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A technique  is  introduced  for  measuring  electron 
and  hole  mobilities  as  a  function  of  temperature 
and  normal  field  in  inverted  silicon  surfaces.  We 
also  introduce  a  new  definition  of  threshold 
voltage  which  allows  the  method  to  measure 
mobility  independent  of  channel  dimensions  and 
resistance  in  series  with  the  channel.  The 
results are used  to  extract  the  resistance  in 
series  with  the  channel,  the  effective  channel 
dimensions,  and  the  intrinsic  MOSFET 
transconductance.  The  technique  is 
demonstrated  on  MOSFETs  with  channel 
lengths  ranging  from 0.25 pm  to 20 pm. 

Introduction 
Several methods of determining the surface  mobility 
from  MOSFET transfer characteristics  have  been 
reported [l, 21. These techniques rely on  the definition of 
effective channel length LE, and width WE,, and on the 
measurement of source and drain resistances in series 
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with the channel, which we  will call the extrinsic 
resistances REX. Though satisfactory  for  most 
technologies,  these methods become inaccurate as the 
device dimensions are reduced below -0.5 p m  and the 
ratio of REX to channel resistance  increases. Errors are 
particularly acute when the difference  between  designed 
and effective channel dimensions and the magnitude of 
extrinsic  resistance depend on device sue and applied 
bias conditions. The problem  becomes more severe  with 
lightly doped drains and at low temperature because of 
carrier freeze-out. 

In this paper we introduce a measurement technique 
for determining the surface  mobility as a function of 
normal field, temperature, and threshold  voltage  for 
arbitrary channel dimensions and REX. The results are 
then used to extract the effective  device dimensions, 
the extrinsic  resistance, and  the intrinsic device 
transconductance in submicron MOSFETs. 

Threshold  voltage 
This section  briefly  describes three methods of  defining 
and measuring the threshold voltage V,. 

Linear extrapolation method 
A widely  used method is to extrapolate to ID = 0 the 
linear part of the curve representing drain current ID 
versus  gate  voltage V,. The extrapolated threshold 
voltage  may,  however,  change  significantly  because  of 
variations in the extrinsic resistance. 
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Gate voltage (V) 

Definition of V, at match point where the measured drain current 
deviates by 5% from the exponential subthreshold extrapolation. 

0 Constant  inversion  charge  density  method 
In another common technique, the gate  voltage  is 
measured at a constant inversion  charge  density Q,,,. 
This is  typically done in the linear mode at a constant 
drain current per unit channel area, 

we, ZVT = z -, 
sQ L e ,  

where ZsQ is the drain current per square of channel 
corresponding to a constant inversion  charge  density, 
which  is  chosen in the 109q cm-2  range. This method, 
however,  requires the ability to define the device 
dimensions and IsQ before threshold voltage 
measurement. 

Match-point  method 
We introduce a new definition of threshold  voltage  as the 
gate  voltage  for  which the exponential extrapolation of 
subthreshold  current,deviates by 5% from the measured 
current (see Figure 1). In this method, known  as the 
match-point method, VT is determined from 
subthreshold  slope measurements independent of 
tolerances in channel dimensions and extrinsic  resistance. 

Mobility  as  a  function  of  normal  field 
The surface  mobility  decreases as the field at the silicon 
surface  increases [3-51. Its  dependence on normal field  is 

244 determined by measuring the mobility as a function of 
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gate  voltage  above  threshold and solving  Poisson’s 
equation to define the field in silicon for each 
measurement. 

Channel  conductance  method 
The surface  mobility  is commonly determined from 
measurements of drain current in the linear mode by the 
relationship 

where Cox is the gate-oxide capacitance, and V,, V, are 
the drain-to-source and gate-to-source  voltages, 
respectively. 

in device dimensions and the magnitude of extrinsic 
resistance are known or negligible. In the presence of 
high  values  of REX, the voltage drop outside the channel 
must  be taken into account. Also, the magnitude of 
threshold  voltage  may  increase due to the body  effect. In 
this case, V, is  replaced by Vd - ZDREx and VD by 
V; - 2ZDREX,  where Vd and V; are the externally 
applied  gate and drain voltages,  respectively. 

A typical method of determining the extrinsic 
resistance and effective channel length is described in [6] .  
It consists in measuring the MOSFET  resistance,  which 
includes the channel and extrinsic  resistances, in the 
linear mode on devices  having the same channel width 
and different  design channel lengths. The measurements 
are made  for  different  gate  voltages  above threshold. The 
extrinsic  resistance and AL,  the deviation in channel 
length from the design  value, are found graphically or 
analytically from the intersection of the plots. A similar 
technique is  used to find the deviation in channel width 
A W. This method, however,  assumes that REX, AL, and 
A W are constant in a set of adjacent devices, and are 
independent of gate  voltage. Our measurements on 
submicron devices  show that this is not always the case 
(see Figure 2). It is  evident that the plots cannot be 
approximated by single  straight  lines, and their 
intersection  is not well defined; this precludes a unique 
definition of REX and AL. 

This method is  satisfactory when the relative tolerance 

0 Van der  Pauw  method 
We introduce a surface  mobility measurement technique 
which  uses an inversion-layer  Van der Pauw structure, as 
illustrated in Figure 3. Details of the Van der Pauw 
structure can be found in [7,8]. The structure allows the 
measurement of surface  mobility as a function of normal 
field and temperature, for arbitrary extrinsic resistance 
and device dimensions. It comprises four diffusion tabs 
defined during source/drain diffusion, a gate  electrode, 
and a substrate or well contact. 
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LA4 
Drawn  channel  length (ym) 

diffusion tabs 
Sourceldrain 

,Contact 

Polysilicon gate 
defines inversion 

diffusion tabs layer 

Determination of RE, and AL using the method described in Equation 
(6). The  values  obtained  from  the  intersection  are not uniquely 
defined in the submicron range. 

A 

The threshold  voltage is first  measured  using the 
match-point technique described  above. The sheet 
resistance R, of the inversion  layer is then measured as a 
function of gate  voltage  above  threshold by forcing  a 
current AI between  two adjacent diffusions and 
measuring the voltage A  V between the two other 
diffusions. The following  well-known  relationship  holds 
for the sheet  resistance: 

The effective  surface  mobility  is determined from the 
calculated  inversion-layer  charge  density QINv and the 
measured  sheet  resistance: 

Extraction of REXy LEFFy and  transconductance 
The effective  surface  mobility found from  Van der Pauw 
measurements is  used to determine the MOSFET 
extrinsic  resistance, effective channel length, and 
transconductance for  a  given  device. 

0 Extrinsic resistance 
In the linear mode, the drain current may  be 
approximated as 

(VA - 21DREx), (5) 

Metal 

Contact 
Substrate Dl or well 

contact 

Inversion-layer Van der Pauw structure. 

where Y = ~ ~ ~ c ~ ~ ,  CEm = (cO,cINV>/(cOX + CINV), and 
AV, is the increase in threshold  voltage due  to the body 
effect. The inversion  layer  capacitance C,,, is 
approximated from [9, 101. Its effect,  however,  is 
negligible  when I V, - V, I 2 2 V and the gate-oxide 
thickness to, 2 15 nm. 

For all structures analyzed, it was found that the 
increase in threshold  voltage A  V, due  to  the body  effect 
was  negligible in the linear but not in the saturation 
mode. In this case, the extrinsic resistance was found by 
taking the ratio of drain currents for two  gate  voltages, 

vL(KA ‘GI - A ‘G2) 

= 2(KAV,,ID1 - AVG21D2)’ 

where K = ID2y1 / IDIy2  and AV, = VA - V, - V 3 2 .  The 
subscripts 1 and 2 refer to the two  applied  gate  voltages. 

Effective channel dimensions 
To determine the effective channel length, measurements 
were made on a wide  MOSFET  where it could be 
assumed that the tolerance on We, was  negligible. The 
nominal width  was determined from scanning electron 
microscope  (SEM)  measurements. The effective channel 
length was then found by substituting REX from (6) into 
(5). Similarly, the effective channel width was found by 245 
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Source Gate Drain 

MOSFET  cross  section  typical of CMOS-A  and  CMOS-B 
technologies. 

Table 1 Main features of two CMOS  n-well  technologies. 

Parameter CMOS-A CMOS-B 

n-channel p-channel n-channel pchannel 

to, (nm) 15  15 11  11 
VT (V) 0.75  -0.75  0.65 
Gate 
X, (pm) 0.40 

n-type  n-type  n-type  p-type 
0.45  0.15 0.15 

-0.65 

Table 2 Measured mobility parameters of two  CMOS n-well 
technologies. 

~~~ 

Parameter CMOS-A CMOS-B 

n-channel p-channel n-channel p-channel 

PO 433 193 356 90 
0 0.065 0.147 0.073 0.085 

Table 3 Extraction of REX, LE,, and g, (measurements made 
on p-channel  MOSFETs  in CMOS-B). 

LDES,,, 

(rm) 

5.00 
2.00 
1 .oo 
0.80 
0.65 
0.50 
0.35 

REX 

( Q )  (rm) 

168  5.058 
141 2.069 
129  0.711 
154 0.758 
125 0.601 
164 0.429 
112 0.266 

~~ 

(ms/mm) (ms/mm) 

9.38 9.54 
21.50 22.35 
48.96 53.90 
45.83 51.78 
55.70 64.50 
66.70 85.38 
91.67 117.90 

c gm 
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characterizing  a  long  MOSFET  where the tolerance on 
channel length  might  be  neglected. 

9 Saturation transconductance 
When the device does not operate at scattering-limited 
velocity, the saturation transconductance per unit 
channel width  is  measured as 

(7 

The modulation of the effective channel length by the 
drain field and the effect  of RE, on y were  neglected  for 
the bias  voltage conditions used in this study. This was 
justified by two-dimensional simulations of the 
structures. The measured g: was typically  smaller than 
the intrinsic g, because of the voltage drops outside the 
channel. The ratio of intrinsic to measured 
transconductance is approximated by 

Sample  preparation 
The samples were fabricated in two  CMOS n-well 
technologies we call  CMOS-A and CMOS-B. The main 
features of the technologies are summarized in Table 1. 

The structures were fabricated on p+ substrates upon 
which a  2-3-pm-thick  p-type  epitaxial  layer  was 
deposited. A buried channel was implanted in CMOS-A 
p-channel  MOSFETs to adjust for the work function of 
the gate material. A MOSFET  cross  section  which is 
typical  for both technologies is shown in Figure 4. The 
Van der Pauw structures were  comprised of  100-pm X 
100-pm  inversion  layers  with  1-pm tab widths. For AL 
measurements, the MOSFETs  were  designed  with  a 
20-pm channel width and channel lengths  varying  from 
0.25  pm to 20 pm; the nominal channel width was 
determined from SEM measurements as WE, '5 19.4 pm. 
For A W measurements, the channel length was  20 pm, 
and the width was varied from 0.8 pm to 20 pm; the 
nominal channel length was determined from SEM 
measurements as 19.8 pm. The polysilicon  gates  were 
defined in photolithography for CMOS-A and in e-beam 
lithography  for CMOS-B. 

Results 
The results obtained for surface  mobility as a function of 
gate  voltage  above  threshold and temperature in the 
range  297 K to 473 K are summarized for CMOS-A in 
Figure 5. The following  semi-empirical relation is used to 
approximate the surface  mobility [ 5 ] :  
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where po and 8 are extracted  from  measurements;  a 
suggested model  for their physical interpretation is 
described  in the Appendix. 

from  Figure 5 for n-channels as 
The temperature dependence of po is approximated 

"1.74 

POT Po(297) (&) 9 (10) 

and for  p-channels as 
-1.21 

POT Po(297) (&) * (1 1) 

Similar  results were found  for CMOS-B. Table 2 
summarizes the measured room-temperature values of po 

and 8 for the two  technologies. The effective  mobilities 
are smaller in CMOS-B than in CMOS-A. This is  caused 
by the difference in the gate  oxide  thickness and channel 
impurity profile, as discussed in the Appendix. The larger 
difference in the pchannel mobility  is  caused by the 
p-type  buried  layer  present in CMOS-A (n-type  gate, 
buried channel) but not in CMOS-B (ptype gate,  surface 
channel). 

The MOSFET drain current is measured in the linear 
modeatIVAI=0 .2Vand(VA-VTl=2Vand3V.In  
the saturation mode the bias conditions were I VA I = 
3.4 V and I VA I = 3.0 and 3.1 V. The substrate or well 
was maintained at ground potential. The saturated 
transconductance was measured  for VA = 3.4 V and 
6VA = 0.1 v. 

Values  for REX, LE,, and g,,, obtained for pchannel 
structures in CMOS-B at 297 K are shown in Table 3. 
The corresponding  values for y are found from  Van der 
Pauw measurements as yI  = 27.13 pS/V and yz = 
25.70 pS/V. It can be  seen  from the table that  the 
structures exhibit  a  large  extrinsic  resistance that varies 
between 2.2 kn-pm and 3.3 kQ-pm. It was also found 
that AL is not constant but varies  between -0.069 pm 
and +0.29 pm.  Finally, the table  shows an increasing 
difference  between  measured and intrinsic 
transconductance as the channel length  is  decreased. This 
is  caused by an increase  in the ratio of extrinsic to 
channel resistance. 

n-channel structures in both technologies. 

Conclusions 
A technique which  uses  a  specially  designed  Van der 
Pauw structure was introduced to measure  electron and 
hole  mobilities in an inverted  silicon  surface as a 
function of normal field and temperature. A new 
definition of threshold voltage is introduced, which 
allows the method to measure  surface  mobility, 
independent of variations in channel size and resistance 

Similar  results were obtained for CMOS-A and for 
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- -Electrons 

Electron and hole surface mobilities as a function of I V, - VT I for 
I v,, I = 0.2  v (temperature as parameter). 

outside the channel, referred to here as the extrinsic 
resistance. 

The measured  mobility and threshold  voltage were 
used to extract the extrinsic  resistance,  effective channel 
dimensions, and intrinsic transconductance in submicron 
n-channel and p-channel  MOSFETs. The method was 
successfully demonstrated on submicron MOSFETs 
fabricated in CMOS  technologies  having  different  gate 
oxide  thicknesses and channel impurity profiles. The 
surface  mobility as a function of  gate  voltage  above 
threshold was approximated in terms of  two parameters 
(po and e), which  were determined empirically.  A  model 
was  suggested to relate the two parameters to  the gate 
oxide  thickness, channel impurity profile, and 
temperature. 

Appendix:  Model  for  dependence  of  mobility  on 
normal  field 
The dependence  of  surface  mobility on gate  voltage 
above  threshold is given in Equation (9) as 

where po and I9 are determined empirically [ 5 ] .  In this 
section we  suggest a  model that relates po and I9 to the 
oxide  thickness, channel impurity profile, and 
temperature. We  begin with the following assumption on 

B. ELKAREH, W. R. TONTI, AND S. L. TITCOMB 

247 



the degradation  of  surface  mobility due  to normal field: 

where 

pL = lattice-limited  mobility, 
pl = impurity-limited mobility, 
Esi = normal field at the silicon  surface, 
pS = surface-scattering-limited  mobility extrapolated to 

Esi = 0. 

In this analysis it is  assumed that for a given  process 
technology, C, is constant and pS depends only on 
temperature. C, and pS are determined empirically. 
Equation (A2)  may be rewritten as 

PEFF 
Ps 

1 + - + C, IEsiI PS 

PB 

9 

where 

1 1 1  
PB PL PI 

In [ 111, pI is  defined as 

”_ - +--.  

AT’” 

where A is  a constant that depends on the carrier effective 
mass, Tis the temperature in K, N, is the ionized 
impurity concentration at the silicon  surface, and B is 
expressed in terms of universal constants as 

where eSi is the dielectric constant of silicon and k is the 
Boltzmann constant. From independent measurements 
on specially  designed structures, we find A = 1.5 x 10l6 
for  electrons and A = 7.3 X 1015 for  holes. The lattice- 
scattering-limited  mobility  is  given by [ 121 as 

(electrons) pL = 2.1 X ~ O ~ T - * . ~ C ~ ~ / V - S  (A7) 

and 

(holes) pL = 2.3 X 109T-2.7cm2/V-s. (‘48) 

We  now  rewrite (A3)  as 

where 
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and 

ClPB C, = -. 
PS + PB 

The electric field in silicon Esi is approximated from 
131 as 

Esi = 
L 

3 

%i 

where Q, is the bulk  charge  density  which is found by 
solving  Poisson’s equation for a  given channel profile. 
The inversion  charge density is approximated as 

QrNV = Cox(vG - vT)- (‘41 1) 

Equation (A9)  is  finally  rewritten in the form of Equation 
(Al), with 

When substituted into Equation (Al), Equations (A1 1) 
and (A  12)  allow the prediction of surface  mobility as a 
function of  oxide  thickness, temperature, and channel 
impurity profile. 
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