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Kinescope Electron Gun Design

R. Casanova Alig
RCA Laboratories, Princeton, NJ 08540

Abstract—The theoretical description of the undeflected electron beam in an electron gun
of a TV kinescope is reviewed. The spot diameter at the screen D, is related to
the beam diameter in the gun, D,, by the equation D, = (C/Dy) + Cal%3. A theo-
retical expression for C is presented, together with the technology limitations that
place a lower bound on C. However, this expression for Cis incomplete. Complete
values of C, denoted C’, are calculated numerically for about 125 electron guns
with C, = 0 for the first time. The values of C/C are found empirically to have
a lower bound that depends on only the gun dimensions and voltages. Applications
of this result to recent examples of electron gun design are described. Also. this
result is used to design a gun for use with cathodes emitting electrons at high
current densities.

1. The Electron Gun

In vacuum tubes that utilize an electron beam, the source of the beam
is called an electron gun. These tubes include display tubes such as os-
cilloscopes and television picture tubes, as well as travelling wave tubes,
electron microscopes, etc. The emphasis here will be on electron guns
for television tubes; these tubes are frequently called kinescopes,
meaning “to see action.”

A cutaway drawing of the inside of a kinescope is shown in Fig. 1. It
contains 3 beams, which excite the 3 color phosphors, for which 3 electron
guns are required. They are located in the neck at the rear of the tube.
Each gun is the source of an electron beam which is focussed on the
screen. In a black-and-white kinescope, there is, of course, but one
gun.
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Fig. 1—A cutaway representation of a self-convergent shadow-mask color kinescope. Three
electron beams originate from 3 electron guns located in the neck of the tube.
The shadow mask is placed between the guns and the screen in such a way that
each beam can strike only one color phosphor; for example, a light source defined
by the red beam in the figure could only be seen from the red phosphor stripes.
Although each beam is shown here to be focussed onto only one aperture in the
shadow mask, the focussed spot of each beam generally covers several apertures.
The yoke on the outside of the tube neck deflects the 3 beams all over the screen;
the in-line arrangement of the guns shown here permits the use of a yoke which
maintains the convergence, i.e., the coincidence of the 3 focussed spots, all over
the screen. Additional description of the kinescope can be found in Refs. [7] and
(9].
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KINESCOPE ELECTRON GUN

A cross-sectional drawing of one of these electron guns is shown in Fig.
2. The electrons are thermally emitted from the cathode, shown at the
left of the figure. These electrons are fashioned into a narrow beam and
focussed onto the screen by voltages on the electrodes, or grids, of the
gun, shown to the right of the cathode. Four grids are shown here; they
are labelled G,, Go, and Ga, and G4 in accord with vacuum tube termi-
nology. In addition to these labels, they are sometimes referred to as the
control, screen, focus, and ultor* grids, respectively. These electrodes
are generally cylindrically symmetric about the axis of each electron gun.
Thus the first two grids shown in Fig. 2 are plates with circular apertures
and the last two are cylindrical tubes. The electron gun of a kinescope
is generally 1 to 3 inches long and 1 inch or less in diameter. Electrically,
G, is about 100 V negative relative to the cathode. Positive voltages of
about 500, 5000, and 25000 V are placed on Gg, G, and G4 respec-
tively.

How did the electron gun come to look this way? A priori, one would
expect to need only the focus grid to draw the electrons from the cathode
and the ultor grid, which, in combination with the focus grid, focusses
the electrons to a spot on the screen. However, the focus grid may then
intercept some of the electrons; this current in the focus grid not only
wastes power but also alters the focus voltage. Thus, G is added to direct
the electrons into the entrance aperture of Gg. This addition was intro-
duced by Wehnelt in 1903, very early in the development of electron
guns, and G is frequently called the Wehnelt electrode. In a kinescope,
the voltage on G, also controls the current in the electron beam; thus G,
is called the control grid. The cathode, labelled K, and G, and G3 behave

G, G
/[ = G
ovy #soov 5kV j 25V j
100V
- - - AXIS. - 1
CATHODE K
l FOCUS GRID ULTOR
CONTRO CREEN 2
GRID GRID

Fig. 2—A cross-sectional drawing ot an electron gun simitar to one of the 3 shown in Fig.
1. The gun is cylindrically symmetric about the axis. The elements are, from left
to right, the cathode and the control, screen, focus, and ultor grids; these are la-
belled K, G4, Gp, Ga, and Gy, respectively. The ribs on G, and G, provide for thermal
expansion and the lips on G3 and G, inhibit field emission.

* The ultor voltage is the largest voltage in a vacuum tube; it is also called the EHT, or extra-high tension.
The last grid is called the ultor grid only if it is at the screen petential, as it is in a shadow-mask
tube.
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as the cathode, grid, and anode of a triode vacuum tube.! However, Gj
serves both as the anode of this triode and as part of the G3-G4 lens which
focuses the beam onto the screen. Since a single voltage on G5 cannot
generally fulfill both these functions, the screen grid G is added to screen
Gg3 from the cathode.

The drawing shown in Fig. 2 is redrawn in Fig. 3 with three axial dis-
tance scales. This was done to illustrate the properties of both the de-
tailed structure near the cathode and of the open region between the gun
and the screen. Several equipotential surfaces and electron trajectories
are also illustrated in Fig. 3. The direction of the force on an electron is
indicated at selected points by small arrows.

F I

I
O.*

BFR = MAIN LENS N DRIFT
(o} 10°

| — 1

(o] 10

Fig. 3—A diagram of the drawing shown in Fig. 2 showing different portions on different axial

520

scales. The left portion, containing K, Gy, G, and part of G, is called the beam-
forming-region (BFR). The center portion, containing part of G and G, is called
the main lens; the axial scale is contracted by a factor 10. The right portion,
containing the space between the gun and the screen shown in Fig. 1, is called
the drift region; the axial scale is contracted by another factor 10. The radial scale
applies to the entire diagram. Selected equipotentials are shown by the short-
dashed lines, and the directions of the forces on electrons are indicated by the
small arrows crossing these lines. Selected electron trajectories are indicated
by solid lines originating on the cathode. The changes in their slope at the
boundaries between the BFR, main lens, and drift region is illusory, due to the scale
change. The trajectories originating normally from the cathode are called princi-
pals, and those originating obliquely are called thermals. The crossover is defined
by the intersection of the two principals between G and G,.
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KINESCOPE ELECTRON GUN

Near the cathode the radial component of the force is directed toward
the axis and the electrons emitted vertically from the cathode, called
principals, are focussed to a small bundle on the axis, called the crossover;
the electrons emitted with nonzero radial momenta, called thermals, give
the crossover some finite size. The crossover is imaged on the screen by
the lens formed between the focus and ultor grids. The similarities of
the equipotentials in this region to spherical surfaces illustrates the
similarity between electron-optical and light-optical lenses.

In the vicinities of the straight dashed lines shown in Fig. 3, the force
on the electrons is very small so the electron trajectories are straight lines
and the equipotential surfaces are nearly planes normal to the axis. Thus,
these dashed lines define planes which conveniently divide the gun into
regions that can be discussed individually. The first region, lying between
the cathode and the central portion of the focus grid, is called the
beam-forming-region (BFRY); it is also called the triode or tetrode.! The
second region, lying between the central portion of the focus grid and
the end of the gun, is called the main lens. The third region, lying be-
tween the end of the gun and the screen, is called the drift region. There
are no electrodes in this region, but space-charge forces between the
electrons of the beam may be quite strong in this region. Computer-
generated diagrams showing calculated equipotential planes and electron
trajectories in each of these 3 regions are shown in Fig. 4.

2. Review of Theory

The science of electron-beam control is called electron optics, and
mathematically there is a one-to-one correspondence between the re-
fractive index of geometrical light optics and a function of the electro-
static potential ¢ of electron optics. For motionless electrons at ¢ = 0,
this function is approximately (2e ®/mc2)!/2. The theory of electron
opticsis described by Klemperer,! and by Ramberg in Zworykin, et al.?
Its application to electron gun design is described by Moss®* and
Wilson.5

In the application of electron optics to electron-gun design, the goal
is to make the display on the screen as sharp and bright as possible. This
goal requires that the image size of the crossover at the screen center be
minimized at all beam currents, subject to constraints imposed by other
parts of the kinescope. There are three major limitations on the image
size.

The first limitation is due to the emission of electrons from a eathode
of nonzero size and temperature. This limitation follows directly from
Abbe’s sine law of light optics, i.e., nrsin f = n’r’sin #, where n is the
refractive index, and r and ¢/ are the position and angle of the ray relative
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Fig. 4—Computer calculations of selected equipotentials and principal electron trajectories
in the BFR, main lens, and drift region are plotted for an electron gun similar to
that shown in Fig. 3. The calculations were done for a beam current of 3.5 mA.
Due to the space-charge force, the interior trajectories in the drift region never
cross the axis. This figure was prepared by F. Campbell.

to the optic axis. The primed and unprimed quantities refer to two planes
normal to the axis; here these planes are at the cathode and screen. At
the cathode, n’ ~ (kT)!/2 where T is the cathode temperature. For a ray
on the boundary of the beam, r’ = d./2 where d, is the diameter of the
emitting area, and sin # = 1 since electrons are emitted into a hemisphere
about the axis. At the screen n ~ (e®)!/2, where ® is the ultor voltage
and e® > kT. For this boundary ray, r = D!/2 where D! is the spot di-
ameter on the screen, and sin ! = D;,/2L, where L is the length of the drift
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KINESCOPE ELECTRON GUN

region and D is the beam diameter in the main lens. Then Abbe’s sine
law becomes

Dt = 2ch(kT/e§>)‘/2E§,_h; ]
D, Dy
since this equation defines the spot size due to cathode size and tem-
perature, it will be called the thermal magnification. Actually Eq. [1] is
a statement of Liouville’s theorem, 8 i.e., the conservation of volume in
phase space, and it can be derived from thermodynamics.!

The second limitation is due to lens aberrations, the ubiquitous con-
dition of lenses that rays from an object point are focused at different
image points. In the absence of aberrations, the displacement from the
axis in the image plane, r;, of a ray is a linear function of its displacement
ro in the object plane, and independent of its displacement r, in the
aperture plane of the lens; this is the Gaussian or paraxial ray approxi-
mation. For real lenses, however, r; will be a function of higher powers
of ro and r,. Since r; must change sign when both ro and r, change sign,
r; is independent of even powers of ro and r,. Thus, if r is the dis-
placement in the image plane in the Gaussian approximation, r; — rd will,
in lowest order, depend on a linear combination of r3, r3 ra, ror2, and rj.
The aberrations associated with these terms are called, respectively,
distortion, astigmatism and field curvature, coma, and spherical aber-
ration (also cailed aperture defect). In an electron gun, r¢ is the cross-over
diameter and r, is the beam radius in the lens, D,/2; since Dy >> ro, the
dominant aberration in kinescope electron guns is spherical aberration.

Thus the spot diameter on the screen D{ is

D: = C,D3, 2]
where C, is the aberration coefficient of the lens.”

The third limitation on the spot size is space charge, the mutual re-
pulsion of the electrons due to their charge. Space charge, of course, has
no optical analog. Space-charge effects are greatest at high beam currents
and low electron velocities, and although they are omnipresent, they are
most pronounced in the drift region because of its length and in the BFR
because of the low electron velocities. Schwartz® derived a limitation on
the diameter of the spot due to space charge in the drift region, D;. In
that derivation DD, is related to the parameter [4030/L2/(D$3/2)]1/2
as shown in Fig. 5; here I is the beam current and By = (m/2e)'/2/27¢o
contains the electron charge and mass, e and m, together with the di-
electric permittivity €o. Not only is this relationship complicated, but
also the theory is greatly simplified if D§ and D¢ have the same depen-
dence on Dp. Thus, the Schwartz limitation was found to be closely ap-
proximated by

IL? Cse
$ = (. )= =8¢
D_,T Bﬁo (Dbd>3/2) Db [3]
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for beam currents from a few tenths to a few mA, typical of those used
in kinescopes. This is illustrated in Fig. 5.

These limitations on the spot size must be combined to obtain a lim-
itation D, on the observed spot size. Moss? has suggested D! and D?
combine quadratically, and Wilson® has suggested D} and D? combine

linearly. For this discussion we shall utilize these suggestions to de-
fine*

D, = [(D)? + (D3)?]/2 + D°. [4]
Upon substitution of Egs. [1], [2], and [3] into Eq. [4], one finds
c
Dy =—+ C,D} 5
b+ CaD} 51
where
C=(C}+C2)12 [6]

A plot of D, versus Dy, is shown in Fig. 6. The minimum of D, falls at Dy
= (C/3C,)* where D, = (4/3)(3C,C?3)/4; at this value of Dy, 3/4 of D,
is due to thermal magnification and space charge and 1/4 is due to
spherical aberrations.

10
(4501 2|2
Dbzoalz)

A

sk /)
(50 /0p)"2
— i 1

o ol 10 0

o /0y
Fig. 5—The functions 7= [43,1L2/(D2$¥2)] V2, shown by the solid line, and (5D%/D,)"2,
shown by the dashed line, are plotted versus D}/D,,. Except for a scale change,
the function fis identical to that shown in Fig. 2 of Ref. [8]. With B, = 30345
V32/A and values of L, b, and D, frequently encountered in kinescopes for 0.5
mA < /| < 5mA, ftakes on values between 0.4 and 4.0. In this region fis seen

to be closely approximated by (5D%/D,)"2 so these two functions were equated
to obtain Eq. [3].

° Detailed analysis indicates this definition of D may not be exact; howevar, this analysis also indicates
it is much simpler and it is a reasonable approximation to the exact result,
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Dy (mm)
N
T

Dy, (mm)

Fig. 6— The spot diameter D; is plotted versus the beam diameter D, tollowing Eq. [5] for
C= 3mm?2and C, = (16 mm?2)~", The dashed lines show the separate terms of
Eq. [5]. The minimum value of D, 2 mm, falls at D, = 2 mm; at this value of D,
D2 = 0.5mm and C/D, = 1.5 mm.

3. Problem

To decrease D, at a fixed I, the goalt of electron gun design for display
tubes, the constants C and C, in Eq. [5] should be made as small as
possible. Reductions in C and C, affect the display tube performance
in different ways, however. In particular, a reduction in C, decreases D;,
but it increases the value of Dy at which D, is a minimum. An increase
in D}, places additional burdens on other components of the tube. For
example, the circle containing the cross-sections of all the beams in the
tube is the object of the magnetic deflection lens generated by the yoke,
just as the crossover is the object of the electrostatic focussing lens. In
the same way as for the electrostatic lens, the aberrations of the magnetic
lens increase with the object size; increasing D makes this object larger.
Also in a shadow mask tube, two phosphor colors must be completely
shadowed from each beam; that is, from a given phosphor stripe in Fig.
1, the beam from only one electron gun may be seen. As the beam
cross-sections are enlarged by increasing Dy, the size of the apertures

1 “The ultimate problem of design is to obtain the smallest and most brilliant electron spot with the
minimum of required power for beam generation, modulation, and deflection,” H. Moss, Ret. [4].
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in the shadow mask must be reduced to ensure that two phosphor colors
are fully shadowed from each beam.”? This lowers the transmission of
the mask which decreases the brilliance of the spot. Furthermore, in a
multi-gun tube a larger beam cross-section forces a greater separation
of the guns, with a resulting increase in the convergence force needed
to superpose the beams at the screen center. In summary, a reduction
in C, is a useful improvement in a display tube only if the other com-
ponents can accommodate a larger beam diameter. On the other hand,
areduction in C decreases both the minimum value of D, and the value
of Dy at which it occurs.

Inasmuch as d. in Eq. [1] grows with 1, both C,j, and C,,., which define
C, vary directly with / and L and inversely with . Since / is fixed, only
L and ¢ can be varied. To decrease L, the deflection angle must be in-
creased; since the deflection angle defines the aperture size of the mag-
netic lens, this increases the yoke aberration. Nevertheless, the deflection
angle of TV display tubes has grown with time.® An increase in ¢ above
30 kV is accompanied by X-ray emission and browning of the face-
plate.1° Thus technological limitations appear to place a lower bound
on C.

Can C be made smaller? No, but not all the contributions to the spot
size are contained in Eqs. [1]-[4]. For example, Eq. [3] describes space-
charge contributions in the drift region; there are additional space-charge
contributions from the BFR where the size and velocity of the electron
beam are small. Also, Eq. [2] describes lens aberrations only in the main
lens; there are additional lens aberrations in the BFR due to the strong
electric field gradients. These and other contributions to the spot size
will be added to those contained in C to define a new constant C’, which
will be considered in this paper.

The determination of these contributions to C’ is not trivial. In fact,
Moss? in 1945 wrote:

“The basic theory of the electron gun is incredibly complex if account
is taken of all the factors involved. Such an analysis, from first principles,
would appear to be almost beyond the mathematics of our age, and would
certainly yield no results of real practical value. This need cause no
surprise when we reflect that such a theory would have to take into ac-
count space charge, the velocity distribution of the emitted electrons,
and lens aberrations. Even when considered separately these factors
involve weighty analysis.”

4. Approach

The calculation of C’ described here was done with a digital computer.
The computer problem is defined by specifying the electrode geometry

526 RCA Review * Vol. 41 « December 1980
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and the potentials on the electrodes. Generally, potentials are specified
on a surface enclosing the gun so the electrostatie potential in the interior
of the gun can be calculated. This calculation is done by superposing a
mesh on the interior and solving Laplace’s equation, using the finite
difference method of successive overrelaxation.!! Advantage may fre-
guently be taken of the cylindrical symmetry of the electron gun to solve
the problem in only two dimensions. The electron trajectories are then
calculated by numerical solution of the differential equation of motion.
A large body of computer programs exists to solve Laplace’s equation
and evaluate electron trajectories.!?

A current may be assigned to each trajectory using the results of planar
diode theory,!3 e.g., Child’s law,! and the cathode temperature. Once a
set of these trajectories has been calculated, they define a space-charge
density within the gun. With this charge density, new potentials in the
gun may be found by solving Poisson’s equation in the manner described
in the preceding paragraph. New trajectories may then be calculated.
When this procedure converges to a potential distribution and a set of
electron trajectories, the calculation of the electron beam with space
charge is complete.!*

Many calculations!® of C, have been done in this manner, but none
of C”. The calculation of C’ was done with a digital computer program!¢.17
of the type described above. The main lens was replaced by the mathe-
matical transformation,

b-15 AR g
0 D E||vi

obtained by following the rules for image transformation.® Since this
transformation describes an ideal Gaussian lens, C, is 0. Here y; and y
are the displacements, and y) and yo are the angles, of an electron tra-
jectory at the entrance and exit planes of the lens measured relative to
the axis. This transformation is illustrated in Fig. 7.

5. Calculations

Calculations were done on the IBM/370 computer for about 125 electron
guns. The parameters of the calculations are shown in Fig. 8. The elec-
trode thicknesses, aperture diameters, and separations are labeled ¢, d,
and s, respectively, and subscripted with the grid numbers. Also shown
are the cathode, grid, and screen voltages labelled Vg, V1, Vo, V4, and
&, respectively; the G, electrode was grounded, i.e., V; = 0. In all the
calculations I was fixed at 3.5 mA, L at 13.5 inches, and ¢3 at 0.010 inch.
The parameters varied in the calculations were ¢4, 2, di, do, d3, 5K1, S12,
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Fig. 7—A geometrical construction of the ideal lens which was used in place of the main
lens. The lens is represented by the principal planes H; and H; and the focal points
Fs and F; on the lens axis z, as in geometrical optics. The entrace and exit planes
are located at z, and z,. The notation is that of Fig. 3.4 of Ref. [6]. The principal
planes are reversed; this is shown in Ref. [2] to be a general characteristic of
electron lenses. The radial and axial dimensions are typical of those used in the
calculations. There are two axial scales because the separation of the principal
planes is undefined by A, B, D, and E of Eq. [7]. This construction represents the
transformation of y and y’given by A = 0.5, B= 0.950 inch, D= —(2 inches)™!
and £= —0.05 in Eq. [7]; the potential at the exit plane is 5 times that at the en-
trance plane. The trajectories shown here lie near the edge of the beam. Although
they appear to cross the axis 10 inches beyond the entrance to the drift region,
space-charge forces will extend this distance.

s23, Vi, V3, and ®; the extents of variation of these parameters were

0.001” < t; £0.010” 0.003” <ty < 0.026”
0.010” = d, < 0.042” 0.010" < d3 < 0.050”
0.024” < d3 < 0.060” 0.0015" < sg, < 0.005”
0.004” < sy < 0.035” 0.030” < $93 £0.110”
150V < Vg <200V 2kV<V3<30kV

and 18RV < & < 30kV

The steps of the calculation included the solution of Laplace’s equation
in the BFR, the calculation of the maximum V2 needed to cut off current
emission, reduction of Vi (usually by about 100 V) to obtain a 3.5-mA
beam current, and calculation of the beam trajectories from the cathode
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AXIS
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Fig. 8—The parameters of the electron gun used in the calculation of C’are shown in this
schematic diagram. This diagram shows the cathode (K) and grids Gy, G, and G
of the BFR. The beam originates on the cathode, passes through the BFR, is fo-
cussed by the ideal lens transformation, and passes through the drift region to
the screen. The electrode thicknesses, aperture diameters, and separations are
labelled by ¢, d, and s, respectively. The length of the drift region is L. The G,
electrode is grounded and positive voltages Vg, Vs, V3, and ® were applied to
K, Gs Ga, and the screer.

to the screen by iterative solution to Poisson’s equation. A combination
of the variables A, B, D, and E in Eq. [7] was found to minimize D, with
Dy, near 0.080 inch, and each adjustment was accompanied by a calcu-
lation of the beam trajectories in the drift region by iterative solution
U)Poﬁson%equaﬁon.Thecaknﬂaﬁonfbreachguntookabout15nﬂn-
utes of central processor time.

The diameters D, and D, were defined as the full width of the beam
current density function at 5% of its maximum value, and they were
measured at the exit and entrance of the drift region. The constant
is defined as the product D,Dy. If C” were governed entirely by Egs. (1]
and [3], it would be a function of the gun parameters, independent of D,
and Dy. It was found to be approximately, but not fully, independent
of D, and Dy, indicating the existence of contributions to the spot size
not contained in Egs. (1] and [3].

Each calculation of C’ was done for different sets of values for the 11
parameters mentioned above. While there is far too much data for a
tabular presentation to be comprehensible, there is far too little data to
fit it to a polynomial function of the variables; there is barely enough data
to even define C’ as a quadratic function of the parameters. Furthermore,
the sets of values were chosen with no regard for randomness or for
spanning the parameter space. Therefore, an empirical fit of the data
to a selected function of the parameters was sought as a means to present
the data.
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Each value of C’ was normalized with the value of C obtained* by
using the gun parameters in Eq. [6]. The ratios 7, and ry are defined
empirically as

re = (sg1 + t1)/d,

1 \2li/e
[s%:s + (5 ds) ] /d.. 18]
A plot of C’/C versus \Vr , where

r=reri($2/VgVs) X 1073, [9]
is shown in Fig. 9. The coefficient of correlation of C’/C to /r is 0.85.

and

Ty

0o 05 Lo 1.5
Jr

Fig. 9—A plot of the calculated values of C7 C versus \/; Each dot, which represents a
value of C’, was calculated numerically for a set of specific values of the gun
parameters, as described in the text; the value of C was calculated from Eq. [6]
(see footnote below) for the same set of parameters. This set of parameters also
specifies a value of r from Eq. [9]. The curve, from Eq. [10], represents a lower
bound on the calculated values of C7C. Thus, for any set of gun parameters, a
value of ris given by Eq. [9], and the smallest value of DD, that can be anticipated
is then given by Eq. [ 10). The guns with small values of r are, of course, frequently
difficult to manufacture. )

* Eq. [ 1] was evaluated with kT = 0.1 eV and d; = 0.72dy; the latter relation was determined empirically
from the calculations. The factor In20 was included in Cy, to correct for the beam width being defined
at 0.05 instead of @~ ! of the maximum beam cuwrent density. No factor was included in Csc because
the beam current density was assumed uniform in Ref. [8]. Thus, for example, with dy = 0.025 inch
and ® =30 kv, Cp = 1.71 mm2 and Coc = 1.92 mm?2,
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This correlation is clearly apparent in Fig. 9, but it is even more notable
that all the values of C’/C lie above the curve

C’/C = 0.96 + 0.40r. [10]

For each set of gun parameters a value of V; was also calculated.
Empirical relations between V; and these parameters have been de-
scribed,3 a recent one being,!8

(Vo — Vk)/Vg = 40r?r, [11]

rs = [8%2 + (% d2)2]1/2/d1. (12]

The calculated values of (Vs — Vi)/Vk are plotted versus r?r, in Fig.
10; Eq. [11] is shown by the solid line. The coefficient of correlation is
0.88.

It is notable that r, and t» do not appear in Egs. [1] and [9]. Since the
angular divergence of the beam exiting the BFR can be controlled with
to, several different guns having a single value for each of C’/C, C, and
C,, and different values of D} can be identified. Computer calculations
of D, and Dy, for these guns can then be compared to the theory presented

where

12

v, vy )

-2 a | L 1
[} 0.1 0.2 0.3

2
e fs

Fig. 10—A plot of (V, — Vi)/ Vi versus rf,r,. The values of V, were calculated from the
solution of Laplace's equation for the BFR. The value of V; is the maximum voltage
on G, that will drive electrons back into the cathode everywhere on the cathode
surface.
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above. The value C’ = 4.0 mm? was calculated using Eq. [7] for a BFR
having r = 0.21 and C = 3.1 mm?2 Then, with a real main lens having C,
= (30.3 mm?)~!instead of Eq. [7], values of D, and D, were calculated
for several values of ts. The results of these calculations are shown in
Fig. 11 together with the theoretical curves obtained with Eq. [5], and
with C’ replacing C in Eq. [5]. The accord of the latter curve and the
computed results is quite reasonable.

6. Applications

In some of the examples to be described, tradeoffs between C4 and C’/C
will be used to minimize D;. To relate C4 to the electron lens, a con-
nection between C,4 and the lens power S is required.t The coefficients

Oy (mm)}

- 2

Dp {mm)

Fig. 11—A plot of D, versus D, for several electron guns differing only in their values of
t;. The solid curve labelled C was calculated with Eq. [5) and the solid curve la-
belled C’was calculated with C”replacing C in Eq. |5]; for both curves C, = (30.3
mm?)~", The X's indicate calculations of D, and D, for guns with a real main lens
having this value of C,. The numbers with each X indicate the t, thickness in
mils.

T The power of a lens is a measure of the distances of the object and the image from the lens. In light
optics the power of a thin lens is the reciprocal focal length.
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C, and S are frequently defined in terms of the axial derivatives of the
electrostatic potential on the lens axis.>!5 These definitions are generally
very complicated, as, for example, C4 contains a number of terms de-
pending on the even-order derivatives. In a simple case, for the thin lens,?
S depends on the first-order derivative. Thus the magnitudes of both
S and C4 depend on the magnitudes of these axial derivatives, although
they may, of course, depend on them in very different ways.

Since S must be nonzero for a lens to focus the crossover onto the
screen, C4 will be nonzero. In a kinescope the values S may assume are
further limited by the fixed distance between the crossover and the
screen, and by the location of the lens much closer to the crossover than
to the screen. Within these limitations, however, gun designs with values
of C’, C, and C4 that minimize D, may be found. Yielding a slight in-
crease in D, from one of these parameters may offer a large decrease from
another.

One approach to the minimization of D lies in placing the main lens
as close as possible to the screen so that S may take on its smallest value
for a given type of lens. Since both S and C4 depend on the axial deriv-
atives of the electrostatic potential, C 4 will presumably be made smaller.
This approach was used in the recent development of the ‘“‘high-voltage
bipotential’ electron gun.1719 In a bipotential gun the G3 and G, elec-
trodes form the main lens. An increase in the G voltage V3 weakens the
lens and reduces!® C4; at the same time, by Eq. [10], C’ is reduced due
to the increase in V3. Thus D, is reduced because of reductions in both
C 4 and C’. This approach is limited by practical constraints on the length
of the gun and the magnitude of V.

Another recent approach to the minimization of D has been the use
of the extended-field lens (EFL).2%2! [n an EFL the abrupt voltage
change across the gap between two lens electrodes, e.g., G3 and Gy, is
replaced by smaller voltage changes across gaps between several elec-
trodes bridging the original gap. This, in effect, widens the original gap,
something that is otherwise impractical in a kinescope due to the leakage
of external fields into the gun, e.g., from charges on the neck of the tube
or from adjacent guns in color tubes. The axial potential in an EFL varies
quite slowly, so C4 is much reduced. However, S is also reduced some-
what, so if a monotonically increasing axial potential is used, simulating
a bipotential, V3 must be made small. As can be seen in Eq. {10], this
increases C’/C. Thus it may be desirable to utilize a design with a large
Vs, even at the expense of some increase in C4, since C4 is so much re-
duced by the EFL design. This approach is described in Ref. {20] wherein
a second screen electrode is placed between the screen and focus elec-
trodes, and the potential on this electrode is intermediate between the
focus and ultor voltages.
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Another example of a tradeoff arises from the dependence of the spot
size on d,, the cathode diameter. This dependence is direct and inverse
in Egs. [1] and [10], respectively, since d. is a direct function of dy. Thus,
for a given beam current, there is an optimum value of d, which, at the
highest commonly used currents, is larger than many of the commonly
used values of d;. This result was confirmed in tests on several kinescope
tubes.22

In kinescopes with commonly used guns operated at prevailing beam
currents, this optimum value of d, exceeds the actual value only at the
highest beam currents. However, when the emission current density from
the cathode is increased, e.g., by making the cathode from other materials
or operating it at higher temperatures, the same beam current is obtained
from a smaller emitting area. Then, the optimum value of d, greatly
exceeds the actual value for a substantial range of the higher beam cur-
rents, and much of the advantage in Eq. [1] due to the increased emission
current density is lost. This advantage cannot be regained by reducing
ski1ort) in Eq. [8], as the values of these dimensions are already made
as small as possible.

To regain this advantage, a platform cathode may be used. In this
cathode the emitting surface is raised on a pedestal that extends partially
into the G, aperture, as shown in Fig. 12. It somewhat resembles the
Pierce electron gun,! which was developed for applications requiring
large electron-beam currents. Since sk, + ¢; in Eq. [8] is the distance
from the cathode surface to the front surface of G, the parameter r. is
much reduced in the platform cathode. Since ry is unchanged, C’ is much
reduced and the optimum value of d, at high currents can be near the

120v 6800V

Fig. 12—A sketch of the BFR for the platform cathode showing selected equipotentials and
electron trajectories, similar to that shown in Fig. 4 for a planar cathode.
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actual value. At low beam currents, however, only the central portion
of the cathode emits because the cathode surface is recessed inside the
G, aperture, unlike the Pierce electron gun. Thus, at low currents, where
Csc in Eq. [3] is small, d. in Eq. [1] is small, so C is small. These results
were confirmed in tests on several kinescope tubes.?3

7. Conclusion

In the preface of his book, Moss? observes:

“The author still retains rather painful memories of his own initia-
tion into these matters. In 1939, fresh from the University, he joined
an industrial team engaged in the design of a wide variety of cathode
ray tubes. Obviously here was a wonderful opportunity to mount the
White Charger and thereby bring the analytic beauty of electron op-
tics to bear on empirical procedures. Alas! after about a year, the
White Charger had vanished, Empirical Procedures remained in
firm possession of the battlefield, and a much chastened Hilary
Moss might have been observed contemplating less ambitious ad-
ventures.”

He goes on to suggest that the introduction of the digital computer will
link gun design to the theory of electron optics.

An example of the introduction of the digital computer to electron gun
design has been described in the preceding sections. When the computer
calculations of C’ were done, however, the results had to be fit to an
empirical formula to make them comprehensible. Thus, once again,
“White Charger has vanished, and Empirical Procedures remain.” The
only difference lies in the use of the computer, instead of the laboratory,
to generate the data required to obtain empirical formulae, such as Egs.
[10] and [11]. The difficulty, both now and in 1939, lies in the profusion
of parameters required to describe the electron gun.
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Evaluation of CMOS Transistor Related Design
Rules

Alfred C. Ipri

RCA Laboratories, Princeton, NJ 08540

Abstract—In order to evaluate integrated circuit design rules that are specifically related
to the MOS structure, a transistor array (TRAY) was designed. Fabricating and
testing this array has produced optimum rules for the fabrication of LS| circuits
using the specific process evaluated. It is seen that defects can cause either
functional failures or increased array leakage and that, depending upon the leakage
sensitivity of the integiated circuit, either may cause loss of circuit function-
ality.

1. Introduction

The use of various test patterns to evaluate individual aspects of MOS
processing such as polysilicon continuity, metal step coverage, and
contact opening integrity has been discussed previously." The results
of the previous evaluation show that meaningful yield curves can be
generated to aid in the IC design and layout, and to maximize the number
of working chips per wafer.

A number of design rules, however, involve mask level-to-mask level
interactions and, hence, a test vehicle specifically oriented towards the
MOS transistor is needed. The transistor array, or TRAY, described here
was designed for this purpose. It includes many of the features of the
previous test arrays, such as the use of standard cells that are serially
connected to form strings of ever increasing numbers of cells. Simple dc
testing is used to interrogate the strings for short or open circuits. The
yield of functional arrays is then plotted vs. the number of transis-
tors.
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2. Transistor Array (TRAY)

The standard cell used for design rule analysis in this array is the CMOS
inverter. The advantage of the CMOS inverter is its ability to monitor
both open and short circuits that may occur in the transistor structure.
For example, if a break occurs in the polysilicon gate of an MOS device
over the channel region, a source-to-drain short can result. On the other
hand, if a break occurs in the polysilicon away from the channel region,
an open circuit can result. The inverter configuration is the simplest
element whose lack of functionality reflects both open and short circuits.
Previous test vehicles have incorporated either series connected MOS
transistors(!) or transistors connected in parallel.® The series technique
can easily monitor open devices but not shorted devices, while the par-
allel approaches test for shorts but not opens. The inverter configuration
is, in effect, a combination of both the series and parallel approaches
since the inverters are connected in parallel (between Vpp and V...) while
the input signal is conveyed serially from the input to the output of the
series connected string.

Fig. 1 shows the basic transistor inverter building block. The output
of each inverter is connected to the input of the next inverter to form
strings of inverters containing 200, 400, 600, 1200, 2400, 4800, and 9600
cells per string. Each string has independent input, output, Vpp, and
Ve connections. The total number of inverters in each chip is 19,200.
Also included on each chip are individual test transistors and resistors
for obtaining parametric data. The array measures 6.96 X 6.45 mm and,
hence, about 100 chips are contained on a 3 inch diameter wafer.

The testing procedure involves the use of a computer controlled
parametric IC tester. Each inverter string is powered on at 5 V (Vpp)
and ground (V). The input to the first inverter in the string is grounded
and the output signal of the last inverter is measured, as well as the
standby or leakage current of the string. The input is then switched high
(5 V) and the output and leakage current again measured. An inverter
string is considered functional if the difference between the two output
signals is greater than 4.0 V. The leakage current is only cataloged on
those strings that are considered operational. A statistical compilation
is made for each wafer giving the number of operational strings as a
function of the string length. Leakage current histograms are also gen-
erated for each string and each wafer. Yield curves are then plotted
showing the variation in functionality, with both the number of inverters
and the specific design rule being varied. Each set of wafers contains a
specific design rule variable. It is possible, therefore, to determine an
optimum and minimum set of design rules that are specifically related
to two-level mask interactions.
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Fig. 1—Photomicrograph of the TRAY and the inverter cell.

The technology used to fabricate the transistor array was the
CMOS/SO0S process. Undoped silicon on sapphire films, 0.6-um thick,
were grown in the usual manner.® The silicon islands were defined using
an anisotropic etchant (KOH, n-propanol and water) and doped using
ion implantation. Channel oxides were grown in HCI steam at 900°C
before deposition of the LPCVD polysilicon layer. Anisotropic wet
etching was also used to define the polysilicon. The sources and drains
were doped with boron and phosphorus by ion implantation using doses
of 4 X 10!5 em~! and 2 X 10!5 cm™2, respectively. A low temperature
phosphorus glass was deposited and then flowed over the surface at
1050°C. Contact openings were then chemically etched. Using an In-
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source® deposition system, 1.5 um aluminum was evaporated over the
substrates and chemically defined. The process, therefore, contained
seven mask steps through metal definition.

3. Experimental Results

The TRAY was used to study such CMOS/SOS design rules as:

(a) epi-silicon to polysilicon spacing,

(b) poly-gate overlap of the silicon island,
(c) source-drain spacing,

(d) contact opening to epi-silicon edge,

(e) contact to poly-gate spacing, and

(f) N+ and P+ overlap of epi-silicon island.

The Tray mask set includes 8 epi-silicon definition levels, 11 polysil-
icon levels, 4 source-drain doping levels, 2 contact levels, and an alumi-
num definition level, for a total of 26 levels. A particular set of levels is
used to analyse a particular design rule. To study the epi-silicon to
polysilicon spacing, for instance, several wafers are processed using each
of three different epi-silicon mask levels (levels 15, 16, 17). The same poly
mask, however, is used on all wafers and, hence, the epi-to-poly spacing
can be set to values of 2.5 um, 1.0 um, and 0.0 um. A complete list of the
various mask levels and their respective dimensions is given in Appendix
L. It should be noted that the functionality of the inverter structure is
relatively insensitive to variations in device threshold, breakdowns, and
leakage currents. Its functionality is designed to test for catastrophic
failure mechanisms such as opens or shorts, which in turn, are defect
related.

3.1 Epi-Silicon to Polysilicon Spacing

Fig. 2is a plot of operational yield as a function of the number of inverters
tested. Data were obtained for spacings of 2.5 um, 1.2 um, and 0, or
line-to-line. As can be seen from the figure there is essentially no dif-
ference in functional yield. Fig. 3, however, shows a series of leakage
histograms for inverter strings containing 9600 inverters (19,200 tran-
sistors). All three histograms show average leakage currents of about 3-4
#A. The only dependence on poly-to-epi spacing appears to be the
population at the 100 uA level. As the number of poly-to-epi bridges
increases, therefore, the number of arrays having leakage currents in

® Applied Materials Inc., Santa Clara, California.
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Fig. 2—Functional yield as a function of the number of inverters and the epi-silicon to
polysilicon spacing

excess of 30 uA also increases. From an initial value of less then 6% of
the total when wide (2.5 um) spacings are used, the number of high
leakage arrays increases to about 25% of the total when heavy bridging
is present. The conclusion, therefore, is that poly-to-epi bridging can
influence the yield of LSI arrays if they are leakage current sensitive.

the total when wide (2.5 um) spacings are used, the number of high
leakage arrays increases to about 25% of the total when heavy bridging
is present. The conclusion, therefore, is that poly-to-epi bridging can
influence the yield of LSI arrays if they are leakage current sensitive.

3.2 Poly-Gate Overlap of the Epi-Silicon Island

Fig. 4 shows the results of varying the poly-gate overlap of the silicon
island. It is seen that there is relatively little decrease in yield when using
a value of 3-4 um. Optimization calculations!!? show that the decrease
in yield when using a value of 4.0 um instead of 5.0 um is more than
compensated for by the increase in packing density and, hence, is the
preferable value. Fig. 5 shows the effect of gate overlap on leakage cur-
rents. The average leakage value and the width of the overall distribution
increases as the overlap is reduced. The data shown are for strings of
inverters with 9600 cells. It is felt that the optimum gate overlap value
is about 3—-4 um.

3.3 Source-Drain Spacing

Fig. 6 shows the functional yield dependence on channel length. It is seen
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Fig. 3—Leakage-current distributions as a function of epi-silicon to polysilicon spacing.
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Fig. 4—Function yield as a function of the poly gate overlap dimension.

that the yield drops off substantially for channel lengths of 2.5 um.
Parametric effects such as substrate doping can also play a part in
functional yield reduction as the channel length is reduced. Examination
of leakage current data (Fig. 7), however, shows little increase in the
leakage distribution as the channel length is reduced from 4.0 to 2.5 um
and, hence, defects rather than parametric effects are probably the cause
of the yield reduction.

3.4 Contact Positioning

Tests were made to analyse the position and size of contacts with respect
to the size of the underlying epitaxial silicon, the size of the metal line,
and the proximity of the polysilicon gate. The results, in general, show
a substantial reduction in functional yield when the contact opening is
larger than either the underlying silicon or the metal interconnect line.
The yield reduction can be as much as a factor of 3 or 4 when the metal
does not completely encompass the opening. The yield is essentially zero
when the metal must cross exposed epitaxal silicon edges. SEM in-
spection in the past has shown substantial negative tapering of etched
silicon edges, while similar effects have not been observed with the oxide
profile. Obviously these effects are strongly process dependent and,
hence, similar experiments can also be used to compare various etching
and flowing process techniques.

Results on the position of the contact with respect to the polysilicon
gate, which measures alignment accuracy as well as etching control, show
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little yield degradation with contact-to-poly spacings as small as 2.5 um.
Measurements incorporating a 1-um contact to polygate spacing, how-
ever, show almost total shorting of the source to the gate. Leakage data
also show no dependence on contact position for spacings above 1.0
um.
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Fig. 5—Leakage current distributions as a function of poly gate overlap dimension.
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3.5 N+ and P+ Overlap of the Epi-Silicon Island

In this particular test sequence, two interrelated parameters were varied.
One was the spacing between the N+ or P+ mask opening and the ex-
posed epitaxial silicon island and the second was the spacing between
the mask opening and the unexposed portion of the silicon island. Since
the N+ and P+ levels are reverse tones of each other, both the N+ and
P+ levels were evaluated simultaneously. The results indicate that no
significant functionality or leakage problems result from either of these
parameters even for spacings as low as 1.0 um.

4. Conclusions

Data obtained from the transistor array indicate that high yields can be
achieved on LSI circuits if the proper design rules are used and the
limitation imposed by such electrical parameters as leakage currents and
threshold voltages are minimal. Fig. 8 shows the variation in leakage
current with the number of transistors tested. It is seen that, while in-
dividual wafers contain arrays whose leakage current increases linearly
with the number of transistors, the leakage from wafer to wafer is ex-
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tremely variable. Most arrays with 10,000 inverters, however, have
leakage currents below 10 uA when proper design rules are used. The
transistor array, therefore, demonstrates that high-yield low-leakage
VLSI arrays can be fabricated using CMOS/SOS technology.
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Fig. 7—Leakage current distributions as a function of source-to-drain spacing.
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Appendix 1

Transistor Array

Mask ¢ Level Dimension (Mils)
10 Epi Width = 0.4
11 Epi Width = 0.3
12 Epi Width = 0.2
13 Epi Width = 0.1
14 Epi Width = 0.05
15 Epi Epi-to-Poly Spacing = 0.1
16 Epi Epi-to-Poly Spacing = 0.05
17 Epi Epi-to-Poly Spacing = 0.0
20 Poly-Gate Channel Length = 0.2
21 Poly-Gate Channel Length = 0.15
22 Poly-Gate Channel Length = 0.10
23 Poly-Gate Channel Length = 0.05
24 Poly-Gate Gate Overlap = 0.15
25 Poly-Gate Gate Overlap = 0.10
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26 Poly-Gate

27 Poly-Gate
28 Poly-Gate
29 Poly-Gate
230 Poly

30 N+

31 N+

32 N+

33 N+

40 Contacts
140 Contacts
50 Metal

90-93 Reverse Tone of 30-33
130-133 Same as 30-33
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Special (Metal to Poly Shorts)
Contact-to-Poly Spacing = 0.15
Contact-to-Poly Spacing = 0.10
Contact-to-Poly Spacing = 0.05

Special (Poly-to-Epi Spacing)

Epi to N+ Spacing = 0.2
Epi to N+ Spacing = 0.15
Epi to N+ Spacing = 0.10
Epi to N+ Spacing = 0.05
Poly/Source = 0.2 X 0.2
Drain = 0.2 X 0.4
Poly/Source = 0.3 X 0.3
Drain = 0.3 X 0.5
Vee/Vpp = 0.3
Poly/Drain = 0.5




Carrier Lifetime in Photovoltaic Solar Concentrator
Cells by the Small-Signal Open-Circuit Decay
Method

A. R. Moore

RCA Laboratories, Princeton, NJ 08540

Abstract—The conventional open circuit voltage decay method of lifetime determination
in junction structures has been moditied by the addition of dc bias. This converts
the decay from linear to exponential in time. Ambiguity in the junction boundary
condition no longer influences the result. Application to concentrator solar cells
operating over a wide range of solar intensity is discussed.

Introduction

Solar cells designed for use in solar concentrator systems operate at solar
insolation levels of 1 to 100 W/cm? (10 to 1000 suns). From a purely
semiconductor point of view, the chief difference between the conven-
tional cell (one sun) and the concentrator cell is that the latter operates
at an injected hole—electron pair density Ap of 10'° to 10!7/cm? which
is often large compared to the thermal equilibrium majority carrier
concentration in the base. As a consequence it becomes important to
know how the minority-carrier lifetime in the base varies with injection
(sun) level. The lifetime in the surface heavily doped layer is ordinarily
not affected except at extremely high insolation levels not considered
in the present discussion.

A well-known technique for lifetime measurement in ordinary diodes
is the open-circuit decay method, originally proposed by Gossick! and
by Lederhandler and Giacolletto? for use with germanium diodes and
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more recently discussed by Wilson? in connection with p*-m-n* silicon
diodes. The diode under test is pulsed into the forward direction through
an auxiliary fast switching diode. The pulse current is high enough to
bring the test diode to the injection level desired and the pulse width is
wide enough to attain an approximately steady-state condition in the
base. After the pulse goes off, one observes the open circuit voltage across
the diode with a high impedance probe. The auxiliary diode serves to
isolate the test diode from the pulse generator.

In the special case of solar cells, the forward current pulse can be re-
placed by a fast light flash. A GaAs light emitting diode is particularly
suitable for silicon solar cells since the emitted infra red light is just the
right wavelength to penetrate deeply into the silicon base. No auxiliary
diode is needed. However, with most available LED lamps, it is difficult
to get sufficient light onto the solar cell to operate at the highest injection
levels.

In any event, from the form of the V. versus time curve after the pulse
goes off one calculates the lifetime, using known theory. The purpose
of the present note is to show how a simple modification of the conven-
tional procedure, particularly applicable to solar cells, enables several
deficiencies in the calculation to be corrected, resulting in a more reliable
measurement of the lifetime as a function of injection level.

Theory

The analysis of the open-circuit decay lifetime method requires the
knowledge of the time dependence of the minority-carrier concentration
in the base at the junction edge and the voltage response of the junction
to that concentration. Because all recent concentrator cells incorporate
the back surface field (BSF) concept, in which a heavily doped n* layer
on the n-type base is used to reduce the minority-carrier recombination
to almost zero at the back contact, these cells lend themselves to a par-
ticularly simple derivation. During the injection phase when the system
has reached a steady state, virtually no pairs are lost to the back contact,
and since the base width is normally only about one diffusion length
thick, the diffusion gradient across the base is small. When the injection
pulse (or light flash) is cut off (¢ = 0) and the diode is open circuited, the
pair concentration in the base at the junction edge decays almost entirely
by recombination; the diffusive flow can be neglected. It is, therefore,
unnecessary to solve the time dependent diffusion equation and the
decay can be written simply as

(Pn)o — Pno = Ap(t) = Apee =t/ 1)

Here p,¢ is the thermal equilibrium hole concentration, (p, ) is the hole
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concentration in the base at the junction edge (x = 0), and Apy is the
excess pair concentrationat x = 0,¢t = 0.

For the response of the junction to the excess minority concentration
in the base, early authors? assumed the Shockley small-signal boundary
condition

(Pn)o = pnoedVilkT. [2]

Eq. [2] leads directly to the expression for the open-circuit voltage in
terms of the excess pair concentration which, when combined with Eq.
[1], gives the measured quantity, the time dependence of the open circuit
voltage across the junction,

kT
Vi=—1In(1+ (Apo/pnole=t/). (3]
)

As long as Apge ~!/" > pno, we may neglect the one in the argument of
the logarithm, yielding

V~—n( ) th 4]
Pno

Since the first term on the rlght is a constant, equal to the voltage at ¢
= 0, Eq. [4] shows a linear decay of the open-circuit voltage with time
whose slope gives the lifetime. This linear decay is the characteristic
feature of the method. On the other hand, if we wait until (Apo/pro)e /"
< 1,

Vi = H.Aﬂ)e—t/r. 5]

q Pno

For an initial level corresponding to 100 suns (Apy ~ 10'6), this expo-
nential decay would begin at about 25 lifetimes.

The chief difficulty with applying this commonly accepted theory to
actual silicon solar cells over a wide range of injection levels is that Eq.
[2] does not really represent the true situation. If it did, silicon diodes
would follow the ideal current-voltage law. Instead, due to various forms
of nonlinearity at high levels and to recombination in the space-eharge
region at low levels, practical diodes follow the modified law

I = Io(qu/nkT - 1). [6]

The diode quality factor n is a function of / (i.e., the injection level) and
I¢ is set by some combination of the minority-carrier concentration at
thermal equilibrium and thermal generation in the space-charge region
(leakage current). The value of n is commonly observed to vary between
1 and about 3.

An obvious way to see the variations possible in the boundary condi-
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tion of Eq. [2] is to consider the BSF concentrator solar cell already
mentioned. The cell is really much closer to the p*-7-n* diode considered
by Wilson? than to the simple junction at low level envisioned by Eq. [2].
For the equivalent p*-n-n* solar cell, one must consider the voltage
drops across the p*-n and n-n* junctions separately. Wilson gives the
boundary condition

np = n?eaV/kT, [7]

where V is the sum of the drops across the junctions, the electron and
hole concentrations referring to the central base region where space-
charge neutrality also requires that n = p + Ny, where Ny is the donor
density in the base. Then

p(p + Ng) = njedV/kT, (8]
Under high injection conditions p > ng = Ny and Eq. [8] becomes
p = n;eqV/2kT, 9]

while at low level p << ngand Eq. [8] reverts to Eq. [2]. The result of using
Eq. [9] instead of Eq. [2] for the boundary condition in developing the
response of the junction to the decaying pair concentration in the base
is mainly to put the factor 2 into the determining equation for the linear
decay when in the clearly high-level regime, and having the factor vary
from 2 to one as the level decreases toward p < ng. On the other hand
Van Vliet? rejects Eq. [8], arguing that it is only correct if V is interpreted
as the applied terminal voltage under conditions of current flow. Since
there is no net current flow in the open-circuit decay method, it would
appear that under the Van Vliet prescription yet another version of the
boundary condition should be used. We shall not repeat that version
here. Our only point is to show that the value of the multiplier n is am-
biguous. Add to that the questionable influence of the space-charge re-
combination current present in all practical silicon diodes on the
boundary condition at low injection levels. The result is that the defining
equation for the open circuit decay lifetime method can be written
Voo 2LL, [10]
g T
with n an empirical constant varying with injection level. We take this
n to be the same as the n in Eq. 6.

An additional problem arises in the application of Eq. [5]. The cur-
rent-voltage curve of Eq. 6] and its equivalent short-circuit current-open
circuit voltage curve for solar cells represents the static situation. In a
dynamic case, the junction capacitance shunting the voltage source
discharges through the junction dynamic resistance. At the low junction
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voltages envisioned in Eq. [5], this effect can dominate the decay.® It is
easy to show this analytically. The dynamic /. — Vo equation including
the capacitance term is

Io(quoc/nkT—1)+C%=1sc~ lll]

Although the junction capacitance, C, is voltage dependent, the variation
with voltage is only proportional to (V + Vg4 )~1/2 where Vy is the diffu-
sion potential. For small voltages, C may be taken as a constant. In the
same voltage range, the exponential may be expanded to linearize the
differential equation. Setting nkT/(qlo) = Ry and RoC = 7, we get

Tj % + Ve = Rolse. [12]
dt
Ro is the dynamic resistance of the junction near V = 0 and 7; is the
junction time constant.
I, itself is a function of time, the exact mode of decay depending on
the boundary conditions, dimensions, and material constants. If we
represent this as /,. = Iqe~*/7, where I, is a constant,

dV,e
i

+ Voo = Rolge =17 = f(¢), [13]

which is a linear differential equation with constant coefficients and a
forcing term. With the initial condition that the system is in a steady
state at t = 0, the complete solution to Eq. [13] is

Voe = Rol [rje=t/7i— 1e=t/1]. [14]
Ti—T

J

The decay of the open-circuit voltage is dominated by 7 or 7, whichever
is the larger. 7 is typically 10 us or so. Using actual values of 14, 7; = RoC
is typically 100 us or more. Thus, a nonlinear region normally observed
in the tail of the open-circuit voltage decay does not measure the base
lifetime as predicted by the ideal Eq. [5], but is essentially a lumped
circuit artifact.

In summary, the open-circuit decay lifetime method can give useful
results at high and intermediate injection levels where the decay is linear,
provided the proper value of n is applied at each point over the range,
while at low levels where the decay is approximately exponential it does
not measure lifetime at all.
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Small-Signal Open-Circuit Decay

The rather inconvenient situation described above in the application
of theoretical formulas to the open-circuit lifetime measurement can be
readily corrected to give a simpler and more accurate modification which
we call the small-signal open-circuit decay. Suppose we illuminate the
cell with a dc light in addition to the injection pulse or light flash. Then
the time dependence of the pair concentration after termination of the
injection is

Ap(t)y = P+ Appe~t/7, [15]

where P is the steady or dc value of the pair concentration generated by
the dc light and the second term is the decaying portion as in Eq. [1].
Following the same procedure as before using the Shockley boundary
condition, but modifying Eq. [3] to take into account the diode factor
n, assuming (Apo/pno)e /7 >> 1 and making the small-signal approxi-
mation Apy «< P, we find

Vm' = Eﬁl‘ In (p_[)_) + nk;’r(ipi)) e—t/r_ [16]
q no q P

The first term on the right is again a constant, but now equal to the
open-circuit voltage at t = » determined by the dc injection level. The
second exponential term carries the time dependence. Its amplitude
depends on n and Ap/P, hut the characteristic decay constant depends
only on 7. Thus the lifetime 7 can he determined at any level set by the
dc light free of the ambiguities of the relationship between the open-
circuit voltage and the pair concentration characterized by the *“con-
stant” n. Furthermore, the interfering effect of the junction time con-
stant, which prevents the simple application of the exponential decay
in Eq. [5] at low level, is removed. It requires only a small amount of dc
light to bias the junction sufficiently in the forward direction to reduce
the dynamic junction resistance to the point where the RC time constant
is smaller than the lifetime, whence the junction capacitance is no longer
a factor (Eq. [14]). The only precaution required is that the dc light level
be large enough to satisfy the small-signal approximation and to main-
tain the open-circuit boundary condition in the presence of the leakage
current. This is ordinarily no problem above 0.01 sun. At the other end
of the injection level scale above 1000 suns where the open-circuit voltage
begins to saturate, both the Shockley and the Wilson or Van Vliet
boundary conditions, even with adjustable n factor, are very poor ap-
proximations. If one uses a more precise but more complicated equation
which exhibits this saturation,? it can be shown that if the small-signal
condition is retained, exactly the same result is obtained: the decay back
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to the dc level is exponential with characteristic time constant 7. Of
course, if the open-circuit voltage is totally saturated, the amplitude of
the exponential decay will go to zero, but this is a limiting case of no
practical import.

In practice, the small-signal method is extremely easy to apply. With
the dc light focussed on the sample the resultant dc short-circuit current
is measured. The short is removed, the pulse injection applied, and
lifetime is determined directly from the “scope” trace as the 1/e decay
time. The result of measurements at various dc light levels is a curve of
lifetime versus short-circuit current, which is just the information desired
for concentrator solar cell development. The pair injection level can be
estimated from the dc open-circuit voltage and the use of Eq. [8]. within
the limitations already discussed. Alternatively, the double pulse method
of Collet allows Ap to be determined experimentally from the base re-
sistance during injection.

As the dc light level is reduced, it is not necessary to simultaneously
reduce the pulse injection level to maintain the small-signal condition.
All that is required is that the decay be observed somewhat later in time
after the injection ceases (¢ = 0). Then the pulse level will be seen to sink
naturally back to the exponentially decaying region. At that peint and
beyond the small-signal condition is guaranteed.

Experimental Results

The pair lifetime in the base of a number of concentrator solar cells of
different base resistivity has been examined in order to illustrate the
small-signal decay method. Some measurements were also made by the
conventional open-circuit decay method and also by the double pulse
conductivity method of Collet et al? for comparison purposes.

Fig. 1 shows the decay of the open-circuit voltage in the tail beyond
the linear decay with and without dc line bias. With no light bias, the
decay is never quite exponential because the junction RC time constant
is controlling. As the voltage decays toward zero, the dynamic resistance
of the junction continuously increases producing an increasing time
constant. With a light bias equivalent to a dc open-circuit voltage of 0.25
V, short-circuit current of less than 0.1 mA, approximately 0.01 sun, the
decay becomes quite exponential with a characteristic time constant of
7.04 us. This measures the true decay of the pair concentration at the
injection level set by the light bias because it is not influenced by the
junction capacitance.

Fig. 2 shows how the characteristic time constant changes as the dc
light level is varied, in this case, over a range of 30 to one, from about 0.3
to 10 suns. Thus, we find that the lifetime depends on the dc injection

RCA Review e Vol. 41 »« December 1980 555




T T T T T
X—X—X NO LIGHT BIAS

O—O0—0 WITH LIGHT BIAS

10— ° —
A W :
7+ ‘o \ i
6| \)\) X .
5— % -

OPEN CiPCUIT VOLTAGE ( ARB. UNITS)
»
|

X
Q Nx
Q ~
2+ \ _
\
o
i 1 1 1 ! \ i
(o] ) 10 15 20 25 30 35

TIME IN THE TAIL (us)

Fig. 1—Open-circuit voltage in the tail of the decay. The upper curve is with no light bias,
the lower curve is with a small light bias equivalent to less than 0.1 mA short-circuit
current. The normal operating range of these cells is near 1 ampere.

level, the exact details of which are important in operation of solar cells
at high light level. Table 1 gives a direct comparison of the lifetime ob-
tained by the conventional open-circuit linear decay and the small-signal
exponential decay for this same sample. The value of n, needed in Eq.
(10], was obtained separately from the slope of the logl,. versus V,,. curve
at each injection level, using the same dc light source. As can be seen, the
results by the two methods are in general agreement provided the value
of n is interpreted as that needed in Eq. [10]. Since the small-signal
method is simpler and faster, as already explained, all subsequent
measurements by open circuit were done small-signal.

Fig. 3 shows the small-signal lifetime versus short-circuit current for
two samples. One sample had a very high thermal equilibrium base re-
sistivity of about 5000 2-cm, the other a relatively low base resistivity
of 2 Q2-cm. Both show the same general characteristic that we have found
common to all samples tested; namely that the lifetime is small at very
low levels, then rises at some intermediate level, but falls again at high
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Fig. 2—Decay of the small-signal open-circuit voltage at various dc light levels from 0.3
to 10 suns.

level. Although the high resistivity sample shows much higher lifetime
in the range below a few mA (one sun), the low resistivity sample is
definitely superior at the higher levels near one ampere (about 100 suns).
This illustrates an important point: the suitability of the base material
must be determined by lifetime measurements made at the level at which

Table 1—A Comparison of Open-Circuit Linear and Small-Signal Exponential Decay

Eq. [16]
Eq. [10] 7 from
Voe Tee 7 from Exp. decay
(Volts) (mA) Sun Equiv. n linear decay (us)
0.25 0.027 3.8x107? 2.83 7.5 us 7.04
0.35 0.098 1.4 X 1072 2.50 9.75 10.0
0.40 0.28 49 X 1072 2.0 20.8 19.1
0.50 2.8 40 % 107! 1.67 26.0 29.1
0.59 23.1 3.3 1.50 18.3 20.0
0.66 280 40 1.0 8.2 8.2
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Fig. 3—Lifetime as a function of short circuit current, obtained by the small-signal open-circuit
decay method, for two samples of widely different base resistivity.

the cells are to be used, not at lower levels. Other things being equal, the
lower resistivity material is to be preferred, allowing a thicker optimum
base width. We do not mean to imply that a low resistivity base is nec-
essarily better, only that the shape of the lifetime versus short-circuit
current curves must be taken into account. The small-signal open-circuit
method provides a rapid and accurate means of doing it.

For completeness it seemed desirable to make a comparison with a
wholly independent lifetime method. This was done using the method
of Collet et al already mentioned. This double pulse method has the
advantage that it also determines the injection level in absolute terms,
although it is more troublesome in application. Thus Fig. 4 shows the
lifetime determined by both a small-signal open-circuit decay and by
double pulse conductivity versus the injection level obtained from the
latter. The open-circuit method, as pointed out by Wilson 3 is particu-
larly well adapted to low injection levels. This is true for the open-circuit
method, whether for linear or small-signal exponential decay. In the
figure, the low range for the small-signal method is fully a decade below
that which is possible by the double pulse method. In the region of
overlap the agreement is seen to be quite satisfactory.
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Fig. 4—Comparison of lifetime versus pair density obtained by double pulse conductivity
and small-signal open-circuit decay.

Discussion

The question remains of how to understand the observed behavior of
the lifetime as the injection level is increased. Within the context of the
Shockley-Read-Hall theory,® recombination is generally assumed to
take place through the intermediary of the recombination center or trap.
A single level trap system with two states, negative and neutral, can yield
either a 7 increasing with injection level or 7 decreasing with level de-
pending on the energy of the center in the forbidden gap.

Consider the two cases separately. A center near the middle of the gap
is the most efficient (low lifetime) because re-emission of electrons and
holes once captured is minimized. In an n-type sample at very low in-
jection levels near thermal equilibrium, the traps are filled with electrons.
A nonequilibrium hole is captured by a negatively charged center making
it neutral, then the trap is immediately refilled with an electron from
the copious supply in the conduction band. The rate-determining step
is the slower one, i.e., hole capture. At higher injection level, An = Ap
> ng. Now so many recombinations are occurring per second that a
substantial fraction of the traps become filled with holes or, alternatively,
it is said that the quasi Fermi level for holes moves down toward the trap
level, partially emptying it of electrons, which is the same thing. Now
the rate depends on both filling of centers by electrons and filling by
holes. The lifetime rises. When An = Ap > ny, the lifetime limit is
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reached and the traps are completely loaded with holes (emptied of
electrons). The trap level is now saturated.

Now consider a recombination center located near the conduction
band edge, above the thermal equilibrium Fermi level in this n-type
material. At low injection level this is an inefficient recombination center
because an electron falling into it from the conduction band has a high
probability of re-emission before recombining with a hole. The traps are
only partially filled, the lifetime is long. But the fraction of the traps filled
by electrons is a dynamic balance between filling from the conduction
band and emptying by re-emission to the conduction band. At high in-
jection levels, as An = Ap > nq, the balance is driven toward increased
filling by the increased number of electrons in the conduction band.
Alternatively, one says that the quasi Fermi level for electrons rises
toward the trap level. As the trap level fills up with electrons, it becomes
a more efficient medium for hole recombination and the lifetime falls.

It is, therefore, clear that a system of two recombination levels
strategically located in the forbidden gap can explain a lifetime that first
increases with level until the first trap set is saturated, then decreases
as the level goes higher and the second trap set comes into play.?19 The
‘theoretical parameters required are the hole and electron lifetimes when
the centers are completely full or completely empty, respectively, for
both trap levels, and a parameter that contains the trap depth of level
2 in the form K = eEt—Ep/kT_Fig 5 shows how well the Shockley-
Read-Hall theory with two trap levels can be made to match the
data.

Conclusion

A modification of the open-circuit decay method of lifetime determi-
nation employing bias light and exponential decay has been found par-
ticularly suitable for rapid and accurate lifetime versus injection level
measurements useful in solar cell development. The method avoids the
ambiguity inherent in the linear decay approach from which it derives.
The lifetime in the base of a silicon solar concentrator cell cannot be
judged by measurements at low injection level but must be measured
at the level at which it is used. In general, the lifetime has been found
to go through a maximum at some injection level that is larger the lower
the resistivity of the base material. A two-level recombination theory
based on the Shockley—-Read—Hall recombination mechanism can ex-
plain the observed results.
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band.
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MOS Threshold Voltage Monitoring

W. A. Bosenberg

RCA Solid-State Division, Solid State Tech. Center
Somerville, NJ 08876

Abstract—The threshold voltage of an MOS transistor is an important parameter that affects
the performance of integrated circuits. Threshold voltage depends on oxide
thickness, channel doping, substrate bias, metal work function, and surface state
density. The dc monitoring of the threshold voltage can be greatly improved by
including the substrate bias effect in the measurement. The procedure used ex-
trapolates (to a zero drain current) threshold voltage from the drain-current/
gate-voltage square-law characteristics. A second least-square fit is used for the
dependence of the extrapolated threshold voltage with substrate bias. The fitting
parameter is the channel concentration. The procedure makes it possible to an-
alyze the threshold voltage as a function of an effective surface-state density.
The values calculated from the experiments are invariable over a limited tem-
perature range.

Introduction

During the last ten years, the number of MOS transistors on a single
integrated circuit chip has been increasing at a very large rate. This in-
crease was accomplished in the early years by clever circuit design to-
gether with the use of polysilicon layers for busing, thus reducing a static
memory cell of six transistors to a functionally equivalent dynamic cell
consisting of a single transistor and a storage capacitor. Recently, overall
scaling of MOS integrated circuit devices has been used to reduce the
chip size. Presently, IC’s using channel lengths as small as 4 um are in
the production stage and experimental devices with channel lengths as
small as 0.5 um have been made with 1.5 to 2 um being more typical. As
device dimensions are scaled down, other parameters associated with
the IC, such as substrate dopant concentration, oxide thickness, and
supply voltage, must also be scaled. Smaller supply voltage leads to the
requirement of increased control of threshold voltage. While most digital
systems seem to stay with 5-volt supplies, there is an appreciable con-
sumer segment of digital wrist watches with 1.5 to 3 volt supply voltages.
For these present applications, threshold voltage tolerances are 75 mv
compared with 250 mv for the older technologies.
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Traditionally, MOS capacitor monitoring has been used to obtain
silicon-silicon-dioxide interface charge information. This technique,
however, is very insensitive to minor changes in substrate surface con-
centration that may occur during thermal processing. This paper de-
scribes a technique for monitoring the basic device parameters that
determine the threshold voltage, i.e., substrate donor or acceptor surface
concentration, effective silicon-silicon-dioxide interface charge, and
oxide thickness. In addition, this technique will give information on the
MOS transistor gain, i.e., the K -factor. For the circuit designer, the full
drain-current/drain-voltage characteristics as a function of gate and
substrate voltage are of interest. The data measured has been used in
this fashion and indicates, as expected, the need for the modeling of
carrier mobility saturation effects. Substantially more computer power
is required for this and it is better left for off-line analysis with a non-
linear regression.

MOS Transfer Basics

Fig. 1 shows a cross-sectional view of a typical MOS transistor. Figs. 2a
and 3a show the drain-current/drain-voltage characteristics of such a
device. In the saturated region, the drain current I, is independent of
the drain voltage V4 and depends on the difference between applied gate
voltage V,; and the threshold voltage V,:!

Ig=K(Vg = V)2 [1]

HANNEL

[
CHANNEL  LENGTH
REGION

Vsyg <0

Fig. 1—Cross section of MOS transistor with source, gain drain and substrate contacts. For
an NMOS transistor, the drain and gate voltages are positive. The substrate voltage
is negative against the grounded source. For PMOS transistors, the polarities are
reversed. There is little practical difference between the case in which the drain
voltage is fixed and the gate voltage is changed to obtain a certain drain current
and the case in which both the drain and gate electrodes are interconnected. The
latter case is more convenient to use, as in our case.
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Vsub =0 Veup * - 2V
-~ 4} ] s
< 1 vgiv)=§ _
€ I
K as E3-
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a. T, 4 SATURATION
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: , Vg(V)=5

3 |
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n .232 é c4
5 i0 ©
— V4 (V)

Fig. 2—Drain-current/drain-voltage characteristics as a function of gate voltage for CD4007
NMOS transistor (a) for zero substrate bias and (b) for V,,, = -2 volts. The sub-
strate effect is very strong.

where K = C,,uW/(2l) is the K factor, u the channel mobility, W the
channel width, and [ the channel length. This threshold voltage V; is the
same as the voltage required to reach strong inversion in the MOS ca-
pacitor having the same substrate dopant concentration.

Figs. 2b and 3b show the drain-current/drain-voltage characteristics
when a substrate bias has been applied. The reduction in drain current
with substrate bias is larger with higher substrate dopant concentrations,
which is usually the case for NMOS transistors with diffused p-wells.

Threshold Voltage Parameters

The threshold voltage V; of a MOS transistor is a complex function of
oxide thickness t,,, channel concentration, surface state densities N,
and substrate voltage V5. In its simplest form, it can be written?

SATURATION REGION
Veub * +10V

vg(V)=-5
Vsub'o

Fig. 3—Drain-current/drain-voltage characteristics as a function of gate voltage for CD4007
PMOS transistor (a) for zero substrate bias and (b) Vs, = 10 voits. The substrate
effect is relatively weak.
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gN
Cox

Vo + CV|Vas| + 2V [2a]
for devices fabricated with aluminum or n+ poly gates, and
- ! 9
vt = — 178 v/ +0.65 — \/2(1(::551N(I v.subl + v[) [3]
Cllx (‘IIX
VU—C V l‘/subl +2v/ l3a|

for devices fabricated with p+ poly gates.
In these equations the plus sign is used for NMOS transistors, the
minus sign is used for PMOS transistors, and

\/2qf()5.9i4"v(| vsubl + 2V[)

Vi=- Cox [2]

+ V- 045+

qNss

€0€si 1s the dielectric constant of silicon,

€0€Si0)2 . . 9
Cox = —= s the oxide capacitance,
0x

kT
Vy=—1In (N + N;)/N; is the Fermi voltage,
q

q is the electronic charge, and
N; is the intrinsic carrier concentration of the silicon.

It should be noted that in Egs. [2a] and [3a] the Fermi voltage Vyis
a weak function of the channel doping concentration and its value must
be found using an interactive procedure.

Measurement Procedure

The measurement procedure consists of first measuring the drai n current
as a function of gate and substrate bias, and then performing a least-
square fit using the r- lationship

Vig=c(Vg = V). [4]

An error parameter R (correlation factor) can be used to determine how
valid the least-square fit is. For a perfect fit, R is 1. In the present case,
the fit is excellent, and for convenience, 1-R expressed in parts per mil-
lion is used. A good fit shows a value between 50 and 400 ppm. The major
problem comes from sub-threshold leakage when the semiconductor
surface is in weak inversion and the square law Eq. [1] is not obeyed.
The original concept included a matrix of m = 9 drain currents and
n = 8 substrate biases, and measurements were made from 25 to 200°C
in 25°C intervals. At the present, the measurement has been simplified
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to five drain currents (10, 55. 140, 250 and 400 uA) and to five substrate
biases of 0, 1. 3, 6, and 10 volts at room temperature. The values have
been picked to give roughly equal weight along the line for the least
square fits. The lowest current value of 10 uA was chosen over the orig-
inal lowest current value of 1 uA so that the MOS system would be in
strong inversion and the effect of subthreshold leakage would be mini-
mized. Experimentally it is easier to connect the gate terminal to the
drain terminal, force a drain current, and measure the gate voltage.
rather than have a constant drain bias and to vary the gate voltage in a
computer loop to obtain a certain drain current. The extrapolated
threshold voltages show little change, while the K factor is slightly higher
due to the fine slope in the saturated drain current characteristic.
especially for PMOS (see Fig. 3a).

Extrapolated Threshold Voltage

The summations needed for performing the least square fit3 to experi-
mental data taken from m discrete points defined by I4; and V. where
i ranges from ¢ to m, are

i=m i=m i=_m i=m > i=m _
2 Vi, X dai, X Vi X Vgioand 20 v T4 Vai-
i=1 i=1 i=1 i=1 i=1
Averages are defined by
i=m i=

; V1 . ; Vgi
VIg="——and V; ==
m m

Then the threshold voltage is

i=m

VE|E VI V= m VTV

V,= ' P _ ’ l6]
, ILsi ~m~1g Vg
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The correlation coefficient for this least square fit is:

o <[ v T

1-R =

[i=m — —| li=m (ppm)' [7]
VIE 10 VIV [ Vi =m0

Channel Concentration

A second least square fit is done for Vij and V5, where j ranges from
1 to n by using the following summations:

Jj=n
a= Z Vij
J=1
j=n
J=1
Jj=n
€= 1 \/IVS,,,,,-I + 2V/
j=
j=n
d= . |Vsub,-|+2V/
J=1
Jj=n

e= 1 th vV |Vsub,-| + 2V/
E
Averages are defined as
- 0 @ e—m———
Vi=—, V|V +2V,==. [8]
n n

The channel concentration is obtained using the equation

N = CE, e-n\/lvsubl-l-QV/Vt

: [9]
T 2q€,€;d — n \/IV,,,,,,| + 2V/ \/IV,-,,;,I + 2V/
Solving for V, in Eq. [2a], one obtains
- C
Vo=V, - =
‘ V 2q€,€,; N
- su V
x e=nV|Vis| + 2V, V, [10]

d—-n \/IVS,,,,| + 2V,\/|Vwb| + 2V/
Njs can then easily be calculated.
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An error factor @ for the second least square fit is obtained from
1 X 105[1 —{(e = n V[ V,usi] + 2V, VO]
ﬁ— RV VA = 1 /| Vaasj] + 2V7 VI Vaari] + 2V

1-Q= (ppm).

(1]

Experimental Results

Tables 1 and 2 show the data matrix on a CD4007 NMOS and PMOS
transistor. Temperature steps of 25°C from 25°C up to a temperature
of 200°C were used. As is well known,?* the threshold voltage of MOS
transistors decreases with temperature by between 0.4 and 0.5 volts in
this temperature range (see Tables 3 and 4). The channel width of the
p-type transistor is larger than that of the n-type MOS transistor. Eq.
[2] is plotted in Fig. 4 and Eq. [3] is plotted in Fig. 5, both for room
temperature. Over the 25-200°C temperature range, the channel doping
concentration is constant. This indicates that the approach taken is
‘reasonable. The temperature dependence of the threshold voltage is
basically the temperature dependence of the Fermi voltage. The slight
increase in the error factors 1-R and 1-@ with temperature may have
been caused by the slightly larger fluctuations of temperature during
the measurements. In any case the correlation of the least square fits is
excellent. Up to 150°C, the surface state density of both the NMOS and
PMOS is rather constant, especially that of the PMOS transistor. The
K -factor of both units decreases with temperature. The observed tem-
perature dependence of T—!683 for the NMOS and T-1797 is slightly
higher than the theoretical value for the mobility dependence of T~!5,
The higher K -factor for the PMOS is not a reflection of hole mobility
being larger than the electron mobility but rather of the factor-of-two
bigger channel width. The remaining differences can be explained by
slight variations in channel length and the dependence of mobility on
doping levels in the channel region. The effective surface mobility is
typically about Y3 that of the bulk mobility for the same concentra-
tion.

Threshold Adjustment by lon Implantation

Very often ion implantation is used to adjust the threshold voltage.
Another term, Vi,ix, must then be added to Egs. [2] and [3];58

q d
Vit = - f N (x)dx. [12]
Cox Jo
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Table 3—Reduced data for C1)4007 NMOS transistor showing extrapolated threshold
voltage V,, K -factor, and error coefficient 1-R for the first least square fit and
channel concentration N, effective surface state density N,,, and error coefficient
1-Q for the second least square fit as a function of temperature. A matrix of 8
drain circuits and 8 substrate voltages has been used as described in the text.

N X N, X
Temperature Vi K-Factor 1-R 106 1010 1-Q
(°C) (volts) (cm?2/Vs) (ppm) tem=4) (cm~™?)  (ppm)
25 1.374 278 142 1.31 5.0 23
50 1.301 246 176 1.31 4.8 24
75 1.238 221 185 1.30 4.3 38
100 1.165 197 192 1.30 4.1 49
125 1.080 171 310 1.30 19 54
150 0.995 151 182 1.30 3.7 1.}
175 0.927 137 288 1.28 3.1 78
200 0.839 122 304 1.28 2.8 102

Here, wq is the depth of carrier depletion in the channel region. lon
implantations are characterized by arange R, and a straddle AR,
—(x — R.)2
N(x) = Npax exp (‘L) .
2(ARy)
The integration can be done in analytical form. For a very shallow im-
plant, the maximum voltage shift for a dose N is gD/C,,. This is the
easiest case because the addition or subtraction can be done prior to
going to second least square fit. Fortunately, most implants for this
purpose are rather shallow.

[13]

Discussion

The described technique is a quick and powerful way of determining
experimentally the factors that influence threshold voltage. By moni-
toring a particular MOS fabrication line, line control can be measured
and fabrication tolerances can be narrowed. This, in turn, allows reduced
tolerances in circuit design and ultimately the fabrication of denser in-
tegrated circuits.

In the last few years, the effective surface state density N, has become
very small, as MOS fabrication technology has advanced, and is presently
in the low 1019 cm =2 range. The errors in N become large as N, becomes
smaller than the 10! cm~2, The ¢N,,/C,, term for 1000 A of oxide and
a value of Ny, = 3 X 10" cm~2 s 142 millivolts. This term is getting
smaller with the thinner oxides that are now being used. The reduction
in Ny in Table 1 with temperature for the NMOS transistor may be a
real effect. However, any residual mobile charge in the oxide, such as
sodium ions, will contribute as will any hole traps that are charged. N,,
should, in this context, only be regarded as an effective surface state
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Fig. 4—Plot of Eq. [2] for NMOS transistor at room temperature. The least square fit is ex-
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Fig. 5—Plot of Eq. 3] for PMOS transistor at room temperature.
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Table 4—Reduced data for CD4007 PMOS transitor showing extrapolated threshold
voltage V,, K -factor, and error coefficient 1-R for the first least square fit and
channel concentration N, effective surface state density N,,, and error coefficient
1-Q for the second least square fit as a function of temperature. A matrix of 8
drain currents and 8 substrate voltage has been used.

N x N,, X
Temperature Vi K-Factor 1-R 1014 1010 1-Q
°C) (volts) (cm?/Vs) (ppm) tem™3) (cm~™?)  (ppm)
25 -1.305 315 58 7.61 49 755
50 —1.264 278 69 7.61 5.0 527
75 -1.217 244 23 7.60 5.0 534
100 =1.157 211 32 7.67 4.9 597
125 -1.109 191 44 7.66 4.9 451
150 -1.048 169 13 7.71 49 428
175 -0.990 152 80 7.67 4.9 486
200 -0.916 137 124 7.77 4.7 514

density that, for experimental purposes, includes the above mentioned
charges.
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Low Frequency Excess Noise in SOS MOS FET’s

S.T. Hsu

RCA Laboratories, Princeton, NJ 08540

Abstract—Noise in SOS field-etfect transistors has been investigated in the 20 Hz to 1 MHz
frequency range. The measurements were made with frequency, drain bias
voltage, gate bias voltage, and temperature as parameters. The low-frequency
excess noise source was identified as electron trap states in the thin sificon film.
The electron trap states are located at 0.65 eV below the edge of the conduction
band. The effective barrier height of the electron trap state was found to decrease
with increasing drain bias voltage. The experimental results also indicate that in
thin silicon films grown on sapphire substrates, the densities of hole trap states
and generation recombination centers are very small compared to that of electron
trap states.

1. Introduction

SOS MOS field-effect transistors are thin-film field-effect devices,
employing a thin layer of silicon film grown on a sapphire substrate. With
this structure, air isolation can be easily applied, and the parasitic ca-
pacitances at the substrate and the isolation regions are eliminated.
Consequently, SOS devices have better frequency response than devices
made on a bulk semiconductor substrate. Noise has been a major prob-
lem for SOS linear circuits applications, however. In this paper, we
present the results of our recent study on noise properties of SOS MOS
field-effect transistors, in which we identified the low-frequency noise
sources of the devices. The results also provide information for the
low-noise application of existing devices.
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2. Experiments

The thickness of the silicon film of the SOS MOS FET’s used in this
study was 1 um. The impurity concentration of both p- and n-channel
devices are of the order of 1015 ¢cm=3. The SiO; film of the device was 0.1
um thick. The source-to-drain distance of the devices used varied from
5 um to 25 um, Both linear and circular geometry devices were used. The
general noise characteristics of the devices were found to be independent
of the device geometry.

2.1 Noise in N-Channel SOS MOS FET's

It is well understood that the drain-current/voltage characteristics of
an n-channel SOS MOS FET exhibits current kinks.! The onset of the
current kink increases as the drain bias voltage is increased. In general,
for a given transistor the voltage between the onset of the current satu-
ration and the onset of the current kink is approximately independent
of the gate bias voltage. Noise spectra of the device were measured at
several drain bias voltages. The results are plotted in Fig. 1. In this ex-
periment the gate bias voltage was kept constant at 6 V. The figure
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Fig. 1—Noise spectra with drain bias voltage as a parameter of a typical n-channel SOS
MOS FET.
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clearly shows that at very low frequencies the noise spectrum follows a
1/f frequency variation. In the intermediate frequency region, the noise
power decreases only very slightly with increasing frequency. At high
frequency, the noise spectrum has f~* frequency dependence, with «
nearly equal to 2. The limiting noise? of the device is below 10722 A2/Hz,
which is negligibly small compared to the plateau of the noise spectrum.
The low-frequency noise of the device, therefore, can be considered as
a superposition of a 1/f noise component and a generation-recombination
(g-r) noise component. As we will see later, in general, the g-r noise has
a distributed time constant. In this particular case, however, a single time
constant approximation is appropriate. This is consistent with our early
observations.? We will refer to the g-r noise component as excess
noise.

We define the frequency where the amplitude of the g-r noise de-
creases 3 dB from the amplitude at the low-frequency plateau as the
corner frequency of the g-r noise. It is seen from Fig. 1 that the corner
frequency increases very rapidly as the drain bias voltage is increased.
The time constant of the g-r noise is, therefore, strongly dependent on
the field intensity caused by the drain voltage. From Fig. 1, it is obvious
that at larger drain bias voltages no excess noise can be observed. This
fact strongly suggests that the excess noise is due to a trapping effect
rather than to recombination or generation of electron-hole pairs. This
will be seen more clearly when we present additional experimental re-
sults.

The corner frequency of the trapping noise taken from Fig. 1 is plotted
as a function of drain bias voltage in Fig. 2. At small biases the corner
frequency increases slightly with increasing drain bias voltage. At large
bias, the corner frequency increases almost exponentially with drain bias
voltage. Mathematically, the experimental result can be written

we = weio + wez0 exp(Vp/ Vo), (1]

where wcio, weo2o and Vo are constants and Vp is the drain bias
voltage.

The low-frequency plateau of the trapping noise as a function of drain
bias voltage is also plotted in Fig. 2. The noise plateau decreases with
increasing drain bias voltage. The product of the plateau and the corner
frequency of the trapping noise increases slightly with increasing drain
bias voltage. This product is proportional to the number of the effective
trap or generation-recombination centers.24-6

The gate voltage dependence of the low-frequency noise is plotted in
Figs. 3(a) and 3(b) for drain voltages of 3 and 5 V, respectively. The shape
of the family of curves in Fig. 3(a) is different from that in Fig. 3(b) due
to the field intensity difference in these two experiments. In general, the
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Fig. 2—Drain bias dependence of the corner frequency and the low-frequency plateau of
g-r noise in Fig. 1.

trapping noise exhibits a distributed time constant. Thus, the high-
frequency tail of the trapping noise has [~ frequency dependence, with
« less than two. This is particularly true when the gate voltage is large.
At small gate biases the trapping noise may be approximated as having
a single time constant.

Generation-recombination and trapping noise has a large temperature
dependence. The corner frequency of the trapping noise possesses a
temperature activation energy. To investigate the temperature depen-
dence of the trapping noise, noise spectra of several SOS MOS FET’s
were measured as a function of temperature. Noise spectra of a typical
device are plotted in Fig. 4 with temperature as a parameter. As expected,
the corner frequency of the trapping noise spectrum increases very
rapidly with increasing temperature. On the other hand, the low-fre-
quency plateau decreases as the temperature is increased.

In order to obtain the activation energy of the trap states, the corner
frequency of the trapping noise spectrum was plotted, as shown in Fig.
9, as a function of 1/T for devices with different channel lengths. The
channel length of the device was found to have no effect on the corner
frequency as long as the drain bias voltage is small. In Fig. 5a the drain
bias voltage is 2 V and the channel lengths of the devices used are 5,10,
and 25 um. The experimental points follow a straight line. From the slope
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Fig. 3(a)—Noise spectra with gate bias voltage as a parameter of a typical n-channel SOS
MOS FET (Vp =3 V).
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Fig. 3(b)—Noise spectra with gate bias voltage as a parameter of a typical n-channel SOS
MOS FET (Vp =5 V).
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Fig. 4—Noise spectra of a typical n-channel SOS MOS FET with temperature as a param-
eter.

of the straight line, the activation energy was found to be equal to 0.65
eV. It is found that this activation energy decreases with the increasing
drain bias voltage. Fig. 5(b) shows the corner frequency as a function of
1/T of one of the device used in Fig. 5(a). The channel length of the de-
vice is 5 um and the drain bias voltage in this experiment is 4 V. The
activation energy was found to be equal to 0.45 eV. This demonstrates
that the effective energy barrier of the trap states decreases with in-
creasing drain bias voltage.

2.2 Noise in P-Channel SOS MOST's

The drain-current/voltage characteristic of p-channel SOS MOS FET"s
exhibits no current kink. This difference in dec characteristics also leads
to a difference in noise properties between n-channel and p-channel SOS
MOS FET's. The /-V characteristic is very similar to that of a MOS FET
made on a bulk semiconductor. Fig. 6 shows neise spectra of the FET
with drain bias voltages of ~3, ~10 and —13.5 V. The gate bias voltage
was kept constant at —4 V. The figure clearly shows that a p-channel SOS
MQOS FET also exhibits low-frequency excess noise. The low-frequency
noise spectrum can be represented by the superposition of 1/f noise and
g-r or trapping noise with distributed time constant. In Fig. 7 noise
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spectra of the p-channel SOS FET are plotted with gate bias voltage
as a parameter.

The curves in Figs. 6 and 7 have three distinguishing regions. If we
write ;2 o f~ a ~ 1at very low frequencies. In the intermediate fre-
quency range, « < 1; and at high frequencies, 1.5 < « < 2. If we extrap-
olate the straight lines of the intermediate and high-frequency regions
and call the frequency at the intersect point of these two straight lines
the corner frequency, f., we find that fe increases slightly with increasing
drain bias voltage. In this particular case, f. is equal to 3 KHz and 25 KHz
for drain bias voltages of —3 and —13.5 V, respectively. In the case of
n-channel devices when the drain bias voltage is larger than 10 V,
trapping noise has not been observed at room temperature in the fre-
quency region below 0.1 MHz. Fig. 7 clearly indicates that the corner
frequency is independent of the gate bias voltage.

The temperature dependence of low-frequency excess noise in p-
channel SOS MOS FET’s is also expected to be large. Fig. 8 shows noise
spectra of a p-channel device with temperature as a parameter. The
corner frequency does increase very rapidly with increasing temperature.
In order to obtain the activation energy of the trap states, the corner
frequency of the trapping noise spectrum was plotted as a function of
1/T, as shown in Fig. 9. The experimental points follow a straight line.
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Fig. 7—Noise spectrum with gate bias voltage as a parameter of a typical p-channel SOS
MOS FET.

From the slope of this straight line, the activation energy was found to
be equal to 0.65 eV.

3. Discussion

The experimental results presented in the previous section clearly in-
dicate that low-frequency excess noise in SOS MOS FET’s is due to
electron trap states in the thin silicon film. It is the electron trap state
that produces excess noise in both n-channel and p-channel SOS MOS
FET’s. The same electron trap states are also responsible for current
kinks in n-channel SOS MOS FET’s.

It has been shown independently by Sah? and Laurizen® that the
fluctuation of charge occupancy of a generation center in the depletion
layer of a field-effect transistor modulates the channel voltage and,
hence, produces noise in the device. Van der Ziel? shows that g-r centers
most subject to fluctuation are half occupied. Hsu!? showed that re-
combination noise is dominated by the nearly half occupied recombi-
nation centers if the center has equal capture cross-section for electrons
and holes and that, for a first-order approximation, the recombination
noise may be considered as caused by the nearly half occupied states
only.
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Fig. 8—Temperature dependence of low-frequency excess noise of a p-channel SOS MOS
FET.

Since a trapping process is a special case of a generation-recombination
process, the theories for g-r noise are directly applicable to trapping
noise. However, an ideal electron trap state has zero hole capture
cross-section. As a result the electron trap states most subject to fluc-
tuation are not half occupied. From g-r noise theory?* it can be shown
that

- I - f t ,

Cin,
where C is a constant, n is the free electron density when the electron
Fermi level is located at the trap energy level, and f, is the probability
for trap states to be occupied by electrons. The variance of the trap state
charge density fluctuation is

Varn,=N,f,(] —/t) '3]

The spectral intensity, Sn,(w), is therefore given by

aN,
Clnlﬂ] __/t)

T (2]

471 Var n,
Snl(w) B 1+ w22 - w? i )2 ’ [4]
1+ =
Clzn? /t
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Fig. 9—Corner frequency of the trap noise spectrum of Fig. 8 as a function of 1000/T
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Differentiating Eq. [4] with respect to /; and setting the result equal to
zero yields f; = 3. Thus, the electron trap states most subject to fluc-
tuation are Y3 occupied. From Figs. 5 and 9 we immediately identify that
the trap state is located at 0.65 eV below the edge of the conduction band.
If the noise is dominated by the trap states with a 0.65 eV energy below
the edge of the conduction band located in the channel depletion region,
one expects the output noise of n-channel devices to have a very small
voltage dependence. However, at the drain depletion region, the s oc-
cupied electron trap states are located very close to the Si-SiO3 interface
for n-channel devices. The field intensity at the sites of those trap states
increases with increasing drain bias voltage.

For p-channel devices, the Y3 occupied electron trap states in the drain
depletion region are far away from the Si-SiO; interface. The field in-
tensity at those trap states can hardly be changed by the drain bias
voltage. Figs. 1, 6, and 7 strongly suggest that the excess noise of the
devices investigated is due to electron trap states in the drain depletion
region. This is also supported by the fact that a small change of the
voltage at the channel depletion region will produce a very small change
in output current. However, for the same amount of voltage change at
the pinch-off point, much larger change in cutput current can be ob-
tained. The output noise of n-channel SOS MOS FET’s is, therefore, due
to electron trap states near the pinch-off region or in the drain-depletion
region. The voltage at the pinch-off point fluctuates as free electrons hop
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through the electron trap states from the conducting channel to the drain
diffusion region.

The corner frequency, f., of the trapping noise spectrum is given
by

1 1
We =—+—» I5]
Ty T2
where 7 is the trap empty time and 75 is the trap occupation time. The
time constants 7; and 75 are given by!!
1 1 gk,
—=uvSnand — = yyexp |- =], 6
- - Ho €Xp ( ET 6]
where v is the thermal velocity of electrons, S is the capture cross section
of the trap states, ug is the vibration frequency, and E, is the energy of
the trap state. The time constant 7, is therefore decreased with in-
creasing gate bias voltage. The time constant Tg increases exponentially
with the trap state energy. If

E
To K Ty or ug’ exp (%) <« vSn, [7]
then
E
We = g exp (—- 1—7:) 8]

This condition can be best satisfied at higher temperature. Thus, when
Eq. [4] is satisfied, a plot of logw, versus 1/T yields a straight line. The
energy of the trap state can be obtained from the slope of this plot. These
relationships bear out the experimental results of Figs. 5 and 9.

The results in Fig. 2 clearly show that the trap energy is strongly de-
pendent on drain bias voltage. This can be explained as a lowering of the
trap energy barrier by the applied field. The electric field intensity at
the trap states increases as the drain bias voltage is increased. This field
intensity reduces the trap state energy barriers such that!2!3

Ei=E,~\qF/er, [9]

where E;,, is the effective barrier height, E,,is the trap barrier height
at zero field intensity, and F is the field intensity at the trap site. The
trap barrier lowering effect is best shown in Fig. 5. Thus, when the drain
bias voltage is increased from 2 to 4 V, the trap energy barrier is lowered
from 0.65 to 0.45 eV.

The field intensity, F, is a complex function of voltage. We will not
try to obtain an accurate expression of F here, but will accept the ex-
perimental fact that the trap occupation time decreases exponentially
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with drain bias voltage. In fact, the experimental results show that 1/79
is proportional to exp(Vp/V«)? where 0.5 < 3 < 1. An accurate value
of 8 cannot be determined from our noise data, however. Fig. 2 also
provides the information that the trap Fermi level decreases with in-
creasing drain bias voltage. Let N, be the trap state density and n, the
density of trapped electrons. From Fig. 2,

T 790 exp(—=Vp/Va)

n,=N =N . 10
‘ ‘it 7o "1+ To0exp(—Vp/Va) [10]

If E, is the trap energy and Ef, is the trap quasi-Fermi level, it can be
shown that

Er, = E; + kT[log(r20/11) = (Vp/Va)]. (11]

The trap quasi-Fermi level is, therefore, decreased with the increasing
drain bias voltage. At small drain biases, most of the trap states are oc-
cupied by electrons, while at large biases, most of the electron trap states
are empty.

Strictly speaking, no single time constant for the trap noise spectrum
exists in the present case. The field intensity and electron density are
not uniformly distributed. The characteristic noise time constant in-
creases as the distance between the point under consideration and the
source is decreased. However, only those nearly Y5-occupied electron trap
states located near the pinch-off point are important. The dispersion
of the time constant is, therefore, small. When the gate voltage is small,
charge density in the channel is small. The free electrons flow very close
to the Si0,-Si interface. The time constant dispersion is therefore very
small. If the gate bias voltage is increased, the density of free electron
is also increased. There is a large gradient of electron density normal to
the Si-SiO, interface. The actual channel width spreads away from the
Si-Si0, interface, and the time constant dispersion is increased. Con-
sequently, a nearly single time constant for the trapping noise spectrum
can be observed only when the gate bias voltage is small. As the gate bias
voltage is increased, the free electron density increases and the field
intensity near the pinch-off region decreases. Accordingly, the time
constant is larger and the corner frequency of the trap noise spectrum
is smaller, as shown in Fig. 3.

In a p-channel SOS MCS FET the current carriers are holes. Since
electron trap states cannot trap holes, the electron trap states located
near the pinch-off region close to Si-SiO; interface contribute no noise
to the device. The fluctuation of charge density of the trap states in the
space-charge region near the pinch-off point may produce a large amount
of noise in the device. As the gate bias voltage is unable to change the
time constant of these electron trap states, the corner frequency of the
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trap noise spectrum is independent of the gate bias voltage. If the silicon
film is very thin, the entire film may be depleted and there may be no
ls-occupied electron trap states existing in the channel depletion region.
The drain bias voltage is able to increase field intensity to the nearly
Ys-occupied electron trap states in the depletion region. However, this
effect is expected to be small. The corner frequency is, therefore, in-
creased only slightly with increasing drain bias voltage.

Neither g-r noise nor hole trapping noise has been observed in our
devices, which indicates that near the Si-Si0; interface the density of
both hole trap states and g-r centers are very small compared to the
density of electron trap states. However, one m