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On the Universality of Inversion Layer 
Mobility in Si MOSFET's: Part I-Effects 

of Substrate Impurity Concentration 
Shin-ichi Takagi, Member, IEEE, Akira Toriumi, Masao Iwase, and Hiroyuki Tango 

Abstract-This paper reports the studies of the inversion layer 
mobility in n- and p-channel Si MOSFET's with a wide range 
of substrate impurity concentrations to 10l8 cm-"). The 
validity and limitations of the universal relationship between the 
inversion layer mobility and the effective normal field (E,E) are 
examined. 

It is found that the universality of both the electron and hole 
mobilities does hold up to l O I R  cm-3. The dependences of 
the universal curves are observed to differ between electrons and 
holes, particularly at lower temperatures. This result means a 
different influence of surface roughness scattering on the electron 
and hole transports. 

On substrates with higher impurity concentrations, the electron 
and hole mobilities significantly deviate from the universal curves 
at lower surface carrier concentrations because of Coulomb 
scattering by the substrate impurity. Also, the deviation caused 
by the charged centers at the Si/SiO2 interface is observed in the 
mobility of MOSFET's degraded by Fowler-Nordheim electron 
injection. 

I. INTRODUCTION 
HE inversion layer mobility in Si MOSFET's has been T a very important physical quantity as a parameter to 

describe the drain current and a probe to study the electric 
properties of a two-dimensional carrier system. Therefore, 
much study [ 11 since the 1960's has revealed dominant scatter- 
ing mechanisms determining the mobility. However, a compre- 
hensive understanding of the inversion layer mobility, which 
includes the quantitative description near room temperature, 
the effect of substrate impurity, the difference between the 
electron mobility and the hole mobility and the effect of 
surface orientation, is still insufficient. 

On the other hand, it has already been reported that the 
electron and hole mobilities in the inversion layer on a 
(100) surface follow the universal curves at room temperature 
independent of the substrate impurity concentration or the 
substrate bias when plotted as a function of effective normal 
fields, E,R [2]-[9]. E,ff is defined by the following equations. 

where y is the elementary charge, E S ~  is the permitivity of 
si ,  Ndpl is the surface concentration of the depletion charge, 
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N,  is the surface inversion carrier concentration. Here, 7 is 
a key parameter in defining E,R and it has been reported 
that, in order to provide the universal relationship, the value 
of q should taken to be 1/2 for the electron mobility [2] 
and 1/3 for the hole mobility [3]. This relationship has been 
often utilized as a precise mobility model in device simulators 
[lo]-[ 121. In spite of its usefulness, however, the origins of the 
universality, the value of 71 and the effective field dependence 
of the universal curves have not been fully clarified yet. 

The aim of this paper (Part I) and the companion paper (Part 
11) is to study the applicability and the physical meaning of 
the universal relationship. While the Part I demonstrates the 
validity and the limitation of the universality of the electron 
and hole mobilities on (100) surface experimentally, the Part 
I1 examines the physical meanings of E,ff and 7, based on the 
new experimental findings regarding the surface orientation 
dependence. 

In this paper we concentrate on the effect of substrate 
impurity on the electron and hole mobilities. The motivations 
to study the effect of substrate impurity are twofold. One is 
to examine the validity of the universal relationship over a 
wide range of substrate impurity concentration. The substrate 
impurity concentration changes Ndpl in (1) and the resultant 
E,R, independent of N,. Therefore, the value of 71 that offers 
the universal relationship can be determined experimentally 
by comparing the mobilities on the different impurity con- 
centrations. However, the systematic study of the universality 
over a wide range of substrate impurity concentrations has not 
been done sufficiently. Such an extensive verification of the 
universality allows us to characterize the E,ff dependence of 
the universal curve quantitatively. The second motivation is 
to examine the influence of substrate impurity scattering. Al- 
though Coulomb scattering by substrate impurity is considered 
to degrade the mobility on higher impurity concentration sub- 
strates, the quantitative characterization has been still lacking 
in spite of the practical importance in the scaled MOSFET's. 
From the above motivations, we investigate the electron and 
hole mobilities with the substrate impurity concentrations of 
1015 to 10" cm-3 systematically in terms of the universal 
relationship. 

11. SAMPLE PREPARATION AND MEASUREMENTS 

N-channel and p-channel MOSFET's used in this paper 
were fabricated on (100) Si wafers. The substrate impurity 
concentration was varied from to 10'' cmP3, using 

0018-9383/94$04.00 0 1994 IEEE 

___~ 



2358 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 41, NO. 12, DECEMBER 1994 

boron or phosphorus ion implantation, followed by a long and 
high temperature annealing (1 190°C 60 min). This annealing 
allowed the impurity profile to be considerably flat to a 3 pm 
depth from the Si surface. All the devices were of the surface 
channel type. The gate oxide was grown to a thickness of 25 
nm in dry oxygen at 900°C. The gate materials were n+ and 
p+-poly Si for n- and p-channel MOSFET's, respectively. The 
channel length, L,  and the channel width, W ,  of the measured 
devices were 200 pm and 100 pm, respectively. 

The effective mobility in the inversion layer, pLeff, was 
determined from the drain conductance gd in the linear region. 

.9d was measured at the drain voltage, Vd of 50 or 10 mV. The 
surface carrier concentration, N,? (V , ) ,  was determined directly 
through gate-channel capacitance Cgc( V,), measurement [ 141, 
[151. 

1; 
YNS(V,) = .I_, C,c(Vg)~~Vg. ( 3 )  

The measurement frequency was selected to be as low as 
0.4-1.0 kHz in order to avoid the influence of the resistive 
component of the channel [15]. 

The value of Eefi was determined from ( l ) ,  (4), and (5) .  

(4) 

Here, 4~ is the bulk Fermi energy, Nsub is the substrate 
impurity concentration, k~ is the Boltzman constant, and n, is 
the intrinsic carrier concentration. Nsut, was determined from 
the minimum capacitance in the high frequency (100 kHz) 
C-V curves of the MOS diodes. We have confirmed, using 
the process simulator (TOPAZ) [16], that the variation in the 
impurity concentration within the depletion layer is less than 

-around 30% for the doping of boron more than 
The main issue regarding the universal relationship is to de- 

termine the value of 77 in (1). This can be done experimentally 
from the experimental mobilities with the different substrate 
impurity concentrations. When the universal relationship holds 
and the value of 11 is chosen appropriately, the mobility 
should be described as the single universal curve against E,n, 
independent of the substrate impurity concentration. If 77 is 
incorrect, the mobilities with the different substrate impurity 
concentrations are to have different values for a same E,tf 
value, because 71 changes the weights of N ,  and NdPl. 

cmP3. 

111. EXPERIMENTAL RESULTS 

A .  Unitiersal Relationship of Electron and Hole Mobilities 
Figs. I and 2 show the Eeff dependences of the electron 

and hole mobilities in the inversion layer, respectively, at 
300 K and 77 K. The parameter is the substrate acceptor 
concentration, N.4, or the substrate donor concentration, N p  . 
V d  in the measurement of gel was taken to be IO mV. 
Here, the values of rI for the electron and hole mobilities 
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Fig. 1. Electron mobility in inversion layer at 300 K and 77 K versus 
effective field E,=, as a parameter of substrate acceptor concentration, SI. 
Here, Ec,fr is defined by E,n. = q . + r /  . .V*)/ES; with of 1/2. 

are taken to be 1/2 and 1/3, respectively. As seen in Fig. 
1, the electron mobilities at 300 K are represented by the 
universal curve as a function of E,R in the range of 0.05 to 1.5 
MV/cm independent of the substrate impurity concentrations 
by choosing the value of -77 to be 1/2. Similarly, the hole 
mobilities are also represented by the universal curve as a 
function of E,ff in the range of 0.05 to 1 MV/cm by choosing 
the value of 77 to be 1/3, as observed in Fig. 2 .  These results 
confirm us that universal relationships of the electron and hole 
mobilities on (100) surface do hold up to the substrate impurity 
concentration of 1 0ls cm-3. It is confirmed simultaneously 
that the values of 71 for the electron and hole mobilities are 1/2 
and 1/3, respectively, for a wide range of Eeff and the substrate 
impurity concentration. These values are in agreement with 
those reported previously [ 2 ] ,  [SI. Moreover, the electron and 
hole mobilities at 77 K also have the universality in high Eee, 
which was defined by the same value of 17 as at 300 K. 

It is, however, observed that the electron and hole mobili- 
ties with higher substrate concentrations exhibit a significant 
deviation from the universal curves near the threshold voltage. 
This issue will be discussed in Section 111-C in detail. 

B. Effectitve Field Dependences of Universal 
Curves for Electrons and Holes 

We have obtained the universal curves that hold for the 
impurity concentrations of 10l5 to 10" cm-3 for both the 
electron and hole mobilities in Section 111-A. However, the 
origin of the Ecff dependences have not been fully understood 
yet. Especially, the E,ff dependence of the hole mobility 
has been studied little so far. In this section we study the 
E,ff dependence of the universal curve with emphasis on the 
difference between the electron mobility and the hole mobility. 

From Fig. 1, the characteristics of the E,ff dependence of 
the electron mobility are summarized as follows. 1)  At 300 
K, the mobility is proportional to E,: at E,tf lower than 
0.5 MV/cm over a one order of magnitude Eeff range. 2 )  At 
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Fig. 2. Hole mobility in inversion layer at 300 K and 77 K versus effective 
field, E,n as a parameter of substrate donor concentration, ,Yo. Here, E e ~  
is defined by E p ~  = q .  (NCv,,,,1 + 7 .  N, ) /Es ,  with IT of 1/3. 
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Fig. 3. Schematic diagram of E,E or AV, dependence of mobility in 
inversion layer by three dominant scattering mechanisms. 

300 K, the mobility decreases steeply at E,R higher than 0.5 
MV/cm. 3) At 77 K, the mobility is roughly proportional to 
E;: at high E,R. 

In contrast, the E e ~  dependence of the hole mobility in Fig. 
2 as described below. 1 )  At 300 K, the E,R dependence does 
not exhibit a single power law over any E e ~  range and is a 
little stronger than E,;’ ’. 2 )  At 300 K, the change in a slope 
at high Eeff is not so marked as for the electron mobility. 3 )  At 
77 K, the hole mobility is nearly proportional to E,:, which 
is rather weaker than that for the electron mobility. 

In order to understand these E,R dependences quantita- 
tively, it is necessary to characterize the universal curve in 
terms of scattering mechanism. Fig. 3 shows a schematic dia- 
gram of the l ? , ~  (or N,)  dependences on the basis of a general 
understanding of the inversion layer mobility. According to 
this diagram, the universal curve can be divided into phonon 
scattering term and surface roughness scattering term. If this 
is true, the difference in the E,R dependence between the 
electron mobility and the hole mobility can be ascribed to 
surface roughness scattering, because the difference becomes 
larger at high E,tf and/or at low temperature. In order to 
examine this interpretation, the temperature dependences of 
the electron and hole mobilities were measured. 
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Fig. 4. E,fl dependences of electron mobility in the inversion layer on (100) 
surface in the range of 77 K to 447 K. Substrate acceptor concentration was 
3.9 x 1OI5 ~ 1 1 1 ~ ~ .  Here, E,fi is defined with 1) of 1/2. Open circles show 
the experimental data. The solid curves were calculated using (6H8). 
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Fig. 5. dependences of hole mobility in inversion layer on (100) surface 
in the range of 30 K to 447 K. Substrate acceptor concentration was 5.2 x 1OI5 
cm-’. Here, E,fi is defined with 11 of 1/3. Open circles show the experimental 
data. The solid curves were calculated using (6)-(8). 

Figs. 4 and 5 show the E,R dependences of the electron 
mobility with N A  of 3.9 x 1015 cm-’ and the hole mobility 
with N o  of 7.8 x 1015 cm-’. Here, Vd in the measurement 
of gd was taken to be 50 mV, because we focused on 
higher N ,  region. The almost no temperature dependence 
of the hole mobility in the range of 30-77 K means that 
the mobility in this temperature region is limited only by 
surface roughness scattering. It has been, therefore, confirmed 
that the mobility limited by surface roughness scattering has 
remarkably different Eeff dependences between electrons and 
holes. With increasing temperature, on the other hand, the 
E e ~  dependences of both the electron and hole mobilities 
approach roughly This fact shows that the mobility 
limited by photon scattering follows the same power law for 
both electrons and holes. 

Based on the above findings, a calculation using a sim- 
ple model was performed. The mobility limited by phonon 
scattering, &,h, was determined by 



2360 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 41, NO. 12, DECEMBER I994 

Here, the constant coefficient A was taken to be 2.0 x IO5 
and 6.1 x lo4 for the electron and hole mobilities on (loo), 
respectively, where p,  E e ~  and T should be in cm2/V.s, 
V/cm, and Kelvins. The power of -0.3, was taken from 
the results in Figs. 4 and 5. The power of T ,  -1.75, was 
determined from the temperature dependence of the electron 
mobility at E,R of 0.2 MV/cm, where the contributions 
of surface roughness scattering and Coulomb scattering are 
so small that the temperature dependence of only phonon 
scattering can be determined. 

The mobility limited by surface roughness scattering, ,uL,,, 
was modeled separately for the electron and hole mobilities. 
For the electron mobility 

(7) 

Here, the parameter, 7,  was determined to be 2.6 so that the 
total mobility at 77 K fitted the experimental data. The constant 
coefficient, B, was taken to be 4.5 x 10". The reason why 
y is slightly different from the power at 77 K, which was 
roughly -2, is that phonon scattering still has an influence on 
the electron mobility at 77 K. As for the hole mobility, on the 
other hand, the experimental mobility at 30 K was used as psr. 
It should be noted that, as seen in Fig. 5, psr for holes cannot 
be represented by the single power law of E,R. 

Using Matthiessen's rule, the total mobility, ptot, is de- 
scribed by 

(8) 

The solid line in Figs. 4 and 5 represent the calculated 
results. A good agreement between the experimental and 
calculated mobilities is obtained at moderate or high E,R, 
where Coulomb scattering is negligible. This fact confirms us 
that the difference in the E e ~  dependence between the electron 
mobility and the hole mobility is attributed to the difference 
in the E,tf dependence of pYr. Also, the deviation of the hole 
mobility at 300 K from Ee2 ' is understood by considering 
that surface roughness scattering affects the hole mobility over 
a wider E,R range even at 300 K. 

p5r = B . E,;'. 

l d  = Fpl; + P,l' 

C. Deviation jinm the Universal Curves 

As already seen in Figs. 1 and 2, the electron and hole 
mobilities deviate from the universal cures near the threshold 
voltage even at 300 K. Moreover, this deviation becomes larger 
as the substrate impurity concentration increases. These facts 
suggest that the mobility is considerably affected by Coulomb 
scattering associated with substrate impurity. It has been 
pointed out [17]-[191, on the other hand, that the application 
of a finite drain voltage can lead to a decrease in carrier 
concentration near the drain and a resulting lower p e ~  at low 
N,. In order to minimize this error, V d  was selected to be as 
low as 10 mV for an accurate characterization of the mobility 
at low N,.  

The behavior of the mobility component corresponding to 
the deviation, i~,o,~olnt,, was studied quantitatively using (9), in 
order to examine whether the deviation is caused by substrate 
impurity scattering. 
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Fig. 6. Electron mobility component determined from deviation from univer- 
sal curve, p,,,,,lorr,l,, versus surface carrier concentration, S,, , as a parameter 
of substrate acceptor concentration, A \ - ~  x {!,.r,,,l<,,,Ll, was calculated from (9). 
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Fig. 7. Dependences of pr,,ul~l,,,l, for electrons and holes in inversion 
layer at 300 K on substrate acceptor concentration, -V.~i and substrate donor 
concentration, S n ,  respectively. Here .\*, is 2 x 10" cm-". 

Here, jLcoulomb was determined as a function of N,, because 
the Coulomb scattering rate should be characterized as func- 
tion of N,, which is directly related to the screening effect 
and the electron energy [20]. 

Fig. 6 shows the N, dependence of pcoulomb for the electron 
mobility at 300 K as a parameter of N,q. It is seen that 
pco,lorn~ increases in proportion to N:', independent of 
Moreover, p,,,,lomt, is found to decrease with an increase 
in N.4. Fig. 7 shows the substrate impurity concentration 
dependences of p,,,lomb of the electron and hole mobilities 
at N ,  of 2 x 10l1 cm-2. At 300 K, the deviation from the 
universal curves is distinctly observed in the substrate impurity 
concentration higher than 7.2 x 1016 cm-3 for the electron 
mobility and higher than 1.6 x 10l6 cm-3 for the hole mobility. 
The inversely linear relationship between /L,o,lomh and the 
substrate impurity concentrations confirms that the substrate 
impurity is the main Coulomb scattering center. 

With substrate impurity concentrations lower than 5 x 
10" cmP3, however, other Coulomb scattering centers are 
responsible. Fig. 8 shows p,-o,lomb of the electron mobility at 
77 K at N, = 2 , 5  and 10 x 10" cm-'. Here, pcoulomb was 
determined by subtracting the contribution of p p h  estimated 
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7.2 x 1016 cm-3 has the weaker NA dependence. It is known - IO' [l], [20] that there are three types of Coulomb scattering 
centers that can affect the inversion layer mobility; substrate 
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a deviation from the universal curve can be examined by 
studying the mobility of MOSFET's degraded by carrier 
injection, because carrier injection into Si02 is known to 
generate interface charges [2 11. Therefore, the inversion layer 
mobility after Fowler-Nordheim (FN) tunneling injection into 
Si02 was studied. Electrons were injected into Sios  from the 
inversion layer in n-channel MOSFET's. The injection current 
was maintained at a constant value (1inj = 2.65 x loP4 A/cm2. 

Fig. 9 shows the E,R dependence of the electron mobility 
before and after FN tunneling injection as a parameter of the 
number of injected electrons per unit area, Ninj. After the 
injection the deviation from the initial curve is clearly observed 
and becomes larger at lower E,R (thus lower N,) ,  similar to 
the mobility on higher impurity concentration substrates. Also, 
the deviation becomes larger with an increase in Ninj. Fig. 10 
shows the relationship between pCoulomb at N ,  of 2 x 10l1 
cmP2and the threshold voltage shift, A&, estimated from C- 
V curves. The number of interface charged centers per unit 
area, Nint, is also shown in the horizontal axis. Here, Nlnt 
was calculated from AV,, under the assumption that all the 

generated charges are located at the interface. bcoulomb is 
found to be inversely proportional to Nint. It is confirmed 
from this result that the mobility degradation is caused by the 
generated interface charges. 

IV. CONCLUSION 

This paper has reported the studies of the inversion layer 
mobility in n- and p-channel MOSFET's over a wide range 
of substrate impurity concentrations from the viewpoint of a 
universal relationship against the effective field, E,R. Uni- 
versality has been found to be maintained up to a substrate 
impurity concentration of 10'' cmp3. 

It has also been found that the E e ~  dependence of the 
universal curves can be explained over a wide temperature 
range by the combination of phonon scattering and surface 
roughness scattering. While phonon scattering provides the 
same E,R dependence between the electron mobility and the 
hole mobility, a difference in the E,E dependences of the 
mobility limited by surface roughness scattering has been ob- 
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served. It has been concluded that surface roughness scattering 
affects the electron and hole transports differently. 

On the other hand, a significant lowering from the universal 
curve, which is attributable to substrate impurity scattering, has 
been observed even at 300 K for the substrate impurity con- 
centrations higher than 7.2 x and 1.6 x cmP3 
for the electron mobility and the hole mobility, respectively. 
The inversion layer mobility limited by substrate impurity 
scattering has been found to be in proportion to the N:’ 
for both electrons and holes. It has also been experimentally 
confirmed in stressed MOSFET’s that a marked deviation from 
the universal curve can be ascribed to Coulomb scattering 
associated with the generated interface charges. 
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