Figure 6.1: In the aluminum-gate MOS transistor, the gate must over­
lap the source and drain by one alignment tolerance to ensure that a 
continuous channel is formed when the transistor is turned on. 

isolation between adjacent devices of high-performance circuits. 
We will also examine structures in which the active portion of the 

device is placed within the polysilicon layer itself. These devices include 
diodes with both the p-type and n-type regions within the polysilicon 
and MOS transistors with their channels in polysilicon films. Thin-film 
transistors are being increasingly used in active-matrix displays. Novel 
use of polysilicon to form structural elements of microelectromechan­
ical systems (MEMS) is seeing increasing attention. This application 
requires careful control of the mechanical properties of polysilicon. 

Use of polysilicon in optical devices, such as solar cells, is not con­
sidered extensively here, primarily because of space limitations, but also 
because the polysilicon used for solar cells often differs significantly from 
that used in integrated circuits. 

6.2 Silicon-gate MOS transistor 

Development of polysilicon technology was motivated by the potential 
use of poly silicon as a gate electrode for MOS integrated circuits.1 In the 
mid-1960s most gate electrodes were made from aluminum (Fig. 6.1), 
which was deposited after the source and drain regions were doped. The 
aluminum gate must overlap the source and drain regions by at least 
one alignment tolerance to insure that a continuous conducting channel 
is formed from the source to the drain when the gate is biased to turn 
on the transistor. The required alignment tolerance causes a significant 

IThe term Metal-oxide-semiconductor (MOS) transistor is used to describe the 
device even when the gate is made from heavily doped polysilicon. 
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Miller feedback capacitance between the gate and the drain, reducing 
the circuit speed.2 

By employing a gate-electrode material that allows the source and 
drain regions to be formed using the gate electrode as a mask (ie, to be 
self-aligned), this capacitance can be greatly reduced. Self-aligned gates 
not only reduce the capacitance, but they also make it more uniform 
from one device to another; this device matching is often critical for 
improved circuit performance. The material selected for a self-aligned 
electrode must be compatible with the high temperatures required to 
activate the source and drain dopant and with other high-temperature 
processes that follow gate-electrode formation. 

Although other high-temperature materials, such as tungsten and 
molybdenum were investigated, the compatibility of polycrystalline sil­
icon with integrated-circuit fabrication led to its rapid adoption. In the 
initial attempts to use thin films of silicon for gate electrodes, the sil­
icon layers were deposited by evaporation. However, evaporated films 
could not adequately cover the steps between the gate oxide and the 
field oxide on the integrated-circuit surface. At the time silicon-gate 
technology was being developed, chemical vapor deposition (CVD) was 
routinely used to form the epitaxial silicon needed for bipolar integrated 
circuits. The epitaxial CVD technique was readily extended to polysil­
icon deposition by depositing on an oxide-coated substrate, instead of 
exposed single-crystal silicon, and by using a silicon source gas that did 
not contain chlorine. Because of the readily available technology and the 
conformal step coverage of films produced by chemical vapor deposition, 
this method offorming the silicon layers was quickly adopted [6.1] for the 
silicon-gate MOS transistor shown in Fig. 6.2. The ability of polysilicon 
to be oxidized and its compatibility with further high-temperature pro­
cessing has allowed development of complex device structures employing 
several layers of polysilicon. In addition, polysilicon can be used to inter­
connect devices, allowing more flexible layout than obtained with only 
aluminum interconnections. Polysilicon can also be used for high-value 
resistors, further .reducing chip area. 

Initial silicon-gate integrated circuits used p-channel transistors be­
cause the turn-on voltage or threshold voltage was easier to control both 
in the active device and in the isolation regions. As more experience was 

2The Miller effect increases the effective capacitance by multiplying the geomet­
rical capacitance by the gain of the transistor. 
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Figure 6.2: In a silicon-gate transistor, the gate electrode can be used 
to define the location of the source and drain dopant atoms, thereby 
eliminating the need for a large overlap of the gate electrode. This 
self-aligned structure reduces the overlap capacitance. 

gained, n-channel circuits became more popular because of the higher 
mobility of electrons than holes. Having both n-channel and p-channel 
transistors available on the same chip allows building logic elements 
with very low dc current flowing when the circuit is not switching. To­
day, most integrated circuits are made using this complementary MOS 
(CMOS) technology. 

6.2.1 Complementary MOS 

In the basic CMOS circuit, an n-channel and a p-channel transistor are 
in series, with the same gate voltage applied to both. The source of the 
n-channel transistor is grounded; the source of the p-channel transistor 
is connected to the supply voltage (VDD), as shown in Fig. 6.3. Under 
dc conditions either the n-channel transistor or the p-channel transistor 
should be normally off regardless of the gate voltage applied to the 
pair of transistors to limit the dc current flowing and, therefore, power 
dissipation. 

To satisfy this requirement, the threshold voltage of the n-channel 
transistor should be positive, and that of the p-channel transistor should 
be negative. When the gate voltage is lower than the threshold voltage 
of the n-channel transistor, that transistor is nonconducting (OFF), and 
no dc current flows in the circuit even though the p-channel transistor 
is conducting (ON). When the gate voltage is higher than the threshold 
voltage of the n-channel transistor, that transistor conducts. However, 
the gate voltage is now close to the supply voltage so that the effective 
magnitude of the gate voltage on the p-channel transistor (VDD - Va) is 
small (less than the magnitude of its threshold voltage). The p-channel 
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Figure 6.3: The n-channel and p-channel transistors of a CMOS circuit 
are in series so that one of the transistors is nonconducting when the 
circuit is not switching to limit the dc current. 

transistor is nonconducting, and again negligible current flows in the 
circuit. 

Appreciable current only flows when the transistor is switching. The 
reduced power dissipation of complementary MOS (CMOS) circuits is 
critical when integrated circuits contain millions or tens of millions of 
transistors. For maximum current flow when the transistor is switch­
ing the magnitude of the threshold voltage should be fairly low. The 
threshold voltage magnitude is made as low as practical, consistent with 
the requirement for low leakage current when the gate voltage is zero. 
It is typically ",0.5 V and decreases with more advanced processing. 
Unfortunately, as the threshold voltage decreases, the leakage current 
at zero gate voltage increases, so the leakage current increases as CMOS 
technology advances. 

6.2.2 Threshold voltage 

In addition to reducing the parasitic capacitance of an MOS transistor, 
using poly silicon provides a threshold voltage more compatible with the 
voltages used to bias integrated circuits. The threshold voltage VT of 
an MOS transistor can be written [6.2] 

VT = VFB ± 2 I <PB I ± I Qd I /Cox (6.1) 

where the upper signs refer to n-channel transistors and the lower 
ones refer to p-channel transistors. <PB is the bulk potential [<PB = 
(kT/q)(Ej - Ei), where Ej is the Fermi level and Ei is the intrinsic 
Fermi level]; Qd is the charge in the depletion region separating the 
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Figure 6.4: Definitions of terms used in transistor threshold voltage. 

channel and the neutral bulk materialj and Cox is the capacitance per 
unit area of the gate dielectric. 

The flatband voltage VFB is the gate voltage required to remove 
the curvature from the energy bands in the silicon [ie, the gate volt­
age needed to compensate for the metal-semiconductor work function 
difference 4>MS between the gate material and the substrate material 
(4)MS = 4>M - 4>s) and the interface charge Qfl: 

(6.2) 

The work function 4>s of a semiconductor depends on its doping con­
centration: 4>s = xs + (Ec - Ef )/q, where xs is the electron affinity 
of the semiconductor (ie, the energy between the vacuum level and the 
bottom of the conduction band), and Ec is the energy of the bottom of 
the conduction band. 

For aluminum the work function is about 4.1 V. For silicon the 
electron affinity is about 4.05 V. To obtain maximum conductivity in the 
gate electrode, the polysilicon is usually doped as heavily as practical, so 
that the Fermi level is near the edge of the conduction or valence band 
for n-type or p-type polysilicon, respectively. The gate work function 
is then about 4.1 V for n-type polysilicon and about 5.2 V for p-type 
polysilicon. 

The ability to have different work functions for the gate electrode 
of the n-channel and p-channel transistors can be useful in providing 
the desired threshold voltages for each type of transistor. For the n­
channel transistor, a small positive threshold voltage (typically", 0.5 V) 
is desired, while the threshold voltage of the p-channel transistor should 
be similarly small in magnitude, but negative. 
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For an n-channel transistor with a p-type silicon substrate containing 
a dopant concentration of about 1016 cm -3, the work function of the 
substrate is 4.9 V. With either aluminum or n-type poly silicon as the 
gate electrode, the gate work function is about 4.1 V, so <PMS contributes 
about -0.8 V to the threshold voltage VTn of the n-channel transistor, 
partially compensating the other terms in Eq. 6.1 and reducing the 
threshold voltage to approximately the desired value. 

For the p-channel transistor, the work function of the n-type sub­
strate is about 4.3 V, only moderately different from the work function 
of either an aluminum or an n-type polysilicon gate. The magnitude 
of <PMS is small and does not significantly compensate the other terms 
in Eq. 6.1. The threshold voltage VTp is more negative than desired, 
making the transistor difficult to turn on. To reduce the magnitude to 
the desired value, the surface must be counterdoped with p-type dopant, 
degrading the mobility and process control and causing other difficul­
ties. If the gate of the p-channel transistor is made from heavily doped, 
p-type polysilicon, the gate work function is about 5.2 V. <PMS is then 
significantly positive, compensating the other terms in the expression 
for the threshold voltage, and reducing its magnitude to the slightly 
negative value desired. 

6.2.3 Silicon-gate process 

Basic process: A basic silicon-gate MOS transistor can be built with 
four masking steps. However, building both n- and p-channel transistors 
on the same chip complicates the process and increases the number of 
masking steps needed. Further refinements needed for transistors with 
very small dimensions and for multiple layers of metal to interconnect 
them can increase the number of masking levels to well over twenty and 
add significant complexity to the fabrication process. 

The four basic mask levels shown in Fig. 6.5 are 

1. Isolation to separate the individual transistors. Usually LOCOS 
(LOCal Oxidation of 5.ilicon) or trench isolation (Sec. 6.10). 

2. Polysilicon definition to form the gate of each transistor and 
polysilicon interconnections. 

3. Contact openings to the source, drain, and gate of each transistor. 

4. Metal definition to form the interconnections between transistors. 
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Figure 6.5: The four basic masks needed to form an MOS transistor: 
(1) Isolation. (2) Polysilicon. (3) Contact openings. (4) Metal. 

For complementary transistors, selected regions of the substrate 
must be doped to form a well of the the opposite conductivity type that 
acts as an effective substrate for the second type of transistor. Defining 
this well adds a masking step. To dope the source and drain regions 
of each type of transistor with the appropriate dopant element, one or 
two further masking steps must be added to block (or overcompensate) 
the other dopant species. Adjusting the threshold voltage of each type 
of transistor by selectively adding dopant to the channel adds one or 
two more masks. Another mask may be needed to form lightly doped 
regions in the source and drain adjacent to the channel to reduce the 
electric fields and improve the reliability (the lightly doped drain or LDD 
structure). Other masks include one to add extra dopant near the sur­
face of the isolation (field) region surrounding the n-channel transistor 
to prevent inversion of this lightly doped, p-type region from shorting 
adjacent transistors together. 

Finally, additional metal layers are needed to effectively interconnect 
transistors. Two masks are needed for each additional metal level: One 
to open vias through the the dielectric separating two metal layers, 
and one to pattern the metal itself. With five or even more metal 
interconnection layers, the total number of masks increases significantly. 
For a complex CMOS process, the number of masks can exceed 20. 
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Cond uctivity type of gate electrode 

We saw in Sec. 5.6 that the resistivity of n-type polysilicon doped with 
phosphorus can be lower than that of p-type polysilicon doped with 
boron. For maximum conductivity, the polysilicon for both n-channel 
and p-channel transistors can be doped with phosphorus, with the phos­
phorus added before the polysilicon is patterned. Phosphorus can be 
added to the polysilicon either during deposition or after deposition by 
diffusion from a gas-phase dopant source (usually POCh) or by ion im­
plantation. Adding dopant during deposition is especially attractive if 
the polysilicon is to be covered with a layer of chemically vapor de­
posited silicide to lower the resistance of interconnections. The silicide 
can be deposited in another chamber of a cluster tool without exposing 
the surface of the polysilicon to air, eliminating native-oxide formation, 
as discussed in Sec. 1.5.2. 

With n-type polysilicon and a p-type substrate, the threshold voltage 
of the n-channel transistor is somewhat positive, as desired. However, 
with n-type polysilicon and an n-type substrate, the threshold voltage 
of the p-channel transistor is more negative than desired for high con­
ductivity when it is turned on. To obtain a threshold voltage closer to 
zero, the effective dopant concentration near the surface must be re­
duced by counterdoping with p-type boron. The heavy counterdoping 
needed lowers the carrier mobility and increases the effective distance 
of the controlled charge from the gate electrode. 

On the other hand, as described above, the desired, slightly negative, 
threshold voltage can be readily obtained for the p-channel transistor 
by using p-type polysilicon as the gate electrode. The work function 
of the heavily doped, p-type polysilicon is higher than that of heav­
ily doped n-type polysilicon by approximately the 1.1 eV bandgap of 
silicon, making the threshold voltage of p-channel transistors less neg­
ative. Thus, the threshold-voltage magnitude can be reduced without 
the otherwise-required, counter doping of the channel region. Therefore, 
high-performance CMOS processes use n-type polysilicon for the gate 
of the n-channel transistor and p-type polysilicon for the gate of the 
p-channel transistor. 

Complementary doped gates can be conveniently fabricated. The 
initially undoped polysilicon is patterned before doping, and the n­
channel and p-channel transistors are doped separately. The same ion­
implantation used to dope the source and drain regions also dopes the 

IPR2025-00099 Page 00067



254 CHAPTER 6. APPLICATIONS 

gate electrode. This is especially beneficial for the p-channel transis­
tor: When an n-type gate is used on a p-channel transistor, the p-type 
source-drain dopant counterdopes the n-type gate electrode, reducing 
its conductivity. Using p- type doping in the gate electrode avoids this 
conductivity reduction. However, the arsenic implantation that forms 
the source and drain of the n-channel transistor is also used to dope the 
gate, and the dopant concentration is usually lower than when a sepa­
rate doping cycle is used. With the lower doping, the Fermi level may 
not be at the polysilicon conduction-band edge, changing the effective 
work function of the gate electrode. For reasonably heavy source-drain 
implant doses, however, the flat-band voltages obtained are comparable 
to those of devices in which the polysilicon is doped from the gas phase 
in a separate cycle [6.3J. 

6.2.4 Polysilicon interconnections 

In metal-gate, MOS integrated circuits the signals can only propagate 
in diffused single-crystal silicon regions and in the metal. In silicon­
gate circuits the polysilicon can also be used as an additional partial 
level of short interconnections. Placing the polysilicon interconnections 
over thick field oxide also reduces the interconnection capacitance. As 
integrated circuits become more complex, interconnecting the device 
elements becomes more critical, and the additional flexibility provided 
by polysilicon interconnections becomes more important. However, this 
additional level of interconnections is not totally flexible because the 
processing sequence of a typical silicon-gate integrated circuit prevents 
a heavily doped region of single-crystal silicon from crossing under the 
polysilicon line. 

In addition, the resistance of polysilicon interconnections can be 
high. In Sec. 5.6.1 we discussed the limited conductivity of poly silicon 
resulting from the solid solubility of the dopant in silicon. Even with the 
maximum electrically active dopant concentration, the limiting resistiv­
ity of polysilicon is about 400 !tn-em, much higher than the 3 !tn-em 
resistivity of aluminum. 

When the polysilicon is doped by the source and drain implant, the 
amount of dopant introduced is limited by the requirement for a shal­
low source and drain in the single-crystal silicon. The limited amount of 
dopant restricts the conductance of the polysilicon interconnections. To 
increase the conductance, a silicide or other low-resistance conducting 
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material is usually placed over the polysilicon gates, both to lower the 
interconnection resistance and to short the p+ -n+ diode in the polysil­
icon between the gates of the p-channel and the n-channel transistors. 
As discussed in Sec. 3.5.3, a salicide (§.elf-aligned silicide process) can 
be used to form silicide simultaneously over the source, drain, and gate 
electrodes of an MOS transistor. An oxide or nitride spacer is first 
formed on the sidewall of the gate electrode to prevent shorting of the 
gate to the other electrodes as the silicide is formed. A thin layer of the 
metal to be used to form the silicide (usually titanium or cobalt) is de­
posited. The metal is then annealed at a moderate temperature so that 
it reacts with the exposed regions of single-crystal or polycrystalline sili­
con to form silicide. The unreacted metal over oxide or nitride regions is 
then selectively removed by wet chemical etching without removing the 
silicide. The silicide is then annealed at a higher temperature to lower 
its resistance. This method of forming silicide lowers the resistance of 
the source, drain, and gate electrodes considerably and is stable dur­
ing further processing at moderate temperatures [6.4]. However, heavy 
n- type doping in the polysilicon retards silicide formation. Forming 
TiSi2 also becomes more difficult as the width of the polysilicon lines 
decreases. Titanium silicide is most frequently used. However, because 
of the limitations of TiSi2 , CoSh has been investigated as an alternative 
[6.5]. 

Even when the conductivity of the polysilicon is augmented by a 
silicide, the conductance is much less than that of typical aluminum 
metallization. Because the resistance of a long polysilicon interconnec­
tion can limit high-performance circuits, polysilicon is primarily used 
for short interconnections. 

6.2.5 Gate-oxide reliability 

In addition to the advantages of polysilicon for design and fabrication, 
using a polysilicon gate electrode can improve long-term device relia­
bility. During operation of an MOS integrated circuit, high fields are 
applied across the gate dielectric, leading to possible charge injection 
and trapping in the dielectric, which increases the internal electric field. 
When the internal field exceeds the dielectric breakdown field, catas­
trophic device failure occurs. The time-to-breakdown of the gate oxide is 
higher for structures which use polysilicon as the gate electrode than for 
those with aluminum gates [6.6, 6.7]. The increased time-to-breakdown 
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Figure 6.6: The reliability of polysilicon-gate MOS transistors is greater 
than that of aluminum-gate devices, and the difference increases as the 
gate-oxide thickness decreases. From [6.8]. @1979 IEEE. Reprinted 
with permission. 

is primarily observed with positive bias on the gate electrode; only a 
small improvement is seen with negative bias. For positive gate bias the 
wear-out time at 300°C can 3 to 4 orders of magnitude greater with a 
polysilicon gate electrode. The difference is larger for thinner gate ox­
ides, as shown in Fig. 6.6 [6.8]. While the wear-out time is independent 
of oxide thickness with polysilicon electrodes, it decreases as the oxide 
thickness decreases with aluminum electrodes, making poly silicon more 
attractive in scaled devices. In addition, the activation energy for wear­
out is greater with polysilicon (2.4 eV) than with aluminum (1.4 eV), 
so that the reliability is improved even more near room temperature. 

The improved reliability is postulated to be related to the differ­
ent interactions of polysilicon and aluminum with silicon dioxide [6.6j. 
Aluminum is thought to reduce Si02 by the reaction 

4 Al + 3 Si02 ---+ 2 Al203 + 3 Si (6.3) 

to form stable Ah03. Alternate explanations involve the hydrogen 
introduced during polysilicon deposition or the formation of a thin 
phosphosilicate-glass layer during doping of the polysilicon. 
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6.2.6 Limitations 

The silicon-gate MOS transistor has allowed unprecedented transistor 
density to be achieved during the three decades that it has been used 
as the gate electrode of MOS transistors. However, the limitations of 
polysilicon gate electrodes are becoming more serious as transistor di­
mensions decrease. Both n-channel and p-channel transistors become 
more difficult to build as the gate-oxide thickness decreases along with 
the lateral device dimensions, and the limited conductivity of polysilicon 
increasingly restricts routing signals long distances in polysilicon. 

n-channel transistors: The n-channel transistor is limited by the 
difficulty of heavily doping the entire thickness of the polysilicon gate 
electrode. When a metal is used as the gate electrode of an MOS transis­
tor, the high density of states near the Fermi level ensures that adequate 
carriers are always present adjacent to the gate dielectric to prevent 
carrier depletion and the associated voltage drop in the gate electrode. 
When n-type polysilicon is used, the carrier density in the polysilicon 
near the gate dielectric may be low enough that electrons can be pulled 
away from the bottom of the polysilicon adjacent to the gate dielectric 
at the positive biases used to turn on the transistor, forming a deple­
tion region in the polysilicon. For a given gate voltage, the voltage drop 
across this depletion region reduces the voltage across the gate dielectric 
and the number of electrons induced in the channel of the transistor, 
degrading the maximum current that can flow in the channel of the 
transistor. 

The depleted region of polysilicon effectively acts as an additional 
dielectric in series with the gate dielectric, increasing the gate voltage 
needed to turn on the transistor (the threshold voltage) and decreasing 
the drain current by decreasing the coupling of the gate voltage to the 
channel. The drain current ID in the saturation region can be expressed 
by the simplified equation 

(6.4) 

where k depends on the transistor layout and carrier mobility, Ca is the 
effective gate dielectric capacitance and VT is the transistor threshold 
voltage. Both the increase of VT and decrease of Ca degrade the sat­
uration current. The depletion also increases the switching time of the 
circuit [6.9, 6.10] and increases the energy per cycle for the same gate 

IPR2025-00099 Page 00071



258 CHAPTER 6. APPLICATIONS 

delay. Short-channel effects also increase because the bulk charge under 
the channel is reduced. 

This carrier depletion is especially serious when the gate electrode of 
the n-channel transistor is doped with arsenic at the same time as the 
source and drain junctions are formed. The amount of arsenic that can 
be added to the polysilicon is limited by the need for a shallow source 
and drain, so the amount is less than optimum for doping the polysili­
con. In addition, to form shallow source and drain junctions, the heat 
cycle after implantation is limited, restricting the diffusion of the dopant 
through the thickness of the polysilicon. Even though dopant diffusion 
in polysilicon is much greater than in single-crystal silicon (Sec. 3.3), 
high concentrations of arsenic may not have adequate time to diffuse 
through the entire thickness of the poly silicon to dope the bottom of 
the polysilicon heavily enough that it cannot be depleted by an applied 
gate voltage. A voiding gate depletion requires higher implanted arsenic 
concentrations (consistent with the amount that can be added to the 
source and drain regions), maximizing the diffusion heat cycle (consis­
tent with forming shallow source and drain junctions), and optimizing 
the structure of the polysilicon to allow rapid diffusion. This polysilicon 
depletion can be important for arsenic concentrations less than about 
mid-1019 cm-3 , with the effective dopant concentration somewhat less 
than the total dopant concentration, as discussed in Sec. 5.6.l. 

Carrier depletion is more serious for the thinner gate dielectrics used 
in advanced CMOS circuits. As the gate dielectric becomes thinner, its 
effective coupling capacitance to the channel increases, as desired. A 
given series capacitance associated with the depleted region of the gate 
electrode then causes a greater fractional decrease in the effective gate 
capacitance. With gate dielectrics only a few nanometers thick, even 
slight depletion at the bottom of the polysilicon seriously degrades the 
driving current capability of the transistor. 

Because carrier depletion is an increasingly important limitation in 
n-channel transistors, alternate materials are being investigated for the 
gate electrode [6.11]. However, most metals are less compatible with 
silicon processing than is polysilicon. To reduce process incompatibility, 
in one proposed technique [6.12] the polysilicon gate is formed in the 
normal manner and retained during most of the device processing. After 
the high-temperature steps are completed, the poly silicon is removed 
and replaced by a metal. 
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p-channel transistors: While carrier depletion can limit n-channel 
transistors, a different limitation seriously degrades p-channel transis­
tors. Boron diffuses rapidly through polysilicon, and can possibly diffuse 
through the underlying gate dielectric to change the dopant concentra­
tion in the channel region of the transistor. Boron diffusion through the 
gate oxide occurs readily if hydrogen or fluorine is present. Avoiding a 
hydrogen ambient during the diffusion reduces the penetration. How­
ever, boron is often added to the source, drain, and gate regions of the 
p-channel transistor by implanting BF2 (to obtain a shallow junction 
in the source and drain regions). The fluorine incorporated into the 
polysilicon near the gate oxide enhances boron diffusion through the 
gate oxide and into the channel of the transistor, changing its threshold 
voltage [6.13]. Using B+ as the implant source eliminates the fluorine, 
but at the expense of a lower implant current and an implant voltage 
that is harder to control. Alternatively, nitrogen can be added to all 
or a portion of the thickness of the gate dielectric to reduce the boron 
diffusion even when fluorine is present [6.14-6.16]. Fluorine can also 
degrade reliability by promoting interface-state generation during oper­
ation [6.15]. 

Adding nitrogen to the polysilicon near the gate dielectric has also 
been suggested [6.17-6.19]. Although the nitrogen in the polysilicon can 
effectively block the diffusion-enhancing effect of fluorine, it also reduces 
the electrical activity of boron. The carrier concentration may then not 
be adequate to avoid carrier-depletion near the bottom of the polysili­
con, leading to reduced coupling of the gate voltage to the channel of 
the transistor. 

The structure of the polysilicon can also be modified to reduce boron 
penetration of the gate dielectric. The columnar structure, which allows 
rapid vertical diffusion, can be avoided (although at the expense of less 
effective doping of the gate electrode of the n-channel transistor). For 
example, depositing amorphous silicon and crystallizing it creates larger, 
non-columnar grains. A two-step polysilicon deposition process can also 
decrease the diffusion if the grain boundaries are not continuous through 
the thickness of the polysilicon. 

6.2.7 Process compatibility 

The compatibility of polysilicon with high-temperature processing al­
lows complex fabrication sequences involving multiple layers of polysil-

IPR2025-00099 Page 00073



260 CHAPTER 6. APPLICATIONS 

icon deposition, along with implantation and annealing processes. The 
surface can also be smoothed to allow better coverage of steps by alu­
minum and improve fabrication yield. When density and shallow junc­
tions do not limit the heat treatment, a silicon-dioxide layer containing 
phosphorus and possibly boron can be deposited over the polysilicon 
gate electrodes. It can be heated until its viscosity decreases and it 
"flows," reducing the angle of the steps that the aluminum must cover. 
This phosphosilicate glass (PSG) or borophosphosilicate glass (BPS G) 
can be flowed before the contact windows are opened, or it can be re­
flowed after the windows are opened to provide a more easily covered 
step at the edges of the contact windows. 

The flexibility of polysilicon processing can be used in an additional 
way. As device dimensions decrease, the gate dielectric thickness must 
decrease also. Fragile gate dielectrics of 5-10 nm are often used in 
advanced processes. If additional processing is needed between the for­
mation of the gate dielectric and the deposition of the polysilicon gate 
electrode (eg, masking and implantation to adjust the threshold voltage 
of one type of transistor), a thin, protective layer of polysilicon can be 
placed over the gate dielectric after its formation. After the interme­
diate processing, the remainder of the thickness of the polysilicon gate 
electrode is deposited. 

6.2.8 New structures 

The high-temperature capability of poly silicon also permits the develop­
ment of more complex device structures that provide denser integrated 
circuits with the same minimum feature size. For example, the size of 
the one-transistor, dynamic, random-access-memory (RAM) cell to be 
discussed in Sec. 6.11 cell can be reduced significantly by using two lay­
ers of polysilicon. The first level is patterned and oxidized, and then 
the second is deposited so that the effective spacing between these elec­
trodes is only the thickness of the oxide on the sidewall of the first level 
of polysilicon. 

Independent, closely spaced polysilicon electrodes above single­
crystal silicon are also used in charge-coupled devices. As in the dynamic 
RAM cell, different voltages are applied to adjacent electrodes, and no 
potential barrier can be tolerated in the substrate between these elec­
trodes when they are biased to allow charge transfer. Two or more layers 
of polysilicon are typically used to form these electrodes. Although the 
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Figure 6.7: A nonvolatile memory element can be constructed by using 
a floating polysilicon gate between the silicon and a second control gate. 
Courtesy of J. Andrews 

electrodes are laterally separated by the thickness of the oxide grown 
on the sidewall of the first layer of polysilicon, fringing fields reduce 
the barrier between the two electrodes when both are biased to induce 
inversion layers in the substrate. 

6.3 Nonvolatile memories 

U sing two layers of polysilicon can be advantageous in many other de­
vices also. Nonvolatile, electrically erasable, programmable, read-only 
memories (EEPROMs or E2PROMs) can be fabricated by using one 
level of polysilicon above another in the gate region of the device, as 
shown in Fig. 6.7. The first level of polysilicon is not electrically con­
nected and "floats." The conductance of the underlying channel be­
tween the source and drain regions depends on the charge stored on 
this floating gate. If it contains excess electrons, it repels electrons from 
the channel and turns off an n-channel transistor. A positive charge on 
the gate induces a channel and allows current to flow between source 
and drain. Substantial amounts of this type of memory are frequently 
included in specialized microprocessor chips to allow storage of code 
specific to a particular application and other information that must be 
infrequently modified or must remain when power is removed from the 
system. Similar devices are used in flash memory, although the devices 
are organized in the circuit differently. 

Applying a voltage of the appropriate potential to the top control 
gate allows charge to be transferred through the gate oxide to charge 
the floating gate and write the cell. The charge can be generated by 
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avalanching the drain-substrate junction to create free carriers, which 
are then attracted to or repelled from the floating gate, depending on 
the potential of the control gate. The charge can be removed from the 
floating gate by tunneling through the oxide separating the two layers 
of polysilicon. When this method of erasing the cell is used, the surface 
texture of the lower layer of polysilicon is critical. We have already 
seen in Sec. 4.3 that conduction through oxide grown on polysilicon 
depends strongly on the surface roughness. Consequently, controlling 
the deposition conditions and the resulting structure of the polysilicon 
is probably more critical for this application than for any other. To 
reduce stringent control of the structure formed during deposition, the 
floating silicon layer can be deposited in the amorphous form and subse­
quently crystallized to provide a smooth surface. The surface can then 
be controllably roughed by oxidizing and removing the oxide before the 
tunnel oxide is grown [6.20J. 

Charge may also be removed from the floating gate by forcing it back 
through the underlying gate oxide into the substrate. The discharging 
characteristics depend on the structure of the polysilicon [6.21J. Eras­
ing may be more effective along the phosphorus-doped oxide under the 
grain boundaries [6.21], making the grain size and grain-boundary den­
sity critical. Erasing a number of devices uniformly may depend on 
minimizing statistical variations between devices, favoring a fairly large 
number of grains within each device to minimize statistical variations. 
As the device size decreases, the grain size should also decrease to retain 
a certain number of grains (perhaps rv 20 in each device); this need may 
limit scaling. 

U sing hemispherical-grain polysilicon (HSG) with its rough surface 
as the floating electrode increases the capacitive coupling to the control 
gate and improves device performance [6.22J. Separating the floating 
gate into small, individual nuclei, rather having than a continuous layer 
of polysilicon, may allow operation at lower voltages and increase en­
durance [6.23J. Each small island of silicon contains one or a very few 
electrons. 

6.4 Polysilicon resistors 

After silicon-gate technology was developed for MOS devices, polysilicon 
found other uses in integrated circuits. Because it is readily available, 
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