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Electrical test structures provide a method of 
rapid, low-cost end-of-process metrology for 
both materials properties and specific process 
information. The results from electrical test 
structures for routine monitoring of  key 
process parameters such as line width, edge- 
taper width, layer-to-layer alignment,  and 
metal coverage  are compared with those from 
traditional metrology methods. In all cases, 
the correlation coefficient R was  near  unity, 
R L 0.97, demonstrating that electrical test 
structures have sufficient accuracy for 
process-control applications. For the 
structures used, the line width, edge-taper 
width,  and layer-to-layer-alignment electrical 
measurements  have uncertainties of less than 
0.1 pm. The test structures are all compatible 
with typical thin-film-transistor (TFT) array 
processing. 

2 

Introduction 
The active-matrix  liquid  crystal  display (AMLCD) market 
is highly competitive  and  requires high yield and  rapid 
product  introduction  at  the lowest possible cost.  Economic 
success depends  on  producing  state-of-the-art displays in 
volume  before  market  saturation  and  price  erosion.  The 

use of electrical-process-characterization  test sites on 
product glass between displays can  reduce  the  need  for 
special process- or tool-characterization  runs  and limit the 
number of expensive inspection  stations while  providing 
the necessary information  for  statistical  process  control 
[l].  Electrical  test sites can  monitor  important  material 
properties such  as sheet  resistance,  capacitance  per unit 
area,  and  transistor  performance  characteristics,  and can 
process specific information  such as line  width,  edge-taper 
width,  layer-to-layer alignment,  and  metal  step coverage. 
In  TFT  array  fabrication  the  total  process  time is typically 
two weeks or less, so the  information lag is acceptable  for 
maintaining  a  stable  process  testing only after  array 
completion. 

test sites for  characterization of specific processing 
parameters [2] that may be unavailable or difficult to 
measure using traditional  measurement  techniques. 
Specific electrical test  sites  and examples of applications 
are  as follows: 

The  microelectronics  industry extensively uses electrical 

1. Resistance measurements to determine line width 
Resistance  measurements have determined  submicron 
line  widths with total  measurement  uncertainties of less 
than 1 nm [3]. The simplest structure  for  an  electrical 
line-width determination by measuring  resistance 
consists of two conducting lines of different design 
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Plot of 300-nm MOW  alloy gate-metal line width  measured by 
1 resistance vs. line width measured optically. Representative error 

bars are indicated for one data point. The insert SEM cross section 
of the 300-nm MOW shows  the taper width. The layer on top  of the 
MOW is the photoresist used  in patterning. A schematic of the test 

widths but with the  same design length [4]. A  cross- 
bridge  resistor  structure  (or  variants  thereof) achieves 
greater  measurement accuracy [3]. 

2. Resistance measurements  to determine feature  placement 
Resistance  measurements have determined  feature 
placement with total  measurement  uncertainties less 
than 10 nm [3]. A  variety of structures  to  determine 
feature  placement  are available [2, 31. A  typical method 
uses  structures such  as  voltage-dividing potentiometers 
[3], where a  first  mask patterns a conductor  and a 
second  mask defines  a contact  to  the  patterned 
conductor.  This  process flow is compatible with 
microelectronic-wiring-level  processing, where wiring 
planes  and  interlevel  contacts  alternate. 

3. Resistance measurements  for  metal step coverage over 
topography 
The  resistance of a  wire  crossing topography  can 
increase if the  metal  step coverage is not  adequate 
owing to  the  slope being too  steep or the  step  too high. 
This is monitored electrically by comparing  the 
resistance of serpentine  lines  on a  flat surface  to 
identical  lines crossing topography  formed by an 
underlying pattern [2]. 

thickness over  patterned  lines 
The  interlevel  dielectric  thickness over patterned 
features was characterized by measuring  the 
capacitance  between  an  array of lines  and a conducting 
plate  on  top of the  insulating layer, where  an  adjacent 

4. Capacitive measurements  for interlevel dielectric 

resistance  test  structure  determined  the  line width and 
two-dimensional computer  capacitance  simulations 
corrected  for  the  fringe field [SI. 

Thin-film-transistor (TFT)  array  fabrication processing 
for  AMLCDs [6] has significantly different  requirements 
than VLSI  microelectronics. Fundamentally,  the  features 
are  large  for direct-view displays. Line  widths of interest 
are in the 5-1.5-pm range,  and  patterning is frequently 
by wet  etching.  A key issue for  gate  metal is the  taper 
width; the  sloped  edge  ensures  good  insulator  and  metal 
coverage. When  forming  tapered  edges by wet etching,  the 
required  over-etch  can  result in  a large  etch bias. For 
AMLCDs,  multiple  lithographic  exposures  are  “butted” 
together  to  form a pattern  for a  single  display, which 
creates  additional  alignment  requirements.  The resistive 
method  described  above  for  determining layer-to-layer 
alignment is not  applicable  to  the key levels  used to  form 
TFTs in a typical process flow [6] (gate  metal,  Istop,’  and 
data  metal),  and a  novel capacitance  method must be 
used instead.  Excellent  data  metal  coverage is necessary 
because a data  line  for a  12.1-in.-diagonal XGA display  is 
about  10  pm wide and  more  than  18 cm long,  and  crosses 
768 gate  and  storage  capacitor lines. 

monitoring  material  properties such as  conductor  sheet 
resistance,  insulator  capacitance  per  unit  area, or test 
structures  for  characterizing  transistor  performance. 
Instead,  the  emphasis is on  the  use of electrical  test 
structures  to  characterize  the critical process  steps  that 
most  directly  affect performance  and yield. The  electrical 
measurement  results  are  compared with measurements 
from  standard metrology tools  to  determine  the accuracy 
of the  electrical  measurement.  The objective of using 
electrical  testing is not  to  replace  the  standard metrology 
tools  for  initial  process  characterization  and  development, 
but  to  provide a rapid, low-cost method  for  tracking 
process  variations  for  production  support  and yield 
management so that  more expensive and difficult physical 
measurements  are  not  needed. Additionally, the  relative 
ease of the  measurements  promotes  more  frequent  testing 
and a more  complete  characterization of the process. 
The next sections  describe  the  structures  and  results  for 
electrically measuring  line  width,  edge-taper width,  layer- 
to-layer alignment,  and  data-metal  coverage  for  AMLCD 
fabrication.  The  structures  were  fabricated  either  on 
381 X 381-mm glass at  an  AMLCD pilot line or on glass 
sizes up  to 550 X 6.50 mm at a number of AMLCD 
production lines. Electrical  measurements used standard 
semiconductor  test  equipment.  Optical  measurements of 
line width used a  confocal laser scanning microscope [7, 81 

This work does  not  describe  test  structures  for 

I-shaped  channel region in a trilayer TFT process. 
’ The  term ISStop refers tu  the  patterning of a silicon nitride  layer  tu  define an  
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with a resolution of 0.25 pm  and a  specified  critical 
dimension  repeatability of 0.03 pm +. 3a.  The scan  line 
was moved to  ten  different  positions,  and  an  average value 
was used.  Computer  capacitance  modeling  results used  a 
suite of analysis tools  developed  at  IBM  Research  for 
packaging applications;  the  capacitance  tool is a 
modification of a previously reported  method [9]. 

Electrical  measurement of line  width  and 
taper width 
The  cross-sectional  area,  and  hence  the  width, of a line 
can  be  measured using resistance. Figure 1 shows  a plot 
of the  line width of a 300-nm Mow-alloy  gate-metal  line 
nominally 20.5 pm wide measured by resistance  and 
optically. Intentional  variations of the  over-etch  time 
during dry patterning of the  Mow-alloy film created  the 
observed  distribution of line widths. The  test  site used was 
two resistors of different width in  series [4], as  shown 
schematically  in Figure 1. The  resistance  measurement 
applied a current  along  the  resistors  and  measured 
voltages  at taps known distances  apart.  The width 
measured by resistance is fundamentally  different  from  the 
physical width and is the effective  conductivity path width 
along  the  length of the test resistor  (Figure 1). The width 
measured optically is that of short  segments of the 
resistor.  Under  ideal  circumstances (i.e., where  the  line 
width is uniform,  the  line  has  vertical  edges,  uniform 
thickness, and  uniform conductivity), the two line-width 
measurements  should  be  equal. In fact,  there is an 
excellent correlation (R2 = 0.995),  but  the two 
measurements  differ by about 0.6 pm.  This is consistent 
with the  observed  taper width, as shown  in the  insert  SEM 
cross section  in Figure 1. The layer  over the 300-nm MOW 
gate  line is the  photoresist mask used  during  patterning. 
If the  taper  has a linear  slope  and  the conductivity does 
not  change with  thickness, the  line width measured by 
resistance would be  equal  to  the  optical  line width  minus 
the width of the  taper  (Figure  1).  The  slope of the fit 
line is not  equal  to 1 because  the  taper width increases 
systematically as  the width decreases, since an  extended 
over-etch was used  to  form  the  narrower lines. The 
accuracy of resistive  width measurements  and  structures 
which allow for higher-precision measurements  are 
discussed in detail  elsewhere [3]. The excellent correlation 
shown in Figure 1 demonstrates  that  the resistive  width 
measurement is adequate for process  monitoring  for TFT 
fabrication  because  the  dimensional  changes of interest 
are  larger  than 0.1 pm. 

A second  means of electrically determining  line width is 
to  use a capacitor  structure. A capacitive measurement 
can  be used to  determine  the  area of patterned  features if 
a blanket  calibration  capacitor of known area is used  and 
if a correction is made  for  the  fringe field. The fringe-field 
term  can  be  considered as  a constant which increases 

h 

Y = (0.99 t 0.OZ)X + (0.60 f 0.05) 
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2 
j Plot of Mo/AI(X) gate-metal line width measured by capacitance 1 vs. line width measured optically. Representative error bars are 1 indicated for one data point. A schematic of the test structure used 

is also shown. 

the  capacitance over the  value expected from a  simple 
parallel-plate  calculation.  Plotted in Figure 2 is the  gate- 
metal width calculated  from a capacitance  measurement 
using  a parallel-plate  model versus the width measured 
optically. There is a very good  correlation ( R 2  = 0.97) 
between  the two measurements with a near-unity  slope. 
The  test  structure  used consisted of nominally  10-pm-wide 
Mo/AI alloy, Al(X),  gate-metal lines on 15-pm  centers 
covered by a)  gate  insulator, b) intrinsic  amorphous Si, 
and  c)  amorphous nt  Si, located  beneath  the  data 
metal, with  a nominal  overlap  area of 115000 pm2 (see 
schematic drawing of Figure 2). The  capacitors  are  MOS 
(metal/oxide/semiconductor) devices because of the layers 
of amorphous n +  and  intrinsic Si under  the  data  metal 
from  the  process flow used [6]; an  appropriate bias 
was applied  during  the  capacitance  measurements 
so that  the  amorphous Si layer was in accumulation. 
The  difference in  width of 0.60 pm  between  the two 
measurements  corresponds  to  the fringe-field capacitance. 
Two-dimensional  computer  calculations of the  capacitance, 
which included  the  fringe fields, indicated  that  the  fringe- 
field contribution is largely independent of the width (for 
widths from 4 to  12  pm with 15-pm  center-to-center 
spacing), but  does  change with the  dielectric layer 
thickness. For  the  results shown, the  standard  deviation in 
value of the  reference  capacitors was less than 2%. This 
suggests that  the  capacitance width for  the specific 
structure  and  dielectric layer used  can  be  calculated 
by using the  parallel-plate  model  and  then  subtracting 
0.60 pm  to  correct for the fringe-field term. If the  blanket 
reference  capacitor is placed close by the  patterned 
capacitor,  the  absolute accuracy of the  measurement is 
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Plot of Mo/AI(X) gate-metal line width measured by capacitance as 
a function of position on the plate. A representative error bar is 1 . .  . 

~ mdlcated for one data point. 
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' Plot of Mo/AI(X) gate-metal line width measured by capacitance 
and resistance, edge-taper width determined by subtracting the d resistive line width from the capacitive line width, and edge-taper ' width measured optically as a function of position on the plate. I Schematic drawings show the metal line widths corresponding to 
the measured values. Representative error bars are indicated for 

1 four data points. 

probably limited by the  uncertainty in the fringe-field 
correction  term, which has a  standard deviation of 20.05 pm 
for  the  results in Figure 2. Note  that  the  capacitance 
width is proportional  to  the  area  and  hence  measures  the 
bottom width of the  line  (see  schematic of Figure 2). 

The excellent correlations  between  both  the resistive 
and capacitive  width measurements  and  optical width 

measurements suggest that  these  measurements  can  be 
used instead of optical  measurements  for  rapid, low-cost 
metrology. The following two figures  show  examples of 
using capacitive  width measurements  to  measure  etching 
uniformity  as a  function of location on a  plate  and of 
using the  combination of resistive and capacitive  width 
measurements  to electrically measure  the  taper  width. 
Plotted in Figure 3 is the width measured by capacitance 
for Mo/AI(X) gate  metal as a  function of location  on  the 
plate.  The  test sites were  the  same as those  for  Figure 2 
and  were  located in two rows along  each  side of the  plate. 
The Mo/AI(X) gate  metal was immersion-etched [6] to 
form  tapered edges. This  process  results in an  etch bias of 
about 3.5 pm  and  forms  a  taper of about 1 pm on each 
side.  The  results in Figure 3 show a  gradual  systematic 
decrease in  width  as the  distance  from  the  top  edge is 
increased  until  near  the  bottom of the  plate,  where  the 
width decreases sharply. The  total  variation in width is 
about  1.2  pm, which can have important implications 
because  the  TFT  gate width is a critical parameter in 
display performance.  This type of information  on  line 
width as  a  function of location  can  be  used  to  monitor  and 
improve the  process uniformity, to  determine what is an 
acceptable design  margin, or  to  determine what area of 
the  plate  can  be  used. As mentioned previously, another 
key process  parameter is the  taper  width.  The  taper width 
can  be  measured electrically by using a  combination of 
resistance-width and  capacitance-width  measurements 
(Figure 4). The  capacitance-width  results  from  Figure 3 
for  the right side of the  plate have been  reproduced in 
Figure 4 and  the  results  from  a Mo/AI(X) gate-metal 
resistance-width test  site  added  (left-hand y-axis). For  this 
resistance-width test  site,  the design  width of the  narrow 
resistor was 6 pm, so for  direct  comparison with the 
capacitance-width  measurements (design  width of 10 pm), 
4 pm was added  to  the  measured  values.  The  resistance 
test site  failed for  some of the smallest  widths because 
the  taper  regions  reached  the  center of the lines and 
no region remained of the original metal thickness at 
distances  greater  than 300 mm from  the  top  edge of the 
glass plate  (Figure 4). As described in Figures 1 and 2, the 
resistance width is equal  to  the  bottom of the  metal  line 
width minus  one  taper width, and  the  capacitance width 
(after  correcting  for  the fringe-field term) is equal  to  the 
bottom-line width, so subtracting  the two electrical width 
values gives the  taper width for  one  side, which is plotted 
in Figure 4 (right-hand y-axis). The  taper width was also 
measured optically by measuring  the AI bottom width and 
the  top width  (width of the Mo cap),  subtracting  the two 
values, and dividing by 2. The optically measured  taper 
width is also plotted  as  a  function of location in Figure 4. 
The  average  taper-width values are virtually identical- 
1.02 ? 0.05 pm  for  the  optical  measurement  and 1.01 ? 

0.08 pm  for  the  electrical  measurement.  The excellent 
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' Plot of left-to-right data-metal-to-gate-metal alignment measured optically vs. alignment measured by capacitance. A schematic illustrating the I designed overlap, Le., a = h, is shown in  the lower right; misalignment, e.g., of the data line in the left direction decreases u and increases h. 
1 The capacitance value is calculated using a parallel-plate model. Representative error bars are indicated for one data point. 

agreement  between  the two taper-width  measurement 
methods  demonstrates  that  the  taper width can  be 
monitored by rapid, low-cost electrical  tests.  Note  that 
the  taper width is nearly uniform across the  plate, even 
though  the  gate-metal width varies by 1.2 pm.  The  taper 
width is an  important  parameter,  because  inadequate  gate- 
metal  taper  can  result in defects in the  gate  insulator 
coverage,  leading  to  shorts,  or  poor  step  coverage by the 
data  metal,  resulting in high resistance  for  the  data lines. 

Electrical  measurement of lithographic 
alignment 
With  a trilayer-type TFT,  the critical layer-to-layer 
alignment is between  the  gate,  IStop,  and  data levels. 
A combination of masking and back-exposure of the 
patterned  gate  metal  through  the glass plate is frequently 
used for self-alignment of the  IStop level to  the  gate level 
[lo]. Because of the  TFT  process flow, the typical resistive 
alignment  monitoring  structures [3] are  not  suitable. 

A novel  capacitive alignment  test  site was used  instead, 
consisting of an  array of lines which are  designed  to 
partially overlap with one of the  structures;  the  overlap 
a is to  the  left,  and,  for  a  second  paired  structure,  the 
overlap b is to  the right (see Figure 5, schematic  at lower 
right).  The  difference in capacitance  between  the right 
and left structures, Cr - C,, is proportional  to  the right- 
to-left  alignment  offset.  For  one level misaligned left with 
respect  to  the  other,  the value of one  capacitor  decreases 
and  the  value of the  second  paired  capacitor  increases. 
The  nominal design  width of the  lines was 10 pm, with an 
overlap of 6 pm  and  a  space  between  lines on the  same 
level of 30 pm.  Two-dimensional  computer  calculations 
of the  capacitance, including the  fringe fields, were 
performed as a  function of overlap  distance  and  dielectric 
thickness. It was found  that  for  a given dielectric 
thickness, and  overlaps  between 2 and 8 pm,  the  fringe- 
field capacitance was nearly a  constant  and  changed only 
slightly. Since the alignment offset is proportional to  the 485 
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Plot of glass plate top-to-bottom alignment measured by capacitance as a function of test-site location and plate number.  There is a systematic 
! left-to-right variation for both the data-to-gate-metal and ITO-to-gate-metal alignments. The test-site locations are indicated schematically. 

Representative error bars are indicated for  two  data points. 

difference in capacitance  between the two paired  structures, 
and  the difference in overlap is generally less than 2 pm, 
the fringe-field terms  cancel,  and  the  alignment  can  be 
calculated using the  parallel-plate  approximation.  Figure 5 
shows the  results of optical  and  capacitance  alignment 
measurements  for a right-left pair of data-to-gate-metal 
alignment  capacitors.  The  correlation  was  excellent, R2 = 

0.98, with only  a  small offset  from  zero  and a near-unity 
slope.  The  nominal  overlap  area was 54000 pm2,  and  the 
overlap  calculated  from  the  average  capacitance was about 
3 pm (design overlap  minus  lithographic  and  etch  bias 
for  both  gate  and  data  metal).  The  electrical  alignment 
measurement accuracy demonstrated in Figure 5 exceeds 
the accuracy needed  for  TFT  process  monitoring. A 
similar  set of test  structures  can  determine  the  IStop-to- 
gate-metal  alignment,  where  the  data-metal  lines  are  each 
replaced by pairs of closely spaced  IStop  lines with  a data- 
metal  line  centered  on  the  gap  between  the  IStop  lines 
and partially  covering the  IStop lines. When a bias is 
applied  to  the  gate lines,  a conducting  channel is formed 

486 in  the  amorphous Si layer under  the  IStop  lines  located 
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above the  gate  lines  to which the  amorphous  nt Si and 
data  metal  make  electrical  contact. 

The next  figure gives an  example of using  capacitive 
alignment  measurements as  a function of location  on a 
glass plate  to examine systematic overlay errors.  Plotted in 
Figure 6 is the  top-bottom  alignment  error  for indium- 
tin  oxide (ITO) to  gate  metal  and for data  metal  to  gate 
metal  for  the  indicated  locations on three  different  plates. 
Of the six sites,  three (LlLL3) were on the  left  side of the 
plate  and  three (Rl-R3) were  on  the right side of the 
plate.  These  plates  were  processed with a different  process 
sequence, in which the I T 0  is on  top of the  gate  insulator 
and is patterned  before  the  data  metal.  The  results show  a 
systematic  variation  between  the  left  and right sides of the 
plates  where  the I T 0  or data  metal is shifted down on  the 
left  side of the  plate  and  shifted  up  on  the right side of 
the  plate  relative  to  the  gate  metal,  The  total  magnitude 
of the shift reaches  about 3 pm  for  the  data  metal  and 
about 1 pm  for  the  IT0 relative  to  the  gate  metal.  These 
shifts can have  a  significant impact  on device performance 
and  perhaps  indicate a plate  rotation  error. 
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1 Plot of average resistance of a  40-mm-long data-metal line as a function of line width and underlying topography with a schematic of the test 
structure used shown at the top left. The underlying topography consists of patterned segments, as shown in schematics at the bottom of the I figure.  The vertical lines indicate the standard deviation of the measured values. The insert plot shows the percentage increase in resistance 
relative to the flat no-topography case as a function of line width and underlying topography. 
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Electrical  measurement of metal coverage 
When  metal is deposited by sputtering  over  an  edge or 
step,  the  coating is not completely conformal. If the  step 
is tapered,  the  metal thickness is reduced only slightly, but 
with a  vertical or near-vertical  step of sufficient height,  an 
open  can  result. Figure 7 shows data-metal  coverage, as 
monitored by resistance,  as  a  function of underlying 
structure  and  nominal  line width for 40-mm-long lines 
crossing 2000 patterned  segments.  The  structure used is 
shown  schematically, and drawings along  the  bottom of 
Figure 7 illustrate  the  structure of the  segments. Figures 
8(a)-(c) are  oblique-angle SEM micrographs showing 
nominally 6-pm-wide  data-metal  lines crossing segments of 
different  material.  The  segments  were nominally 10  pm 
wide along  the  length of the wire. For  the  process used 
[6], a  conformal  amorphous n+ Si layer deposited by 
plasma-enhanced chemical vapor  deposition  under  the 

data  metal  reduces  the  resistance  on  steps.  Plotted in an 
insert  on  Figure 7 is the  percentage  increase in resistance 
compared  to  the "flat" case  for  the  different  data-metal 
line widths  as a  function of underlying structure.  In all 
cases, the  increase in resistance when  crossing the 
topography is small  (less than  10%)  for  nominal  line 
widths of 6-10 pm.  The  largest  increase in resistance is 
for the  IStop  segments, which is consistent with the  SEM 
micrographs, which show that  the  IStop  step height is 
the  largest  and  the  taper angle is the  steepest.  The 
approximate  step  heights  are  50  nm*for ITO, 250 nm 
for  the Mo/Al(X) gate  metal,  and 400 nm for  the  IStop. 
Figure 8(d) shows the  IStop profile  when a  different  set of 
process  conditions is used,  resulting in a  near-vertical  step. 
In this case,  the  resistance  increased  between 13% and 
16% relative to  the flat structure  for  the 6-10-pm-wide 
lines. For  the  more  tapered  IStop profile  shown in 487 
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Oblique-angle scanning electron micrographs of a  6-pm-wide data-metal line crossing (a) ITO, (bj  gate metal, and (c) IStop corresponding to 
the results in Figure 7. An 8-pm-wide data-metal line crossing IStop formed using a different process which resulted in a near-vertical edge is i 

1 shown in (dj.  Note that all of the features are  covered by a passivation SiNz layer after the data-metal lines are patterned. 
I 

Figure  8(c),  the  corresponding  increase was between  6% 
and 9% for  the 6-10-pm-wide lines  (Figure 7). Also,  with 
the near-vertical IStop profile, the distribution of resistance 
values  was  much  wider; typical standard  deviations  were 
12-15% versus 3-4% with the  tapered  IStop.  With a near- 
vertical  IStop  step,  the  increased  data-line  resistance  and 
variation  can significantly affect display performance.  In 
the  process flow used [6], an  IStop  segment is added 
where  the  data  line crosses  over the  gate  line  to  reduce 
capacitive  coupling. 

Summary 
We have demonstrated  the  use of electrical  test  structures 
for  monitoring key TFT  array  process  parameters such 
as  line  width,  gate-metal-taper  width, layer-to-layer 
alignment,  and  data-metal  step coverage.  A  novel 
capacitance  method involving layer-to-layer alignment 
measurements was used.  Comparisons  were  made  between 

electrical  test  structures  and  traditional metrology 
methods,  and in all cases  the  correlation was very good. 
For  the  structures  used,  the  line  width,  edge-taper width, 
and layer-to-layer-alignment electrical  measurements have 
uncertainties of less than 0.1 pm, which is sufficiently 
accurate  for  TFT  fabrication  process-control  applications. 
In combination with test  structures  for  monitoring 
material  properties such  as resistance  and  capacitance, 
and  transistor  performance,  electrical  testing  provides a 
method of rapid, low-cost end-of-process metrology for 
statistical  process  control  and design optimization.  The 
test  structures used are all compatible with typical thin- 
film-transistor array processing. 
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