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Spontaneous-Emission-Rate Alteration by
Dielectric and Other Waveguiding Structures*

James P. Wittke
RCA Laboratories, Princeton, N.J. 08540

Abstract—The spontaneous emission rate of an excited electron is altered by the pres-
ence of structures that, at least partially, localize the electromagnetic fields.
This effect is discussed in connection with the dielectric waveguide associated
with double heterojunction structures in light-emitting diodes and with (lossless)
microwave waveguldes.

Introduction

In 1946, Purcell! pointed out that the spontaneous emission rate of
an excited electron can be drastically altered by its surroundings. In
particular, he showed that enclosing a nuclear spin, spontaneously
emitting at a radio frequency, in a high-@ resonant cavity can in-
crease its radiation rate by orders of magnitude. An example of the
effect in the optical frequency range was given by Drexhage,? who al-
tered the fluorescent lifetime of a Eu chelate by bringing it very close
to a flat mirror. Variants of this latter system have received consider-
able attention in the literature.?* However, in the literature of quan-
tum electronics, the fact that structures that can direct (guide) the
flow of electromagnetic energy will alter the coupling of the field to a
radiating electron has been neglected. This paper will discuss this ef-
fect by applying it to an important type of light source, the double
* The research reported in this paper was jointly sponsored by the Department of the Navy, Office

of Naval Research, under Contract No. N00014-75-C-0365, and by RCA Laboratories, Princeton,
N.J.
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heterojunction light-emitting diode (LED). It will be shown how the
presence of heterojunctions in an LED can alter the radiation from
such a diode in a way that is of considerable practical significance for
the utilization of such LED’s in optical communications.

The usual non-relativistic theoretical treatment of spontaneous
emission uses perturbation theory, and leads to a transition probabil-
ity given by Fermi’s “Golden Rule” 8

1

w =S KAHDI (). (1]
Here w is the emission probability per unit time, (f|H,|i) is the ma-
trix element of the term in the Hamiltonian coupling the radiating
electron to the radiation field, and p(v) is the density of final states at
the emission frequency v. Eq. [1] is derived® by assuming that the ma-
trix elements are essentially the same for all possible radiation modes
in the appropriate frequency range. This assumption is valid when
the electron radiates into (the plane-wave modes of) free space, but,
in the presence of structure that affects the spatial distribution of the
electromagnetic fields, the radiation modes can become quite differ-
ent, altering the mode density (in frequency space) and making the
matrix elements drastically different from one another.

Edge-Emitting Double-Heterojunction LED

As an example, consider the case of an edge-emitting double-hetero-
junction LED such as used? in optical fiber communications. Here
the recombination of electrons and holes occurs in a thin slab of high-
index-of-refraction material sandwiched between two (thick) regions
of lower index. (For simplicity, we assume the two low-index regions
to be identical; extension of the argument to the asymmetric case is
straight-forward.) It is well known® that a constant-thickness slab of
high-index material sandwiched between two (assumed infinitely
thick) regions of (equal) lower index can support modes of the elec-
tromagnetic field that are guided, in the sense that the field energy
density decreases exponentially with distance away from the slab,
with the highest fields occurring within the high-index slab. This sit-
uation is quite similar to that treated in the literature* for chelate flu-
orescence between two parallel, plane mirrors. In addition to these
guided modes, in the double heterojunction LED there exist unguid-
ed modes in which significant electromagnetic energy density is
found throughout all regions of the system. To describe the modes,
consider the electromagnetic field to be confined to a large cubical
box, of side L, filled with dielectric of relatively low index except in a
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thin slab of higher-index material that extends across the middle of
the box, parallel to the top face, and intersecting the four vertical
walls of the box (see Fig. 1a). The standard assumption® of periodic
boundary conditions on the walls of the box will be made. In the limit
of vanishing slab thickness, the modes become the usual (unguided)
plane waves.

4+ | £ cos KX

(b)
Fig. 1—Geometry of the system. (a) The normalization cube with the higher-index slab,
of thickness t, extending across it. The radial coordinate r and the field vector
Aq are parallel to the y-z plane. (b) Details of the high-index region near an air—
semiconductor interface. The field pattern for the lowest order TE mode is also
shown.

The presence of the slab perturbs all the modes. Its effect is that of
a Fabry-Perot interferometer placed in the cavity. However, for the
index differences available with (AlGa)As heterojunctions, An < 0.3,
the finesse of this interferometer is essentially zero: the maximum
power reflectivity at normal incidence is only about 0.002. Thus, ex-
cept for modes that correspond to energy flow at grazing angles of in-
cidence to the slab, the modes are essentially unchanged by the pres-
ence of the slab, with the field intensity within the slab not differing
significantly from that outside (apart from that associated with the
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index difference). In other words, there are no appreciable resonant
enhancements of the fields (standing waves) within the slab.

A few modes, however, are strongly perturbed by the presence of
the higher-index slab. These include the guided modes.? The guided
modes of such a system have been discussed in connection with the
modes of “integrated optics” structures!® and of injection lasers.!! It
is these modes that can strongly alter both the spontaneous emission
probability of electrons recombining between the two heterojunctions
and the isotropy of the emitted radiation. Since the guided modes are
so few in number compared to the vast number of unguided ones, it
might be thought that their overall effect might be negligible. How-
ever, this is not the case, since the radiating electrons couple much
more strongly to a guided mode than to an unguided one.

Effect on Matrix Elements

Consider first the matrix elements (f|Hy|:). The interaction term H,
in the Hamiltonian that couples the electronic states to the radiation
modes can be taken of the form appropriate to an electric dipole:

Hy =-<pA, [2]
m

where p is the electron momentum operator and A is the vector po-
tential of the radiation field. The p operator acts on the electron
coordinates, while the A operator acts on those of the radiation field.
When the electronic states are not discrete, as implicitly assumed in
the usual derivation of Eq. (1), the situation becomes more complex.
For the case of a minority carrier recombining in a semiconductor,
the problem becomes a many-body one, and even in the one-electron
band approximation, the electron can occupy a continuum of states.
Some of the problems arising from these complications have been
treated by Lasher and Stern.!? However, only the electron-coordinate
part of the interaction requires modification; that part of the matrix
element depending upon the radiation field, and hence on the hetero-
junction structure, is unaffected. Therefore, for the present consider-
ations, one can ignore the details of the electronic part of the process.

The radiation field can be decomposed if a superposition of modes:

A =3 qiAi [3]

With the fields confined to a large cubical box filled with a homoge-
neous dielectric, the modes can be taken as plane waves. With a high-
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index slab crossing the box, the associated guided modes have their
peak amplitude within the slab, with an exponential decay in the di-
rection perpendicular to the slab outside it, while the unguided
modes are essentially the plane waves. In quantizing the radiation
field, the mode amplitudes q; become the usual photon creation and
annihilation operators. The spatial terms describing the fields of the
modes A; must form a complete orthonormal set:!3

SA-Ajdv = 5. [4]

The quasi-plane wave unguided modes will therefore have a normali-
zation constant proportional to L~3/2 In the case of the guided
modes, however, the mode energy is confined to a much smaller re-
gion, and the corresponding normalization factor is (Lt.y'/?)~!. Here
tess is an effective mode width.!* The normalization condition, there-
fore, gives, for the unguided (plane wave) modes,

B
(AN = 75, 51

where B is a constant incorporating the details of the electronic
states. Similarly, for the guided modes,

[(fIHli)gl? = (6]

the//'

The value of tf is obtained from the details of the modal pattern.
These are discussed in the literature,!® where it is shown that, for the
lowest order guided TE mode, the field is given by

A = Agexp (i8r)-
€OS KX, |x < %t,
cos kt/2-exp [—v(|x| = t/2)], |x| = %t.

(7]

Here r is the (two-dimensional) radial coordinate in the plane of the
slab and 8 is the guided-mode propagation constant (in this plane);
see Fig. 1. Ay is the plane of the slab, and is perpendicular to the
propagation direction r. The parameters « and v are given by

W2 = n2ko? — B2,
v2 = 32 = na?ko?, (8]

where ko = 2x/)\¢ is the free-space propagation constant of an optical
wave of the same frequency ». The lowest TE mode is determined by
the eigenvalue equation

RCA Review ¢ Vol. 36 ¢ December 1975 659




kt vy
tan — = =,
an . (9]
For this lowest mode, the effective mode width toff is
t 1
tegf = -+ —. [10]
2 v

Effect on Mode Density

The density of unguided modes will be essentially unchanged from
that of a box filled with homogeneous semiconductor, without the
heterojunctions. Thus!é

87r2n.3
pulv) = — qnz - L3, (11]
i

For the guided modes, in the y-z plane parallel to the junction, the
mode density is determined by the periodic boundary conditions on
the cubical box, while the boundary conditions at the heterojunctions
determine the number N of “mode types” in the x-direction perpen-
dicular to the junction. N is given by®

2vVn 2 — ng?
N = 2. largest integer in [% + 1]. [12]
0
For these guided modes, the mode density is
N1 d
pe(v) = Z—ﬂ_ﬂ-Lz. [13]
™ dl’

Under the conditions found in (AlGa)As double-heterojunction
LED’s used for fiber-optics light sources, only a few (generally well
under a dozen) types of guided modes can exist.

Effect on Emission Rate

In the geometry of interest, there are thus two classes of modes, and
the “Golden Rule” becomes

w = ﬁ (<AH Yl 2 - pule) + - (FIH i) gl 2060, [14]

where the subscripts u and g refer to unguided and guided modes.
This becomes
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BBl e 4 5 df) 5]

h2c? 872ny3 Leff dv
The first term corresponds to the normal spontaneous decay in a ho-
mogeneous slab of semiconductor; the second shows how the sponta-
neous radiation rate is increased by the presence of the wave-guiding,
high-index slab.

Consider the case when the index differences at the heterojunc-
tions and the slab thickness ¢t are such that only the lowest order TE
(and TM) modes can propagate. (Then, for “strong” heterojunctions
where An = 0.3, the slab must be less than ¢ = 0.30 um in thickness;
for “weaker” junctions where An = 0.05,t < 0.74 um.) In the limit ¢
— O’

B — nako
beff =~ — —2—, (16]
v (ni? = noPke?t
and, for the (two) fundamental guided modes,
2,3 2n 2 — po2
wgo_’81r:12r:j B[21r (n’lﬂonz )t]. (17]

Thus, in this limit, the effects of the modes vanish as t — 0, as they
must. In the limit of ¢t — =, other guided modes must of course be in-
cluded; for the fundamental modes (and most of the other guided
modes as well),

ﬁ—’niko

t
toff —> — 18
=5 (18]

and, for the (two) fundamental modes,
81“/271233 2n12)\0
h 203 :

Thus, their effects also disappear as t — «. In the ¢ — 0 limit, the ef-
fects vanish because the slab provides but weak guiding and the fun-
damental modes are essentially unguided; in the ¢ — « limit, the het-
erojunctions are so far away from nearly all the recombining electrons
that their effects are negligible.

Nevertheless, there is an important intermediate range of slab
thicknesses where the radiation into the guided modes can exceed

Wgo — (19]

n23t
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that into the unguided modes. Moreover, it is possible that this can
occur under conditions such that the resultant beam pattern radiated
from the edge of the LED is much more directive than that of a Lam-
bertian emitter. This is of great practical importance, for it means,
not only that the 2% external emission efficiency as limited by total
internal reflection at the (planar) air-semiconductor interface can be
significantly exceeded, but also that the associated beam angle can
match the (limited) acceptance cone on an optical fiber much better
than would otherwise be expected. Moreover, the increased spontane-
ous radiation rate corresponds to shorter LED response times!? al-
though it is difficult to separate this effect experimentally from oth-
ers that are apt to occur with thin double-heterojunction structures.

One particularly favorable structure is a double-heterojunction
with a large index difference across the junctions and a very thin (¢t <
0.5 um) high-index slab. The far-field patterns of the guided modes
for such systems have been discussed in the literature!®19 for injec-
tion lasers (the mode patterns are, of course, the same). The calcula-
tions indicate that the far-field beam pattern decreases in angular
width (perpendicular to the junction plane) as the slab width is de-
creased. Recent work by Ettenberg and Kressel?® has shown that, in
accordance with the above arguments, efficient incoherent radiation
into a narrow fan (of 24° FWHM perpendicular to the junction
plane) can be achieved using a “strong” double heterojunction struc-
ture with a slab width of t = 0.065 um. Their measured beam profile
fits that predicted for this case by Dumke!? for a slab thickness of
0.045, as shown in Fig. 2. The agreement is reasonable. (An “obliquity
factor”,2! 1 + cos 8, has been included in the calculated curve of Fig.
2.)

To illustrate the effects of the heterojunction structure on increas-
ing the coupling of the recombining electrons to the radiation field,
the enhancement term

Me B dp

. 20
8n2ng® tey dv [20]

has been plotted in Fig. 3 for the fundamental TE mode. “Strong”
heterojunctions have been assumed. It is seen that the emission into
this single type of guided mode can be more than 0.6 times as effi-
cient as into all unguided modes. Moreover, there is a much greater
transmission probability at the air-semiconductor interface for the
guided than the unguided emission. Coupled with the fact that the
very similar fundamental TM mode always coexists with this TE
mode, it is clear that the observed far-field emission pattern from a
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Figwre 2—Experimental and theoretical far-field patterns for a double-heterojunction
LED. An = 0.3 across the heterojunctions. The measured slab thickness was
~0.065 um; the theory is for a slab thickness t = 0.045 um.

thin “single-mode” double-heterojunction LED can be dominated by
the enhanced radiation into these fundamental modes.

Lossless Single-Mode Microwave Guide

The effect of a field-confining structure is not always that of increas-
ing the spontaneous emission rate; it can also depress it. To see this,

nla
ov|o

3{ 0.7 T 1 ! ] T T I T |
%

& ol i
(7]

o

w

-

a 0.4 —
o

8{ 0.3} .
Tt

2 0.2} -
[

z

g o.l - -
=4

‘_tl o) 1 1 1 [ 1 1 1 1 1

w o .05 .0 .5 .20 .25 .30 .35 40 45 .50

HETEROJUNCTION SPACING, t , um

Fig. 3—Ratio of the spontaneous emission probability into the fundamental TE modes to
that into all the unguided modes, for a double-heterojunction structure with n,
= 3.6, n, = 3.3, and A = 890 nm.
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consider the radiation from an electron spin in a strong magnetic
field at microwave frequencies. If the radiating electron is placed in a
(lossless, infinite) fundamental-mode (TE,() waveguide, the sponta-
neous emission rate can be computed as above, by considering the
two factors (f|Hi|i) and p(v). For the free-space case (cubical box
with periodic boundary conditions), we again have

’

. B
(AR = 25

and

8mv?
pis(v) = -3 - L3, [21]

For the case of the waveguide, of width a and height b, with periodic
boundary conditions on a length L of guide, the corresponding terms
are

. 2B’
| (FIHi)| g% = abL
and
2L
pglv) = ———— [22]

V-GF

This leads to a ratio of spontaneous emission rates, with and in the
absence of the guide, of

w o2
;g_ = —0:)\__—2 [23]
" omab\/1- ()
a

For a “typical” set of parameters at X band, A\o = 3 cm, a = 2.29 cm, b
= 1.02 em, and w,/wy, = 0.81; the (lossless) waveguide has somewhat
suppressed the spontaneous emission rate. Here, the enhanced cou-
pling of the radiation field to the electron (the increased matrix ele-
ment) is more than compensated by reducing (to two) the number of
modes into which the electron can radiate. However, if the guide is
operated closer to cut-off, by either decreasing its width a or by in-
creasing the radiation wavelength (by increasing the magnetic field),
or with a reduced mode volume, obtained by reducing b (or a), the
spontaneous emission rate can be enhanced rather than suppressed.
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Appendix

The basic point being made can perhaps be clarified by a somewhat
different approach. In calculating the absorption of radiation by an
electron (in the absence of saturation), the absorbed power, and
hence the induced absorption rate, is proportional to the incident en-
ergy density. By confining the field spatially to the vicinity of the
electron, the absorption rate, for a given incident power level, can be
enhanced. In the case of stimulated emission, the emission rate can
be similarly increased. Indeed, the stimulated emission process is the
exact dual of the absorption one.

If the radiation field is described quantum mechanically, the ab-
sorption rate (for an unexcited electron) is given by an expression of
the form!6

Wabs = Aen;, [24]

where n; is the number of photons in the radiation field. Similarly, a
calculation of the emission from the same electron when in its upper
state is%?

Wem = A(n; + 1). [25]

Here n; is again the number of photons in the radiation field, and the
term “1” represents the effects of spontaneous emission. Thus, spon-
taneous emission can be thought of as a process equivalent in its ef-
fects to that of induced emission with only one photon in the field
(mode).

The important point to note here is that the effect of a field-in-
fluencing structure manifests itself in the matrix element-containing
term A, which is the same for both absorption and emission. The in-
troduction of a structure that alters the absorption (or stimulated
emission) rate not only can, but must, alter the spontaneous emission
into the relevant field mode in identically the same way.

References:

' E. M. Purcell, **Spontaneous Emission Probabilities at Radio Frequencies,” Phys. Rev., 69, p. 681
(1946).

2 K. H. Drexhage, ‘'Optische Untersuchungen an Neuartigen Monomolekularen Farbstoffschichten,”
(Habilitations-Schrift), Marburg, 1966 (unpublished).

RCA Review ¢ Vol. 36 ¢ December 1975 665




3 See, e.g., H. Morawitz, “Self-Coupling of a Two-Level System by a Mirror,” Phys. Rev., 187, p.
1792 (1969); H. Kuhn, “Classical Aspects of Energy Transfer in Molecular Systems,” J. Chem.
Phys., 53, p. 101 (1970).

4 P. Stehle, *‘Atomic Radiation in a Cavity,” Phys. Rev., A2, p. 102 (1970); M. R. Philpott, "'Fluores-
cence from Molecules Between Mirrors,” Chem. Phys. Lett., 19, p. 435 (1973); P. W. Milonni and P.
L. Knight, *‘Spontaneous Emission Between Mirrors,”” Opt. Comm., 9, p. 119 (1973); R. R. Chance,
A. H. Miller, A. Prock, and R. Silbey, ““Fluorescence and Energy Transfer Near Interfaces: The Com-
plete and Quantitative Description of the Eu*3/Mirror Systems,” J. Chem. Phys., 63, p. 1589 (1975).

5 See, e.g., A. L. Schawlow and C. H. Townes, “Infrared and Optical Masers,” Phys. Rev., 112, p.
1940 (1958); D. A. Kleinman, ‘‘The Maser Rate Equations and Spiking,” Bell Syst. Tech. J., 43, p.
1505 (1964); D. E. McCumber, “Intensity Fluctuations in the Output of CW Laser Oscillators, 1.,”"
Phys. Rev., 141, p. 306 (1966).

8 W. H. Louisell, Radiation and Noise in Quantum Mechanics, McGraw-Hill Book Co., N.Y., 1964,
Sect. 5.3.

7 H. Kressel and M. Ettenberg, A New Edge-Emitting (AlGa)As Heterojunction LED for Fiber-Optic
Communications,” Proc. IEEE, 63, p. 1360 (1975).

8 R. E. Collin, Field Theory of Guided Waves, "' McGraw-Hill Book Co., N.Y., 1960, Sect. 11.5.
? See Ref. [6], Sect. 4.6.
19 . E. Goell and R. D. Standley, “Integrated Optical Circuits,” Proc. IEEE, 58, p. 1504 (1970).

' W. W. Anderson, “Mode Confinement and Gain in Junction Lasers,” IEEE J. Quant. Elect., QE-1,
p. 228 (1965).

'2 G. Lasher and F. Stern, “Spontaneous and Stimulated Recombination Radiation in Semiconduc-
tors,” Phys. Rev., 133, p. A553 (1964).

'3 See Rel. [6], Sect. 4.4,

' P. K. Tien, "Light Waves in Thin Films and Integrated Optics,” Appl. Opt., 10, p. 2395 (1971).
'S D. Marcuse, Light Transmission Optics, Van Nostrand Reinhold Co., N.Y,, 1972, Sect. 8.3.

'¢ See Rel. [6], Sect. 5.4.

'TH. F. Lockwood, J. P. Wittke, and M. Ettenberg, "LED for High Data Rate Optical Communica-
tions,’* to be published.

' H. Kressel, J. K. Butler, F. Z. Hawrylo, H. F. Lockwood, and M. Ettenberg, ““Mode Guiding in Sym-
metrical (AlGa)As-GaAs Heterojunction Lasers With Very Narrow Active Regions,”” RCA Review, 32,
p. 393 (1971).

' W. P. Dumke, “'The Angular Beam Divergence in Double-Heterojunction Lasers with Very Thin
Active Regions,"" IEEE J. Quant. Elect., QE-11, p. 400 (1975).

20 M. Ettenberg and H. Kressel, to be published.

?1 See Ref. [15], Sect. 2.2; L. Lewin, “Obliquity Factor for Radiation from Solid-State Laser.” Elect.
Letters, 10, p. 134 (1974).

22 See Ret. [6], Sect. 5.5.

666 RCA Review ¢ Vol. 36 « December 1975



i~

The Physics of Electrical Charging and
Discharging of Semiconductors

H. Kiess

Laboratories RCA Ltd., Zurich, Switzerland

Abstract—The technical applications that utilize the electrical energy stored in electrode-
less thin insulating and/or photoconducting materials are quite numerous. The
different applications make use of different properties of the materials. How-
ever, certain aspects of the electrical charging and discharging processes are
common to all applications. These processes are reviewed: in particuiar, mod-
els are discussed for the charge storage and the dissipation of the charge in
the dark and under illumination. These are then compared with experimental
results obtained with different materials.

1. Introduction

Charge storage in dielectrics can be both desirable and undesirable.
The accumulation of charge on highly insulating plastic materials can
be undesirable in that it can present problems in production and in
certain applications. On the other hand, if electrostatic charges can
be stored permanently or for limited times on insulators and removed
at will in a controlled manner, a variety of practical applications
emerge. Such applications include electret microphones, prosthetic
devices wherein electrified polymers prevent the clotting of blood,
the vidicon pickup tube for television, and photoreceptors and toners
used in the electrophotographic process.

The different applications place different requirements on the di-
electric. This is reflected by the fact that the materials used for the
different applications range from inorganic semiconductors and insu-
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lators to organic photoconducting and highly insulating polymers.
Certain common features of the charge storage and the discharge
mechanism are discussed here, with emphasis on the behavior of
semiconducting and photoconductive dielectrics. Due to their impor-
tance in technology, photoconductors have been extensively investi-
gated, and our knowledge of these materials serves as the basis for
this paper, namely, to review physical processes of the charging and
discharging mechanisms and to illustrate the usefulness and the defi-
ciency of these concepts when tested experimentally. The second sec-
tion discusses the different charging methods. The stationary cur-
rent-voltage characteristics of insulators and photoconductors are
discussed in the third section, since they give useful insight into the
physical processes occurring during the discharge. The discharge
models and theoretical approaches to calculation of discharge curves
are summarized in Section 4, where emphasis is placed more on ela-
borating the differences of the various approaches than in giving a
complete account of all formally possible discharge curves. In Section
5, experimental results are discussed, and Section 6 is a status sum-
mary.

2. Charging Methods

In most technical applications the dielectric is supplied with a con-
ducting contact on only one side; charge is deposited on the opposite
side. In the charged state, this surface is at a potential Vg with re-
spect to the usually grounded conducting contact. Vg is given by

Vs=—" 1]

where @Q; is the charge and C is the capacitance. The capacitance is,
in general, a function of the surface voltage, depending on where the
charge is stored. In principle, three different situations for the loca-
tion of the stored charge may arise. First, the charge may be located
close to or at the surface; second, the charges may penetrate into the
solid and form a space charge; and third, a polarization of the materi-
al or a displacement of the ions on a microscopic or macroscopic scale
may occur, giving rise to the so-called heterocharges. However, the
mode of charge storage is not solely a question of the property of the
dielectric but also a function of the details of the charging process
and of the methods used.

A number of methods for charging dielectric materials are de-
scribed in the literature. These are (1) charging with an electron or
ion beam, (2) the use of a corona or Townsend discharge, (3) applying
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fields up to and exceeding the breakdown strength of the dielectric,
and (4) touching or rubbing the dielectric with another dielectric ma-
terial or a metal. While these techniques are all relatively easy to im-
plement, the choice of technique depends on the control that is de-
sired over the charge density, the lateral charge distribution, and the
spatial charge depth.

2.1 Electron-Beam Charging

The simplest widely used charging process is probably charging the
dielectric with a low-energy electron beam. Electrons impinging on a
solid and having a kinetic energy of a few eV or only thermal energy
in vacuum will acquire an additional energy in passing through the
vacuum-—solid interface. The difference in kinetic energy is

- % mveacuum + é meffvgulid = Exin=(¢— 0, [2]

where ¢ is the work function of the solid, { is the separation of the
Fermi level from the bottom of the conduction band (Fig. 1), m is the

Fig. 1—Energy-band scheme.

electron mass, and v is the velocity of the electron. These electrons
will thermalize in the solid, dissipating their energy by emission of
phonons and impact ionization across the bandgap if the kinetic en-
ergy of the electrons is larger than the energy of the forbidden gap.
How far they penetrate into the solid depends on the mean free path
of hot electrons under the action of different dissipating processes.
Assuming that the energy of the electrons is well above the threshold
energy for pair production, it is to be expected that the mean free
path length due to phonon emission is large compared to that due to
impact ionization. An estimate for electrons having a kinetic energy
of 5 eV in a semiconductor of 1 eV bandgap yields! a mean free path
for phonon emission of the order several hundred A, and for pair pro-
duction only a few A. We therefore conclude that the stopping power
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for low-energy electrons is so strong that they can be considered to
have thermalized within several hundred A below the surface.

If the energy of the impinging electrons is higher, the electrons will
also interact with deeper-lying bands (Fig. 2). If we denote the bands
in the solid by A, B . . ., then a primary electron having lost the ener-
gy Vo because of its interaction with an electron of the band D, will
either be reflected back and leave the target (the less probable pro-
cess) or undergo further such losses. The vacancy created in the D-
band will be refilled by an electron from one of the higher bands.
Usually the Auger process accounts for the dissipation of the ener-
gy.23 The details of such a process are shown on the right side of Fig.
2. Two electrons take part in an Auger process. The first electron,
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Fig. 2—Schematic energy-band scheme of a metal. On the left, a primary electron suf-
fers a discrete energy loss. On the right, the vacancy in band D is refilled, and
the energy released causes the excitation of an electron by Auger effect (After
G. A. Harrower).

originally in band C, drops to fill the vacancy in band D. The energy
Ep — E¢ released in this process is given to a second electron in band
B, which is then excited into the conduction band. The penetration
depth of primary electrons with energies of several hundred or thou-
sand eV is, of course, greater than that of low-energy electrons, even
though the energy dissipating processes are very efficient. Experi-
mentally determined values of the penetration depth are of the order
of 1 um for 20 keV primary electrons in Teflon.* A general relation-
ship between the energy of the impinging electrons and the density of
the material is given by Bichsel.? Irrespective of the energy of the pri-
mary electrons, the effect of the electron beam is twofold: (1) the
electron beam acts as an electron-injecting contact to the dielectric
and (2) secondary processes increase the conductivity during the
charging process within the range of the penetration depth of the pri-
mary electrons. In order to obtain permanent charge storage, the
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electrons have to be immobilized by capture in traps located close to
the surface or in the bulk.

2.2 lon-Beam Charging

The phenomena occurring in ion interactions with metal surfaces
have received a great deal of emphasis,® whereas the ion-insulator
problem has been largely neglected. Only recently have studies of the
ion bombardment of insulators been carried out, leading to some un-
derstanding of the interaction process. The neglect of the ion-insula-
tor process can be attributed to experimental difficulties, especially
to the accumulation of charge, which changes the conditions during
the course of the experiment and causes difficulties in the interpreta-
tion of the results. To circumvent this problem, very thin samples
and/or elevated temperatures were used to study the interaction.”
Recently, Vance® published an investigation that did not allow a con-
tinuous discharge of a sample surface but rather allowed the accumu-
lation of charge. His results obtained with amorphous Se can be ex-
plained within the framework of the existing model of positive ion-
insulator interaction. He used also an analogous model to explain ob-
servations with negative ions.

Let us first consider positive ions and cases where the impinging
ions have sufficiently low velocity that direct kinetic effects play a
minor role, i.e., that the ions are neutralized before penetrating the
solid. There are then three processes to consider: (1) radiative neu-
tralization, (2) resonance neutralization with Auger de-excitation,
and (3) Auger neutralization of the incoming ion. The initial state
lifetime of the radiative process is of the order of 1078 sec; that of the
other two processes? is about 10714 sec. For this reason the neutral-
ization of the ion will take place either through resonance neutraliza-
tion followed by Auger de-excitation or through Auger neutralization
(Fig. 3). The resonance neutralization at a surface of a solid occurs by
tunneling of an electron from the solid to the ion; the electron then
populates an excited level. The neutralization of the ion is followed
by an Auger de-excitation step; an electron of the solid goes to the va-
cant ground level and the released energy is imparted to an electron
of the solid or to the electron in the excited level. In the Auger-neu-
tralization process, it is assumed that the ion is directly neutralized
by an electron transition from the solid to the ground state of the
atom. The energy released excites an electron in the solid. The kinet-
ic energy still inherent in the neutralized ion is dissipated in the solid
by inelastic scattering, excitation of phonons and electrons, and, at
sufficiently high energy, by displacement of atoms. According to their
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Fig. 3—Resonance neutralization, Auger de-excitation and Auger neutralization process
in schematic representation (after Hagstrom).

lifetimes the Auger and resonance neutralization processes are com-
peting in principle. In practice, however, it turns out that the Auger
neutralization is more important.!?

The gross features of the positive-ion-beam technique for charging
a dielectric are similar to those of the electron-beam technique: elec-
trons are injected into the solid with an electron beam, while holes
are injected into the dielectric through the ion-solid interaction. The
carrier density close to the surface is similarly increased due to secon-
dary effects during irradiation with the ion beam. In order to obtain
permanent charge, deep hole trapping centers must be assumed in
which the holes can be trapped before being transported to the
grounded electrode.

The interaction of solids with slow negative ions has been investi-
gated even less than has the positive-ion—dielectric interaction. The
only publication that gives experimental results is that of Vance,3
who bombarded amorphous Se layers with O~ ions having a kinetic
energy of 50 eV or more. The results were explained by a model simi-
lar to the one used to explain the positive-ion—solid interaction. The
energy-level diagram is shown in Fig. 4. Any change of potential ener-
gy of the ion due to image force is neglected. The electron is bound to
the incoming ion with an energy Er4, the electron affinity. Upon ap-
proaching the surface the electron is transferred from the ion to the
dielectric by resonance neutralization. The maximum energy released

T2 |5 necarve
10N

SEMI -
CONDUCTOR

Fig. 4—Resonance neutraiization for a negative ion (after Vance).
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Table 1—Electron Affinities of Different Ions

Electron affinity

Species Ep4
(0] 1.5 eV
0, .45 eV
(0] 3.24 eV
co, 3-4 eV
NO, 4 eV
NO .025eV
Cl 3.82 eV
OH 1.83 eV

is given by
Emax = ¢* — (Eg — §) — EEa = ¢ — Ega, (3]

where ¢* is the separation of the valence band from the vacuum level
(the threshold energy for photoemission), E¢ is the bandgap of the
dielectric, {; is the separation of the Fermi level from the conduction
band at the surface, and Eg4 is the electron affinity of the incoming
atom or molecule. E 4, is usually small compared to the energy re-
leased in the case of positive ions. For dielectrics with a large band-
gap, this energy is often smaller than the forbidden gap (Tables 1 and
2). The cascading of the electron into the lowest state of energy will
therefore be accompanied by phonon emission only, so that no addi-
tional temporary increase in conductivity by impact ionization across
the bandgap is to be expected. Carrier generation by the neutralized
ion penetrating the solid and dissipating its kinetic energy seems also
to be negligible. In this case also, in order to retain the charge, the in-
jected electron must be immobilized in a trap. In contrast to electron-
beam and positive-ion-beam charging, secondary effects are not ex-
pected to give rise to a temporary increase of the conductivity during
charging.

Table 2—Bandgaps, Workfunction, and {5 of Some II-VI Compounds in
UHV®? and of Se

Band Work-
Com- gap Eg function $s $hulk
pound (eV) P(eV) (eV (eV)
ZnO 3.6 4.68 .11 .10
CdS 2.4 5.01 .22 .15
CdSe 1.74 5.22 .27 .15
ZnSe 2.6 4.84 73 .15
Se 1.9 4.9
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2.3 Charging With a Corona Discharge or Townsend Discharge

These two techniques of charging dielectrics are closely related to the
ion-beam charging. However, there are two differences: (1) they are
used at high pressures of the ambient atmosphere so that gas-solid
reactions may take place at the surface, and (2) the kinetic energy of
the ions is close to thermal energy in front of the dielectric which is to
be charged. The possibility of using corona or Townsend discharge at
high gas pressure makes it a truly practical charging method.

The first question to be answered is which ionic species are gener-
ated in a corona discharge. Shahin!!-13 has performed mass spectro-
metric studies of positive and negative corona discharges in air, nitro-
gen, and oxygen at atmospheric and lower pressures. The ionic
species he found in a positive corona discharge in air of 20% humidity
at room temperature are mainly clusters of ions of the type
H*(H20),. Probably the mechanisms by which H*(H,0),, clusters
are formed are either charge exchange reactions of the primary ion
Ny* and Oy* etc. with water molecules such as

N2+ + HQO — H20+ + N2 [4]

and the subsequent reaction HoO* + H,0 — H;0+* + OH, or the pro-
duction of hydride by a reaction

N2+ + HQO — N2H+ + OH [5]

In a subsequent collision of the hydride with a water molecule, the
cluster forms

NoH* + HoO — H,0t + No. [6]

It was found that the clusters are formed even if only traces of water
are present in the ambient. A theory developed by Moran and Ham-
ill’415 indicates that a partial pressure of the water of 10~6 Torr in a
gas at atmospheric pressure is quite enough to form hydrate ions
within 70 msec.

The ions produced in a negative corona discharge are not domi-
nated by hydrated species. At one atmospheric pressure of air or oxy-
gen, CO3™ ions appear to give the main contribution to the ions
formed in the discharge.!! The primary ionic species are O~ ions gen-
erated by dissociative electron attachment. Subsequent reactions of
the O~ ions with O3 forms O3~

0O-+0:+M—-03-+M, [7]
and with COs it forms CO5~,
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0-+C0O:+M—=CO;~ + M, (8]

where M is a third body (N3, O3) necessary to stabilize the reaction
product by removing the excess energy. A further reaction between
O3~ and COq leads to an enhancement of the CO3~ yield;

037+ COy — CO3™ + O.. [9]

Trace amounts of CO, seem also here to be sufficient to cause an
over-whelming contribution of the CO3~ ions to the ionic species
formed. If the pressure is reduced to 100 Torr or lower, the CO3~ ion
is present only in traces, and the dominant ionic species found are
now O3~ ions.

The charging process of a dielectric with positive ions should occur
in full analogy to the processes outlined in the previous section on
ion-beam charging: injection of holes through Auger and/or resonance
neutralization processes with subsequent capture of the holes in trap-
ping centers.

The charging with negative ions for other materials may be differ-
ent from the process outlined by Vance for Se in which resonance
neutralization of the ion in front of the dielectric with simultaneous
injection of electrons was postulated. That this process does not hold
for all materials is evidenced in the case of ZnO single crystals; ZnO
single crystals can be charged negatively by a corona discharge in air,
oxygen, or carbon dioxide, but cannot be charged by a corona dis-
charge in argon, where free electrons of thermal energy are produced,
nor with an electron beam directly in vacuum. To account for the lat-
ter observation, we have to assume that no significant trapping of
electrons occurs at the surface and that the injected electrons are
transported easily through the material. To account for the chargea-
bility in air, oxygen, or COy atmosphere we must conclude that the
ions do not lose their electron by resonance transfer process.

Neglecting other processes, resonance neutralization should not
occur if the electron affinity of the involved molecular species is
greater than the electron affinity of the solid, i.e., the energy separa-
tion between the bottom of the conduction band and the vacuum
level (Fig. 4). Since the electron affinity of the ions produced in the
corona discharge is at least 0.5 eV smaller than that of ZnO (see Ta-
bles 1 and 2), we must assume that other processes prevent a reso-
nance transfer and hence an injection of the electrons into the con-
duction band of ZnO, so that it becomes electrically chargeable. It is
to be expected that image force attraction causes a lowering of the en-
ergy level of the ion by about 0.5 eV at a distance of the order of 1
A,1617 but this effect is not sufficient to explain the chargeability of
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ZnO. This has been shown by charging experiments at low pressures;
according to Shahin the predominant ionic species produced at low
pressures is O3™, an ion having an electron affinity about 1 eV smaller
than that of CO3~. If image force attraction were to account for the
chargeability of ZnO with CO3™ ions, charging with O3~ would not be
possible, since energy considerations show that then resonance trans-
fer would be allowed and hence charging impossible. Experimentally
the opposite is found; neither surface voltage nor the dark decay of
the charge are affected.!® These results indicate that the limitations
to charging are of a different nature, e.g., that reactions of the ionic
species take place at the surface of the ZnO,

O3~ — 0y + O_adsurhed or COR_ - C02 + O_adsnrhed,

which give rise to the same surface states. No detailed investigations
of this problem were made.

Aside from ionic species there is also ozone generated in a corona
discharge in air or oxygen, especially in a negative corona discharge.
Evidence was presented that O3 reacts with the solid to form a
charge-transfer complex of the type O3~-solid* with photoconducting
organic solids such as poly-n-vinyl carbazole (PVK) or others.!® The
formation of this complex is equivalent to a transfer of a valence
band electron of the solid to the adsorbed O3; hence it is equivalent to
the injection of a hole. This process was assumed to hold since expo-
sure of positively charged surfaces to ozone discharged PVK layers in
the same way that light does. The model for charging dielectrics posi-
tively assumes also the injection of a hole which is rapidly trapped.
The question remains as to why a hole injected from O3 should be-
have differently from holes injected from positive ions. It might be
only an apparent contradiction insofar as the charging efficiency for
these dielectrics may be low, i.e., that only a small fraction of the in-
jected holes are trapped and contribute to the charge on or in the
solid.

2.4 Contact and Triboelectrification

Contact or frictional electrification is not commonly used as a meth-
od to charge dielectrics, since there is virtually no control over the
amount of the transferred charge. The physics involved is so complex
that many mechanisms have been proposed to explain the charge
transfer from a metal or from a dielectric to a dielectric. There are ion
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migration,2® electron transfer by tunneling,?! mechanical transfer,??
and transfer by thermal gradients. In comparing experimental results
one must be careful because different experimental conditions often
evoke different disturbing errors, such as breakdown of the air, badly
defined contact areas, and surface conductivity, all of which influence
the amount of transferred charge.

The concept of electron transfer by tunneling to explain contact
electrification has been advanced by Bauser et al.2? and by Davies.?4
The exchange of charge across the interface between a metal and a
semiconductor is indeed a very well accepted concept in solid-state
physics. The basic idea is that the Fermi levels of the metal and the
semiconductor reach thermal equilibrium. For highly insulating ma-
terials the Fermi level is not very well defined, since nonequilibrium
states may be frozen in. Therefore the exchange of charges between a
metal and a dielectric certainly depends on the accidental occupation
of the surface states and is only loosely connected with the bulk prop-
erties. It has been found that the amount and the sign of the charge
transferred is closely related to the work function of the metal in con-
tact with the dielectric. Nevertheless it is not appropriate to deduce a
work function for the dielectric from such measurements.

The concept of work function was also used to explain the charge
transfer from dielectric to dielectric. The transfer was assumed to be
due to tunneling of electrons from one surface to the other, the direc-
tion of transfer being governed by the work functions of the different
materials. Ruckdeschel, 25 however, claimed recently that his experi-
mental data are only explicable if he assumes an ion exchange across
the interface. His conclusions were corroborated by the fact that in
vacuum and dry atmosphere no charge transfer was observed. This
lead him to state that the ions transferred are most likely protons.

Similarly, the mechanism to explain frictional electrification is still
a matter of controversy. Wihlin et al.?6 claimed in a recent paper that
for frictional electrification the electron-transfer model applies.
Kornfeld?2 explained his results by mechanical transfer—the solids
are assumed to have structural and chemical defects leading to elec-
trical depletion or accummulation layers at the surface which are
neutral to the outside world. Friction between one material and the
other mixes the surface layers and redistributes the charges between
the materials rubbed. Recent measurements by Pepper?” have shown
that, indeed, material transfer between metals and polymers is ob-
served. The disturbance of the compensation of the “intrinsic” charg-
es then gives rise to the electrification of the materials. It seems that
at the present state of the art neither process can be excluded or
made solely responsible for the frictional electrification,
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3. Current-Voltage Characteristics

In order to separate the physical mechanisms governing the dissipa-
tion of the charge it is necessary to study the transport and trapping
of the charge carriers in the dielectrics. These studies may be done
using different techniques: first, by measuring the I-V characteristics
during the charging process; second, by measuring the surface voltage
with time at constant temperature or by increasing the temperature;
and third, by simulating the charged state with blocking contacts and
measuring the current as a function of time at different voltages.

The first method requires control of the surface voltage of the di-
electric and measurement of the current through the dielectric during
charging. The advantages are obvious—the models for I-V character-
istics are rather well established and therefore the comparison of ex-
perimental results and theory is facilitated.

The second method usually implies a more difficult theoretical
analysis, since time-dependent equations for the carrier transport
must be solved. Since the surface voltage, rather than the dissipation
of the surface charge itself, is measured as a function of time, prob-
lems do exist in obtaining the charge as a function of time, which is
the quantity of interest.

The third method gives a means of investigating certain aspects of
the carrier transport or trapping of charge carriers separately and of
studying time-dependent phenomena under well-controlled condi-
tions. Although it represents an important tool for obtaining relevant
parameters governing the discharge of dielectrics, a detailed explana-
tion would be too lengthy for the present discussion.

3.1 Models for the Carrier Transport in Dielectrics With Injecting Contacts

If charge storage is to occur in a homogeneous dielectric with inject-
ing contacts, then the trap density and the trap depth must be such
as to retain sufficient charge for a desired period of time.* The equa-
tions governing the carrier transport are the continuity equation for
the free charge carriers and Poisson’s equation. In the steady state,
assuming a one-dimensional problem and that only electrons contrib-
ute to the current, we obtain from divj = 0,

dn

j=eunnE +eD E;, [10]

where j is the current density, u, is the mobility of the electrons, n is

° An injecting contact is defined as a contact with an electron concentration greater than the elec-
tron density of the bulk material.
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the electron density, E is the electric field, D is the diffusion con-

stant, and e is the elementary charge. Poisson’s equation gives
dE_1 v, (11]
dx e¢

where p is the space-charge density and ¢ is the dielectric constant.

In addition to Egs. [10] and [11], a relationship between the space-
charge density p and the free-electron density exists which depends
on the details of the trap distribution in the forbidden gap and on the
position of the Fermi level before applying a voltage. In principle p
can be expressed as a function of the electron density so that

p = f(n). [12]

If the diffusion current in Eq. [10] is neglected,! Egs. [10] through
[12] can be solved. In the case of an electron-injecting contact the so-
lutions have been discussed at length?82% and lead to the well-known
space-charge-limited currents. The I-V characteristics of a solid with
a trap of well-defined energy are shown schematically in Fig. 5, and
analytical results for solids with different trap distributions are sum-

CURRENT {LOG.SCALE]

VOLTAGE [LOG. SCALE]

Fig. 5—Schematic representation of the |-V characteristics of an insulator with ohmic
contacts. Density of traps is N,, the trap depth increases from 1 to 3. The dot-
ted line represents the trap-free case.

marized in Table 3. In essence the increase of current density with
voltage with a power law equal or greater than two is due to an in-
crease of the number of electrons in the solid, which is, for a given ge-
ometry, solely a function of voltage. Since only the free electrons
enter the expression for the current density, j is smaller for a solid

t A detailed discussion of the conditions under which diffusion currents can be neglected and how
diffusion changes the analytical form of the |-V characteristics is given by F. Stockmann?® and M. A.
Lampert,®® respectively.
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with traps where electrons get immobilized than for a trap-free solid.
In fact, the position of the traps with respect to the Fermi level and
the trap distribution determine the ratio of free carriers to total in-
jected carriers giving rise to different voltage dependences of the cur-
rent. (Egs. [10] through [12] would have to be modified to include
also the transport of holes whenever the anode injects holes. How-
ever, double-injection phenomena are irrelevant in this context.)

The considerations so far are valid for a homogeneous dielectric. In
practice it is often found that the trap densities at or close to the sur-
face are much higher than in the bulk so that the carriers injected by
the charging process are strongly trapped close to the surface. This
desirable feature of a dielectric is discussed in Section 2. The drift
length of the charge carriers, i.e., the product utE, (¢ is the mobility,
7 is the lifetime, and E is the electric-field), is then much smaller in
the surface region than in the bulk. This configuration is especially
desired when the stored charge is to be modulated by light and,
therefore, good transport properties of the bulk of the material are
required such as in vidicons and in electrophotographic plates. There,
the discharge by light should be fast and should not suffer from re-
combination losses or from the retention of charge carriers in traps.
Under this condition, it is useful to describe the I-V characteristics in
terms of a two-layer model, i.e., a thin surface layer (beam-blocking
region) with high concentration of deep traps adjacent to the bulk of
the photoconductor, which ideally would be trap free. An energy-
band diagram for such a model proposed by Goodman?® is shown in

Ec

ENTIRE LAYER BEAM BLOCXING REGION )\

Fig. 6—Energy-band diagram with beam blocking region (after Goodman).

Fig. 6. The depth of the Fermi level in the surface layer is a function
of voltage. When V = 0, the net charge in this layer is zero. For non-
zero voltage, the surface layer becomes charged due to the filling of
deep electron trap levels. In the steady state the incoming electrons
are partially transmitted through this layer, partially thermalized,
trapped, re-emitted thermally, and drifted through the layer.
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If the current due to the drifting electrons through the beam-
blocking regions (b.b.r.) is larger than that due to the transmitted
electron, the b.b.r. acts as an injecting contact. In these conditions
three voltage regimes of the I-V characteristic must be distinguished;
at low voltages the current through the bulk is space-charge limited.
The I-V characteristic is then given by

9 V2

I= g eequl E’ {13]
where V is the voltage across the bulk, and L is the thickness of the
dielectric without b.b.r. At increasing voltage, the b.b.r. can no longer
supply the current prescribed by the space-charge-limited current.
Therefore the field will become practically uniform in the bulk and
the I-V characteristic linear. This regime represents a transition re-
gion between the SCLC-regime and the high-voltage regime in which
the current is limited by the supply of carriers from the b.b.r. Since
the electron density in the b.b.r. and also at the interface between
b.b.r. and the bulk is given by the position of the quasi Fermi level ¢,
the electron concentration is

e (V)
kT

The unilateral thermally generated current density into the bulk,
representing the highest possible current, is then

no exp [14]

env kT 172 efn (V)
IS < ) l_ "_‘
4 ¢ 21rme// exp T [15]
or, if {,(V) is developed into a power series,
kT \1/2 e{.(0) e /dé,
b (L -8 i (51
¢ 27rme,,> kT | P kT dV)o

{n(V) depends on the detailed nature of the trap distribution in the
forbidden gap of the b.b.r. With increasing voltage, the occupancy of
the traps will be increased, shifting the Fermi level towards the con-
duction band and thus increasing the current. The I-V characteristic
should therefore give information on the trap distribution in the for-
bidden gap of the b.b.r.

The same model can be applied to explain the photocurrent-volt-
age characteristics obtained with strongly absorbed light. Within the
penetration depth of the light the carrier density is substantially in-
creased over that in the non-illuminated region. Therefore, a surface
region of high carrier concentration exists in contrast to the bulk
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where the carrier density is low. It was shown?! that the photocurrent
in the low-voltage regime is space-charge limited and can be de-
scribed by Eq. [13]. At intermediate voltages, the current is given by

eNruV
AL’

Ipp = [16]
where N is the number of incident photons per second per cm?, X is
the penetration depth of the light, and 7 is the recombination life-
time. At high voltages the current saturates;

Iph = eN. [17]

These formulas indicate that at low voltages in the regime of SCLC
flow, the current should be independent of light intensity, whereas at
high voltages a linear dependence on light intensity should be ob-
served.

3.2 Mcdels for the Carrier Transport in Dielectrics With Blocking
Contacts

(a) General Considerations

Blocking contacts exist in many cases where semiconductors can be
charged negatively in a corona discharge. The ions deposited on the
free surface prevent the injection of electrons, and a region of carrier
depletion forms underneath. The bulk itself forms the back contact
and, since an n-type material was assumed, injection of holes from
the bulk is prevented.

Though by definition an idealized blocking contact prevents a cur-
rent flow due to charge carriers of one sign (since the carrier concen-
tration at the contact is assumed to be zero), it allows nevertheless
the extraction of internally generated charge carriers of the other
sign. In particular, if a contact prevents the transport of electrons
across the interface it nevertheless allows the extraction of holes gen-
erated, e.g., by light in the bulk. This behavior is illustrated in Fig. 7.
Due to the large separation of the Fermi level from the conduction
band, the electron concentration at the interface is much smaller
than in the bulk. Therefore, the electron transport across the inter-
face is negligible. Under illumination the Fermi level splits into the
quasi Fermi levels Er, and Er, indicating an increase in carrier con-
centration in the bulk, but not at the interface due to an assumed in-
finitely fast recombination rate there. The electron transport across
the interface is then still prevented under illumination, whereas the
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Fig. 7—Energy-band diagram of a blocking contact with applied voltage V. Under illumi-
nation, the Fermi level Er splits into Er, and Eg,. The arrows indicate the con-
tribution of the electrons and holes to the current at different positions. At the
interface the electron current is negligibly small, and the hole current is at its
highest.

AR

holes are easily transported across the contact area.* By similar rea-
soning a hole-blocking contact allows the extraction of internally gen-
erated electrons.

If only electrons were generated by the light, e.g., by impurity ab-
sorption, then an additional space charge would be formed increasing
the field in front of the cathode and reducing it at the anode so that
no stationary current would be observable, a result imposed by the
current-continuity equation. If a steady-state current is to be ob-
served, the holes must also be mobile. At the cathode the current is
carried completely by holes, at the anode exclusively by electrons,
whereas in the bulk of the material both carriers contribute to the
current. The basic Eqs. [10}, [11], and [12] must now include both
electrons and holes. The continuity equation divj = div (j, + j,) = 0
then gives

djn
——=g—-R 18
dx 4 ’ (18]
di
S - _(g-R), (19]
dx

where g is the generation rate, which includes both the thermal and
optical rate of carrier generation and R is the recombination rate. R
depends on the details of the recombination mechanism of electrons
and holes. The space-charge density in Poisson’s equation is now
given by

* This consideration neglects photoexcited injection of electrons from the metal into the semicon-
ductor,3? so that injection currents should also be taken into account. The injection rate is usually
small compared to the extraction rate, thereby allowing the simplification.
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?% =(n+p;) = (n+n)—(po+ pro) — (ng+ ny). [20]
The index t refers to the density of trapped electrons and holes, and
the index 0 to the free and trapped electrons and holes in thermal
equilibrium. In addition, equations are required to correlate the
trapped and free charge carriers. From reaction kinetics one finds
that (at least in principle) the trapped densities can be expressed as a
function of the carrier densities if recombination through the trap-
ping states is neglected.

n, = f(n), p: = f(p). [21]

Solutions of these equations have been worked out under simplifying
assumptions.? In the present context is seems preferable to use
physical arguments to obtain the I-V characteristics.

(b) Photo-induced Blocking Contacts

Goodman and Rose3* considered a model of a photoconductor with
blocking contacts. The carriers generated uniformly in the bulk of the
photoconductor were due to weekly absorbed light. Initially, before
the flow of photocurrent, the field was assumed to be uniform. This
implies that in the dark the contacts are either neutral (i.e., the car-
rier concentrations in the bulk and at the interface are equal) or

Fig. 8—Energy-band diagram. Diagram on the left is before illumination, on the right dur-
ing illumination with weakly absorbed light. Zones of high field have formed in
front of the contacts.

slightly injecting or blocking so that no distortion of the field occurs
and the dark current obeys Ohm’s law. Upon illumination the carrier
concentration increases in the bulk but not at the contacts, which
therefore become blocking. Zones of high fields form in front of the
contacts (Fig. 8). The width of the high-field region at the cathode is
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given by the electron drift length [y;
ll = Ell‘n7n, [22]

where 7, is the mean free time before recombination. For ease of
argument let us consider only one contact and the adjoining bulk. At
low voltages such that the voltage drop across the region [, is small
compared to that across the bulk, the resistivity of the bulk will de-
termine the I-V characteristic; we expect to obtain Ohm’s law;

1%
Iph =egunTn Z [23l

where L is the total thickness of the layer. The contribution of the
holes to the current is neglected here, because their mobility is as-
sumed to be smaller than that of the electrons. At increasing voltage,
the region [/; will expand and if the voltage drop occurs mainly across
1, E; = V/l,. Then with Eq. (22)

Iph = eg11 = eg(lln7n V)l/2 [24]

and the current is seen to follow a V172 law. At still higher voltages [,
will become comparable to or greater than L. Then the limiting cur-
rent density obtained is

Iph = egL. [25]

This argument neglects any space charges that might have formed in
[1. In principle, holes could be injected into region [, from the bulk,
since there the hole concentration is greater than in the high-field re-
gion. Then a space-charge-limited current would flow and the rela-
tion to be satisfied is
9 V2

Ip= g eeoupl ll—q [26]

If this current is smaller than that computed in Eq. [24], the smaller

current will prevail. The electron current is still subject to Ior = egly.
From both equations one determines a self consistent {; and finds

Oy 1/4
In=-e H“O“ ) gV, [27]
e

The V!/2 law was obtained in Eq. [24] by a completely different phys-
ical argument from that in Eq. [27]. The only way to differentiate the
V172 laws of Eq. [24] and [27] is through the dependence of the photo-
current on the light intensity.
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(c) Schottky Contacts

A different situation arises if the blocking contacts already exist in
the non-illuminated material. Then the contact is best described by a
Schottky depletion layer whose energy-band scheme for an n-type
material is given in Fig. 9. The negative surface charge is essentially
compensated by the positive space charge of ionized donors. The
width of the Schottky depletion layer is given by

1/2
d= (M) vi/z, [28]
p

Thermal equilibrium is strongly disturbed and a Fermi level can no
longer strictly be defined. However, the requirement that the rate of

Fig. 9—Schottky depletion layer with voltage V applied. Thermal excitation of carriers to
imperfections in the middle of the bandgap gives rise to a dark current.

thermal generation of electrons and holes be identically equal in
order to satisfy steady-state conditions leads to a demarcation level
near the middle of the forbidden gap such that states above this level
are substantially empty and states below are substantially filled with
electrons. (The departure of the demarcation level from the middle of
the gap depends only logarithmically on the relative electron and hole
capture cross sections.) A stationary current is due to the thermal
generation of charge carriers.3% Assuming an essentially homogeneous
distribution of imperfection states in the forbidden zone, a two step
process is responsible for the carrier generation in the dark—states at
or near the middle of the forbidden gap are emptied by excitation of
electrons to the conduction band and are refilled by electrons from
the valence band at the same rate. This thermal generation process of
free electrons and holes occurs at a much higher rate than the direct
excitation across the bandgap when the bandgap exceeds about one-
half volt. Carrier generation due to impurity states that are not locat-
ed close to the middle of the forbidden gap can be neglected, since
the generation rate of the electrons (or holes) falls off exponentially
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with energy, approximately by a factor of 100 per 0.1-eV change in
energy. The charge carriers are swept out of the high-field region, and
if no transport limitations occur, the current is given by

~ _Ee
I ~ NpevnonN. exp [ Qle d, [29]
where Np is the density of states filled with electrons at mid gap, N,
is the effective density of states, o, is the capture cross section for
electrons, v is the thermal velocity, and E, is the width of the for-
bidden gap. From Eq. [28]

I = NaevnonNe exp | — £ <ﬂ) e (30]

2kT p

Similar arguments hold for carrier generation from surface states. If
the blocking contact is formed by ions, (e.g., ions generated in a coro-
na discharge) whose adsorption state is located in energy sufficiently
above the top of the valence band, then by the same arguments as be-
fore, those surface states Ny must be considered that are filled with
electrons and closest to the conduction band. If the deposited ions are
the highest lying states occupied by electrons, we have

E; 0]

I= eN.vpop, - Nion exp [— kl;‘“] « (V)12 exp [_ %? , [31]
where Ei,n is the energy of the ions with respect to the bottom of the
conduction band. Since the number of ions Nj,, in the case of a
Schottky depletion layer is proportional to the square root of the
voltage, the current density shows the same functional dependence
on the voltage as given by Eq. [30]. A voltage-independent current
density is obtained only if the carrier generation occurs from the va-
lence to the conduction band via the surface states in the mid gap.
Then

_ B
%T

Here N, are now surface states per cm? located at mid gap.

If the free electrons and holes are generated by light whose pene-
tration depth is greater than the width of the depletion layer, and if it
is assumed that the trapping of the optically generated carriers is suf-
ficiently small to leave the space-charge density unaffected and fur-
thermore that the transit time of the charge carriers through the de-
pletion layer is smaller than the recombination time, then the photo-
current is saturated;

I = N,eovyN, exp [32]
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Iph = egd. [33]
Hence with Eq. [28]

Deeoy 172

Ih=re ( “") gV, [34]
p

With increasing voltage the penetration depth of the light becomes

smaller than the width of the depletion layer d, and hence the photo-

current becomes independent of the voltage

Ik = eG, [35]

where G is the total rate of generation of carriers by the light.

For illumination with penetrating light the voltage regimes below
and above the VY2 law are obtained by similar arguments as before.
At sufficiently low voltages the voltage drop across the depletion
layer is smaller than that across the bulk of the material, and there-
fore Ohm’s law holds.?¢ At sufficiently high voltages, d becomes larg-
er than the thickness of the photoconductor and then the current
through the layer becomes independent of voltage.

The surprising feature of all of these considerations is that com-
pletely different physical arguments lead to the same voltage depen-
dence of the current.

(d) High-Field Conditions

Up to now it has been assumed that the blocking properties of the
contact are maintained even at high field strengths. This is not the
case, since it is known that tunneling of charge carriers or Schottky
emission from the interface or surface into the bulk of the material
occurs. Then an additional contribution to the current density ap-
pears which is, in the case of tunneling,’7

It

3 1/2.3/2
e (__8_7r_(2m) E; >, [36]

= . E2
8rhE; =~ P 3heE

where E; is the separation of the occupied surface states from the
conduction band and is equivalent to a work function. A further con-
tribution may be due to the Schottky effect. The Schottky effect is
caused by lowering of the work function due to the image force. One
finds for the change AE; of the work function

(37]

3 1/2
..\E,-=—<8E)

4reeg

giving rise to an increased thermal generation rate from states at en-
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ergy E;. The current density is then, using Eq. [31],

. 3E \ 172
I:x VI/Z 29 [— %] exp [ <4e7r((()> ] [38]

The Schottky effect will be significant whenever AE; is greater than
kT, which implies that at room temperature the electric field
strength is of the order of 10 V/cm.

(e) Field-Dependent Photogeneration and Mobility

The considerations in Section 3 have been based on the assumption
that the generation rate of the carriers and their drift mobility up is
independent of the electric field. It has been clearly established, how-
ever, that in certain photoconductors the applied field modulates the
geminate recombination of the electron-hole pair created by the ab-
sorbed photon so that the generation rate becomes field dependent.
The analysis of this photogeneration mechanism is generally car-
ried out in the framework of the Onsager formulation.38-40 Onsager
carried out a detailed analysis of the charge separation using the
theory of Brownian motion of one particle under the action of the

Fig. 10—After excitation the electron has excess energy compared to the thermal ener-
gy in the solid. If its thermalization path ends within r it will recombine with the
hole, otherwise a free electron is created by the photon.

Coulomb attraction of the other particle and of the applied field. The
parameters that enter Onsager’s theory are the initial thermalization
distance r between the oppositely charged carriers and the fraction #
of the absorbed photons that result in thermalized pairs of electrons
and holes. The efficiency with which free carriers are generated hav-
ing no field applied is given by 6, whereas the field-dependence of the
generation process is determined by the initial distance r. The field
reduces the ionization distance (r. — r) by reducing the ionization en-
ergy and therefore increases the fraction of free carriers generated by
the light (Fig. 10). Usually it is assumed that the carrier generation
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efficiency can be expressed by a power law;
n=K-+E™ withm 2 0.

The field dependence of the drift mobility is encountered in amor-
phous films of organic polymers. The origin of this field dependence
has been attributed to the carrier transport via widely separated di-
meric sites. But rather than by describing this phenomenon by a field
dependence of the drift mobility due to a Poole-Frenkel effect it
seems to be appropriate to apply a theory of stochastic processes for
the hopping of the carriers from one site to the other.#! The hopping
transport will depend critically on the local separation and local ener-
gy fluctuations of the sites and therefore will depend also on the ap-
plied field. Many authors*243 describe for computational purposes
the field dependence of the mobility by a power law,

u = pug- E" (withn = 0),

without going into the details why the power law should describe the
field dependence correctly.

4, Discharge Models

4.1 Quasi-Steady-State Analysis for the Dissipation of the Charge

The calculation of the discharge of a photoconducting dielectric in
the dark or under illumination is a rather difficult problem since, for
exact solutions, a system of partial differential equations must be
solved under the appropriate boundary conditions. The approach
that is often used to solve the problem is to assume that the quasi-
steady-state holds.44-47 The continuity equation states that in the
configuration of a solid with a free charged surface, the sum of the
electron and hole current j, and of the displacement current are zero
during the discharge;

Jplx, t) + eeo

aE(ax, t)= 0. [39]

Integration with respect to x gives

L 3 L dv
‘I; jplx, t)dx = —eo ‘f' E(x, t)dx = o [40]

Quasi steady state means that j, is, within a good approximation, in-
dependent of x so that the integration gives
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Jplt, V) L dt [41]
In order to illustrate the meaning and the limitations of this assump-
tion the problem of the relaxation of the charge is specified more
clearly in the following example.

Let us assume a trap-free solid that, at t <0, is charged with a sur-
face charge Q; (corresponding to N, elementary charges/cm?) to a
voltage V. The electric field is uniform throughout the dielectric. At
t = 0 illumination is switched on. The light is strongly absorbed and
the penetration depth of the light is assumed to be small compared to
the thickness of the sample. For ease of argument let us make the fur-
ther simplifications that all the light is homogeneously and without
reflection losses absorbed within the penetration depth XA, and that no
light penetrates beyond A. Since the solid is assumed to be trap free,
the rise time of the photocurrent is given by the recombination, or ex-
traction rate, of the carriers out of the region A. It is assumed to be
negligible.*

In these conditions the discharge is characterized by two extremes:
The light intensity is so low that within a time comparable to the
transit time the number of carriers per cm? generated by the light in
the region X is small compared to the density of the surface charge
Q)s/e. Then for a time interval still to be specified the field will not be
distorted by the space charge of the injected carriers and the voltage
drop in a time ¢ < T, (T, = transition time) can be neglected. This
implies that for the calculation of V(t), jp(x, t) can be assumed to be
independent of x, because after a time of the order of the transit
time, the space-charge distribution which maintains constant current
density in the solid will have formed. Then, if the optically generated
carriers are extracted from X\ without recombination losses, one finds

L dv
] t)dx = eg\-L = ecp—. 42
§ipte tdx = egh L= o) [42]

Hence

L
V=V, ——egh-t. [43]

€€Q
This solution is only valid down to a voltage V. at which either the
assumption of a saturated photocurrent in the region A can no longer
be maintained or the number of carriers generated within a transit

* The rise time of photocurrents has never been taken into account in literature except in a qualita-
tive way.*®
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time (at V.) becomes comparable to the density of elementary charg-
es on the surface* at V.. In the latter case, the current becomes
space-charge limited and the region X acts only as an ohmic contact
to the region (L — \). Therefore

9 V2 eepdV
& i e o L 44
gl s T L a4t [44]

and by integration,

Ve——"T7— [45]

or

2
l,fort>T,= L .

t uV,

The whole discharge has been described as a quasi-steady-state dis-
charge. The other extreme is the case of high light intensities, which
is encountered when the number of carriers generated within a tran-
sit time is large compared to the surface-charge density Q./e. Then
the region X\ acts as a carrier supplying reservoir to region (L — \)
right after the light is switched on and obviously the voltage as a
function of time cannot be described by the assumption of a quasi-
steady state for t < T, since clearly j, is a function of x in this time
interval. Nevertheless we know that after ¢ = T, the voltage will have
dropped by a factor of two because the sheath charge at the surface
has transformed into a space charge due to the injection of the car-
riers into (L — X). For t > T, quasi steady state will apply, the cur-
rent through (L — \) being space-charge limited. Then Eq. [41] can
be used again. It is worth mentioning that any increase in light inten-
sity does not accelerate the decay of the charge in this mode of dis-
charge. To reiterate, in this case, the assumption of quasi-steady-
state discharge is only applicable after the surface voltage drops to
half its initial value.

The effect of traps can be visualized qualitatively. Shallow traps
(in the region L — \) can be taken into account by a reduced drift
mobility. The afore-mentioned considerations remain unchanged.
The effect of deep traps is more complicated. If the capture rate of
free carriers is low compared to the arrival rate of carriers at the back

* In the first case the current through the sample will be limited by the photoconductive processes in
the region A. Limitations of this sort are not considered here.
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electrode, then the build up of space charge at the relevant voltage is
negligible. This, of course, is not true for all voltages. With decreasing
voltage the rate of capture may become larger than the extraction
rate. Then a space charge will form in region (L — A\) and the current
will drop to virtually zero, giving rise to a residual voltage. Strictly
speaking the case of deep traps cannot be treated in the quasi-steady-
state approach since then j = j(x, t). However, attempts have been
made to take trapping into account assuming that the space charge is
homogeneously building up during the discharge and by considering
only the integral quantities without going into the details of the car-
rier transport.49

All this indicates that the question of whether the discharge of a
dielectric can be described by a quasi-steady-state dissipation of the
charge depends on materials parameters as well as on the light inten-
sity used for the discharge, the initial surface voltage, and the initial
space-charge distribution. These dependences imply that the experi-
mental conditions can be chosen such as to obtain the regime of a
quasi-steady-state discharge provided that deep trapping is negligi-
ble.

In materials with “high” drift mobilities the conditions for quasi-
steady-state discharge are easily fulfilled. The charge density on a
photoconductor is usually of the order of a few 102 el. charges/cm?2,
the thickness of about 30 um. With a mobility of = 1 em2/Vsec, the
transit time is < 1078 sec. Therefore in order to generate within 10~8
sec 10'2 charge carriers/cm?, a light intensity of 102° photons/cm? sec
would be required, which is indeed very high. Similarly a density of
10'5 deep traps per cm® with a capture cross section of 10~15 cm—2
can then be neglected, since the mean free time before deep trapping
is 1077 sec, i.e., one order of magnitude larger than the transit time.

At the low drift mobilities found in many organic photoconductors,
the conditions for quasi steady state may already be violated at nor-
mal light intensities of ~10'3 photons/cm? sec. At this light level and
with a mobility of 10~7 cm2/Vsec, for example, the number of carriers
generated within a transit time already equals the number of surface
charges.

Summarizing the above ideas, the discussion of the different mod-
els for the dissipation of the charge under quasi-steady-state condi-
tions is traced back to the discussion of the various models of Section
3.1. In comparing the results obtained for the decay curves and sum-
marized in Table 4 with experimental curves, one should keep in
mind the limitations to which the calculations were subject—no rise-
time effects of the photocurrent, no strong trapping by deep traps,
and no high light intensities are taken into account. However, the ex-
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perimental conditions can be sometimes chosen as to produce quasi-
steady-state discharge.

4.2 Exact Analysis

The problem of an exact analysis of the discharge has been attacked
by a number of authors.?%-52 The approach is illustrated here by pre-
senting the analysis of the trap-free photoconductor under conditions
of high light intensity. Since this case has been also discussed in Sec-
tion 4.1 in terms of the quasi-steady-state approach, the additional
features of the decay curve obtained solely by using the exact analysis
can be elaborated.

In the absence of trapping and diffusion, the equations governing
the flow of carriers in the photoconductor for a one-dimensional pla-
nar geometry are

dE(x, t)

€€Q ot = —'eﬂn(x, t)E(x; t); [46]
and
Ex _ €. [47]
ax €€g

Eq. [46] is the continuity equation stating that the total current den-
sity is zero and Eq. [47)] is Poisson’s equation. In order to define the
problem completely, the light for discharging the photoconductor is
assumed to be strongly absorbed such that its penetration depth is
small compared to the thickness of the photoconductor. Further-
more, it is assumed that the free surface of the photoconductor at x =
0 is exposed to the light. Then the following boundary conditions are
obtained:

(a) E(0, t) = 0 for t > 0: This condition takes care of the high excita-
tion level at the surface, which increases the carrier density instanta-
neously to a very high value, thereby reducing the field strength to
Zero.

(b) E(L, 0) = Vo/L and n(x, 0) = 0: These conditions state that be-
fore the illumination, the field is constant and that no charge carriers
are present in the photoconductor. The surface is V(t =0) = Vpand
the sample length L.

The complete solution of Eqs. [46] and [47] can be found easily, the
complete integral being some arbitrary function ¢(x — uEt, E) = 0.
Rather than looking for particular integrals of this solution, a more
physical approach will be used to obtain the solutions in different
time intervals.
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Table 4—Discharge Characteristics with Quasi Steady State Approach

Energy band
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Energy band
diagram:

Schottky depletion
layer
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From the continuity Eq. [46], Poisson’s Eq. [47], and boundary

condition (a), one obtains by integrating with respect to x,
dv u

—=—-—-E2(L,t). 48
i 5 B2 (48]
Fort < T,, the leading front of the charge carriers has not yet arrived
at the cathode, therefore n(L, t) = 0. The continuity equation gives
then by restricting the consideration to x = L;

E(L,t) = E(L,0) = % (t<T,). [49]
Inserting Eq. [49] into Eq. (48] the following relations are obtained;
dv u Vo2
ok 50
dt 2 <L > (50}
and
Vo 2
Vit) =V —%(TO) ot foro<t=T, (51]

The decay rate is, according to this equation, constant and propor-
tional to Vo2 The voltage decays after a transit time to half of its ini-
tial value. It is impossible, in principle, to calculate the decay law
using the quasi-steady-state approach in the voltage range between
Vo and V0/2

Aftert = T, n(L, t) is no longer zero. It can be shown that n(L, ¢)
= eco/(eut). Substituting this expression into Eq. [46], integrating,
and imposing that E(L, t) must be continuous at f = T,

L
E(L, t)=—.- (52]
u t
hence with Eq. [48],
dv L2 1
—=-=. 53
dt 2u t2 153]
and
L? 1
=—.- t> T,. 54
ot for 4]

For ¢ > T, the hyperbolic time law obtained with the exact analysis
corresponds to that of the approximate quasi-steady-state solution.
The influence of deep traps has been considered in particular by K.
Keiji Kanazawa and I. P. Batra.5! They assumed for their calculation
that detrapping from the deep traps is negligible, and that the light is
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strongly absorbed. Then the charge carriers are injected into the bulk
from the free surface. In contrast to the trap-free model above, the
light intensity was assumed to be moderate, so that the carrier densi-
ty at the surface stays sufficiently low to have E(0, t) virtually undis-
turbed from its initial value for a short time. The result these authors.
obtained was that trapping slows down the decay rate and the voltage
does not necessarily decay to zero, since the carriers do not travel the
entire thickness of the layer. This relationship is illustrated in Fig.
11. Due to the fact that detrapping is neglected, the residual voltage
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Fig. 11— V/V curves for various values of 7. The injection-limited case Is represented by
the curve labeled 7 = «. Increasing 7 is identical with smaller trapping rate.
(After K. K. Kanazawa and |. P. Batra.)

was found to be independent of the light intensity and of the injec-
tion process from the illuminated region. The residual voltage V. is
then a function of the ur product alone, and V, can therefore be used
to determine the lifetime of the carriers. The space-charge distribu-
tion is found to be inhomogeneous, indicating the inaccuracy due to
taking only the integral space charge into account for calculating dis-
charge curves by the quasi-steady-state approach (Fig. 12). Chen52
assumed in his calculations an exponential decay of the light intensi-
ty going from the surface into the bulk. He also generalized the calcu-
lation of the discharge of a trap-free photoconductor using a field-
dependent generation rate and field-dependent mobility. Both these
effects slow the discharge rate down and give rise to a variety of
slightly modified discharge curves, depending on the power laws as-
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sumed for the generation rate and mobility. However, there remains
the question as to how the photoconductive processes not included
in the exact analysis, influence the discharge curves. More sophisti-
cated calculations will have to be done.

5. Examples of Real Materials

Here, selected experimental results on the properties and discharging
behavior of photoconducting solids are given. The results are present-

1.6 T T T T

TRAPPED CHARGE DENSITY prix.t}

0 0.2 0.4 0.6 0.8 10
DISTANCE X

Fig. 12—Buildup of trapped-charge density during the decay of a photoinsulator having 7
= 1. The photoinjection rate is assumed constant. r = 1 means that transit
time and trapping time are equal. Time t is expressed in units of the transit
time for the leading carrier front. (After K. K. Kanazawa and |. P, Batra.)

ed for inorganic crystalline materials, amorphous inorganic materials,
and amorphous organic materials. This sequence reflects changes in
the processes of the generation of the charge carriers and in their mo-
bility by many orders of magnitude, properties which should also
show up in changes of the discharge behaviour.
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5.1 High-Mobility Materials
(a) ZnO single crystals

ZnO single crystals have been investigated by stationary current mea-
surements®® and by evaluation of the dark decay and light-induced
decay of the surface charge.?*55 The mobility of the electrons in ZnO
at room temperature is 200 cm2/V sec. The 1-V characteristics have
been measured with conducting crystals of approximately one ohm-
cm resistivity. The blocking contact on the free surface was formed
by negative ions from a corona discharge, and the current through the
samples were measured during the charging process. The results (Fig.
13) indicate that the photocurrent does not obey the laws of Eq. [34]
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Fig. 13—I-V characteristic of ZnO single crystal with blocking contacts.

and [35] of Section 3.2. It was proposed that this is because hole trap-
ping increases the space-charge density and, therefore, the field at
the surface to a value such that tunneling of electrons from the sur-
face into the bulk occurs. At higher voltages a competition between
the extraction rate and trapping rate of the holes restores in part the
blocking properties of the contact so that the photocurrent flattens
off. The dark current also deviates from the expected voltage depen-
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dence of Eq. [30]. Detrapping of electrons from deep traps in the de-
pletion layer may make the observation of a stationary current at low
voltages very difficult. At high voltages the current is caused by tun-
neling of electrons from surface states into the bulk, a behavior that
was found in measurements of I-V characteristics using liquid con-
tacts.%”

The discharge curves V(t) of ZnO single crystals are strictly expo-
nential with time (Fig. 14). This has been explained by assuming that
the photocurrent is independent of the voltage and that the penetra-
tion depth of the light is comparable to the thickness of the depletion
layer. Furthermore, trapping of charge carriers need not be taken into

104 ¢
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Voltage [rel. units]

o 50 I(;O 150
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Fig. 14—Discharge curves of ZnO single crystals illuminated at A = 3700 A; Vg « sur-
face voltage.

account, in contrast to the stationary photocurrent measurements,
because the trapping rate is much smaller than the discharge rate.
Therefore the evaluation of the results can be made with the quasi-
steady-state model.

The dark decay of corona-charged single crystals can be described
by a logarithmic decay law (Fig. 15). Since a photocurrent flows dur-
ing the charging, the discharge was traced back to an incompletely
decayed photocurrent. To obtain a logarithmic decay law, a contin-
uum of traps must be assumed that is filled with photoexcited car-
riers. There remains the question of whether an explanation on the
basis of impurity conduction would result in a similar decay law.
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(b) PbO Layers

The properties of polycrystalline PbO layers formed by evaporation
have been investigated by Goodman and by du Chatenier. Such
layers have a hole mobility of 2.5 cm2/V sec. In his measurements, du
Chatenier used sandwich cells with a transparent SnO; layer and an
Ag layer as contacts. Goodman had a vidicon structure, i.e., the con-
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Fig. 15—The dark decay of the surface voltage of conducting ZnO crystals. The time
laws are logarithmic and given by V = V; — Klog [1 + (t/7)] — K log [1 +
(t/1)(7/7x)]. K and 7 are indicated at each individual curve. Curves a and b,
respectively, are measured before and atter exposure of the crystal to light.

tact to the free surface was made with an electron beam, the back
contact being an SnOs layer also. The following conclusions are based
exclusively on measurements of 1-V characteristics.

Goodman described his results in terms of the two-layer model out-
lined in Section 3.1. The I-V characteristic in the dark shows the pre-
dicted behaviour—at low voltages a space-charge-limited current and

RCA Review ¢ Vol. 36 ¢ December 1975 703




at high voltages the relation given by Eq. [15]. Evaluation of the re-
sults gives an electron trap density of 2 X 10!3 (cm? eV)~! at the sur-
face and the Fermi level 0.95 eV below the conduction band. In du
Chatenier’s photoconduction experiments the relevant charge car-
riers are the holes. The PbO was illuminated through the transparent
electrode, the radiation being sufficiently intense to form a hole in-
jecting contact. The photocurrent shows the V2 law of SCLC and the
saturation expected for the photocurrent at high voltages (Fig. 16). In
contrast to the theoretical prediction, the current in the SCLC regime
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Fig. 16—Measured photocurrent versus voltage for light of 4200 A. A and O PbO layer
No. 1 for light intensities of 1.5 X 10" and 1.5 X 102 photons/cm? s, O PbO
layer No. 2 for 1.5 X 10! photons/cm?. (After F. J. du Chatenier.)

was sensitive to the light intensity. This is probably due to an expan-
sion of the carrier reservoir into the layer as the light intensity in-
creases, resulting in an effectively smaller value of the layer thick-
ness, which enters the current equation in the third power.

5.2 Low-Mobility Materials
(a) Amorphous Se

Amorphous Se has a hole mobility of 0.15 em2/V sec and an electron
mobility of about 10~5 ¢m?2/V sec. The influence of recombination
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and trapping on the discharge curves of positively charged amor-
phous Se have been discussed.*’” Tabak and Warter®” pointed out
that the range limitations used to describe the light-induced decay
curves was inconsistent with the ability to fully discharge Se layers
with strongly absorbed radiation. Transient photocurrent measure-
ments with blocking contacts revealed that a field-controlled photo-
generation process takes place in Se. Recent measurements of the rel-
ative photogeneration efficiency by two-photon generation showed
that the field dependence of the generation process can also be com-
pletely described with the Onsager theory at low fields.58 At low
fields the Onsager theory predicts a field-independent value due to
thermal dissociation of the electron-hole pairs. This field-indepen-
dent value of the carrier generation has not been found before, since
strongly absorbed light had been used so that surface recombination
and trapping caused deviations from Onsager’s theory.

The light-induced discharge curves must be divided into two cate-
gories, according to the light intensity used. At low light intensities
the discharge is emission limited, and therefore the field-dependent
photogeneration process determines the shape of V(t) curve. Experi-
mental decay curves could be fitted quantitatively in the voltage
range of interest by inserting the measured field dependence of car-
rier generation into the theoretical expressions for the decay curves
(Fig. 17). The generation rate in amorphous Se was assumed here to
vary as E!/2,

Whenever the light level is chosen so high that the number of car-
riers that are photoexcited within one transit time is equal or larger
than the number of elementary charges at the surface, transport limi-
tation due to space charges is observed. This mode of discharge®® has
been achieved with high-intensity light pulses from a Xenon flash
lamp. The light intensity was greater than 10'7 photons/cm? sec, in
contrast to the previously discussed emission-limited case where the
light intensity was 5 X 10'© photons/cm? sec. The curves shown in
Fig. 18, which give a discharge rate that is initially constant in time,
are good evidence for the model developed in Section 4.2. The real
proof for the model lies, however, in being able to explain the dis-
charge rate beyond this constant value. According to theory (Eq. [53])
the decay rate should be inversely proportional to the second power
of t. The inverse square dependence is indeed satisfied over several
decades in discharge rates and transit times (Fig. 19).

(b) Amorphous Polyvinylcarbazole

Amorphous polyvinylcarbazole is characterized by the fact that both
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Fig. 17—Discharge data (circles) of amorphous Se compared with that calculated with G
= 5 X 10" photons/cm? sec, ¢ = 6.3, L = 41.6 um, E = V/L = 2.4 X 10°
V/cm (after I. Chen and J. Mort).

the generation of photocarriers and the mobility of both types of car-
riers are field dependent.59-6!

The photogeneration process can be envisaged here as the autoion-
ization of an exciton to a possible intermediate charge-transfer state
in which the electron and the hole are thermalized, but in which still
significant coulomb attraction exists. Hence in the absence of field,
the quantum yield for free carriers is very low. The generation rate
can be increased by a separation step due to the applied field. The
Onsager formalism can also be applied.

|

o

-

Fig. 18—Photograph showing V(1) (upper trace) and V(1) (lower trace). The sweep speed
is 0.5 usec per division. The vertical sensitivities are: upper trace, 50 V per di-
vision; lower trace, 2.5 X 107 V/sec per division (after |. P. Batra et al.).
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The field-dependent mobility in this material was experimentally
found to be
un = <£)2
o\g,)
with up® = 4-.10~7 cm?/V sec and Eg = 10° V/em. The field depen-
dence of the mobility is not due to field-assisted detrapping of the

carriers in the sense of a Poole—Frenkel effect, but must be described
rather by a hopping process as mentioned in Section 3.

108 T T T T

V (VOLTS/SEC)

10° 1 1
109 10! 102 103 104 10°
H{pes)
Fig. 19—A log-log plot showing the time dependence of V. The straight line represents
the theoretical fit using a value of u = 0.13 cm?/V sec (after |. P. Batra et al.).

The discharge curves should be characterized by both types of field
dependences. Decay curves measured by Comizzoli et al.®? were inter-
preted solely on the basis of a field-dependent generation rate. In fact
a comparison of the theoretical curves calculated by Chen, which in-
clude a field-dependent generation rate and mobility, indicates that
if 4o « E2 would hold down to the lowest fields, a residual voltage of
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the order of 10% to 20% of the initial voltage should be observed. As-
suming only a field-dependent generation rate, the residual voltage
according to Chen’s calculation is negligibly small, which is indeed
observed. The discrepancy between the transport and the discharge
measurements remains to be explained.

6. Conclusions

Though significant progress has been made in recent years, it seems
fair to assert that the physics of the electrical charging and discharg-
ing of solids is still a fruitful area of research. Progress has been
achieved, especially in the understanding of the discharge of photo-
conductors by light, whereas the relaxation of charge in the dark has
been barely investigated. Similarly, the questions of the interaction
of ions with semiconductor and insulator surfaces, the questions of
frictional and of contact charging are still poorly understood. Modern
experimental techniques of surface physics applied to these problems
should help to clarify many of the still open problems.
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Measurement of the Effective Photoelectron
Emission Energy

L. A. Ezard*

RCA Solid State Division, Lancaster, Pennsylvania

Abstract—A novel technique is introduced and demonstrated to measure the effective
photoelectron emission energy in an image tube with a uniform electric field by
comparing the measured modulation transfer function (MTF) to the theoretical
MTF expected for monoenergetic electron emission obeying Lambert’'s Law.
Measurements of MTF in an image tube with a uniform electric field are pre-
sented. The results indicate that for a multi-alkali photocathode and for incident
photons with energies less than 2.5 eV, the electron emission energies are rel-
atively low, less than 0.2 eV.

Introduction

This paper describes a novel technique for measuring the effective
emission energy of electrons emitted by a photocathode. The effec-
tive electron emission energy, ., is a weighted average energy that
characterizes a polyenergetic electron emission distribution such that
the measured MTF curve with polyenergetic electron emission corre-
sponds to the theoretical MTF curve calculated for monoenergetic
electron emission having an energy ¢.. The evaluation of the effective
emission energy is achieved in two steps. First, the modulation trans-
fer function (MTF)!2 is measured in a bi-planar image tube.? The
tube is operated at a voltage V, with a spacing d between the photo-
cathode and the phosphor screen to obtain a uniform electric field be-

* Presently Assistant Professor, Pennsylvania State University, Middletown, Pa.
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tween the photocathode and the phosphor screen. Second, the mea-
sured MTF is compared with the theoretically calculated MTF based
on monoenergetic electrons emitted from the photocathode. The elec-
tron emission is assumed to follow Lambert’s Law.

The theoretical MTF for a uniform-electric-field image tube with
monoenergetic photoemission obeying Lambert’s Law is given by (see
Appendix)

2J, (4xfd V o/ V) (1]
4xfd vV o/V

where o/, is the first-order Bessel function, f is spatial frequency in

cycles per millimeter; e ¢ is the electron emission energy in joules; and

e is the charge of the electron, 1.6 X 10719 coulomb. The MTF is
plotted as a function of the argument fdv'¢/V in Fig. 1.

MTF =

MODULATION TRANSFER FUNCTION (MTF)
o o o
» o ®
L T
1 i

(=]
~n
i

Fig. 1—Calculated MTF versus the quantity fov/ ¢_/_\} for an image tube with monoener-
getic electron emission and the condition ¢ > V. The spacing is d in mm,
electron emission energy ey in eV, applied potential V in volts and the spatial
frequency fin cycles/mm.

Technique for Measuring MTF of an Image Tube
The modulation transfer function of an image tube having an S20
photocathode was measured with an applied potential of 28 kV. The

distance between the photocathode and phosphor screen was 56 mm.
This distance limits the resolution to about five or six cycles/mm at
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MTF values greater than five percent for the range of applied volt-
ages and input photon energies considered. However, this limitation
is an advantage in evaluating the electron optics. The MTF of the
electron optics that we seek to evaluate must be obtained by measur-
ing the MTF of the image tube. Furthermore, the optical system
composed of the equipment, the electron lens, and the phosphor
screen is linear and spatially invariant.*> Therefore, the measured
MTF of the image tube is the product of the MTF of the electron
lens, the MTF of the phosphor screen, and the MTF of the equip-
ment. Thus,

MTFtube . [2]
(MTFequipment) ( MTth()sph()r)

Although the MTF of phosphor screens varies somewhat, at spatial
frequencies less than 5 to 10 cycles/mm, the variation is in the range
of a few percent while the MTF is usually greater than 90%. The
MTF of the equipment is also greater than 90% for spatial frequen-
cies less than 5 cycles/mm. Thus, the sources of variation and cumu-
lative errors in the measurements are reduced.

MTFelectrnn lens =

/morocnnom:
0%~ ? L ¥ 3 ?
fr T ‘!
25 % I | L
22
30 % INCH
-

PHOSPHOR
SCREEN

Fig. 2—Cross-section view of the C70021A image tube used to evaluate MTF of an
image tube. The first, second and third intermediate electrodes were operated
respectively at 25%, 50%, and 75% of the total applied voltage between the
photocathode and the phosphor screen to obtain a uniform electric field.

The RCA C70021A image tube was used to evaluate the MTF of a
uniform electric field image tube. This tube, a cross-section of which
is shown in Fig. 2, is designed to be operated with a uniform electric
and magnetic field parallel to the tube axis. The internal electrodes
are connected to a power supply to achieve a uniform electric field,
and an external solenoid is used to achieve a uniform magnetic field.
For these experiments, the magnetic solenoid was not used. The S20
multialkali photocathode in this tube had a sensitivity of 165 uA/im.

RCA Review ¢ Vol. 36 ¢ December 1975 713




A block diagram of the apparatus used for measuring the MTF of
this tube is shown in Fig. 3. In this setup, a test-object pattern con-
sisting of alternate black and white bars is projected onto the image-
tube photocathode by a lens. A second lens then focuses the image at
the phosphor screen onto the slit. The phototube converts the light
falling on the slit to an electrical signal which is amplified and dis-
played on the recorder. The test pattern is moved slowly to place the
various spatial frequencies into the object space of the lens. The filter
can be used to limit the photon energies incident on the photocath-
ode.

FILTER PHOTOTUBE
/% Nl n

V LENS" LENS
IMAGE

TEST TUBE suT

OBUECT

AMPLIFIER

W RECORDER

Fig. 3—Schematic of the equipment for measuring the MTF of an image tube.

Because the test pattern consists of black and white bars, rather
than a sinusoidal transmittance, the square-wave response r(n) is
measured. The sine-wave response R(n) (or MTF) is easily obtained
by applying the Fourier conversion formula developed by Coltman®
as follows:

(3]

R(n) = f [r(n) + AR - A0 + r(in) +... ]

3 5 7

where n represents a particular spatial frequency.

To evaluate the MTF of the electron optics of the image tube, first,
the square-wave equipment response is measured and converted to
MTF with Eq. [3]. Then, a separate evaluation of the phosphor MTF
is made. The image-tube square-wave response is measured, as in Fig.
3, and converted to MTF with Eq. [3]. Finally, the electron optics
MTF is obtained by dividing the tube MTF by the product of the
equipment MTF and the phosphor MTF, as outlined in Eq. [2].

The MTF as a function of spatial frequency was measured with
various narrow-bandpass filters placed adjacent to the photocathode.
The filters had a nominal pass-band of 1.5% of the peak wavelength
at one-half the peak transmission. Because of equipment limitations,
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the wavelength variation was confined to between 500 and 850 na-
nometers. Below 500 nm the radiant energy from the tungsten lamp
falls off, and above 850 nm the photocathode response decreases rap-
idly. At either extreme, the energy into the phototube was low enough
so that a signal-to-noise problem limited the measurements on the re-
corder.

Fig. 4 shows the MTF as a function of the spatial frequency for in-
cident photocathode radiation at 500, 600, 700, 800, and 850 nm. As
expected from the theory, the MTF at a specified frequency de-
creases for a decrease in the wavelength of the incident radiation,
which corresponds to an increase of photoemitted electron energy.

1.0 T T T
I
WAVELENGTH (nm) = 850

0.8¢ - {—[—— | =

0.6 —

0.4

0.2+

MODULATION TRANSFER FUNCTION {MTF)

[o]
SPATIAL FREQUENCY — CYCLES/mm

Fig. 4—MTF versus spatial frequency for the C70021A image tube as a function of inci-
dent radiant energy at various wavelengths. The operating potential was 28
kV.

Evaluation of the Effective Electron-Emission Energy

At this point the effective photoemitted electron energy will be esti-
mated by comparing the theoretical MTF of monoenergetic electron
emission with the MTF measurements. An example will demonstrate
the technique. The MTF curves for the C70021A image tube oper-
ated at 28 kV and various input radiations are given in Fig. 4. John-
son'2 has shown that a plot of In(MTF) versus spatial frequency on
log-log graph paper can transform many measured MTF curves to
straight lines over a large range of spatial frequencies. This technique
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was used to transform the curves of Fig. 4 to the straight lines in Fig.
5. In addition, a theoretical MTF curve is given for Lambertian
monoenergetic emission in Fig. 5. This theoretical MTF curve was
plotted using Eq. [1] with d, ¢, and V equal to unity. This curve can
be used to predict the MTF of a uniform-electric-field image tube.
Each value of MTF corresponds to a spatial frequency f; on the theo-
retical MTF curve of Fig. 5. For example an MTF of 0.4 corresponds
to fy = 0.2. For an image tube with spacing d and applied potential V
between the photocathode and phosphor screen and with effective

-0.01

In (MTF)

t

L - ! il Ll i
0.05 ol 02 03 05 1 2 4
SPATIAL FREQUENCY — CYCLES/mm

Fig. 5—MTF versus spatial frequency for the C70021A as a function of incident radiant
energy at various wavelengths. The theoretical MTF curve is used to evaluate
¢e. the effective electron emission energy.

electron emission energy ¢, the predicted spatial frequency f is
f=(/d)(V/g)' 2, [4]

The C70021A image tube was operated at 28 kV and the spacing
was 56 mm. For an MTF of 0.3, the spatial frequency (measured
value) on the curve for 500 nm radiation was 1.68. Then solving Eq.
[4] for the effective electron emission energy ¢, yields

28000
562

ee = (V/d?)(fi/f)? = (0.225/1.68)% = 0.163. (5]

716 RCA Review ¢ Vol. 36 ¢ December 1975



PHOTOELECTRON EMISSION

The ratios f,/f were determined for each wavelength and the corre-
sponding values of ¢, were calculated. Fig. 6 shows the calculated
value of ¢, as a function of the input photon energy. A curve was
drawn through the points to facilitate the estimation of ¢, for various
incident photon energies. Apparently, the effective electron emission
energy does not vary directly with the input radiation, but the distri-
butions are probably skewed toward low emission energies. It is noted
that, as the incident photon energy approaches the threshold energy
of the multi-alkali photocathode, the electron emission energy must
approach zero.

0.20

£
)

|| A
7/

/

0.04

/

o 10 |.4 1.8 2.2 2.6
INCIDENT PHOTON ENERGY —eV

THE EFFECTIVE ELECTRON EMISSION ENERGY (v g)l—eV

o]

Fig. 6—The incident photon energy versus the calculated effective electron emission en-
ergy. As the incident photon energy approaches the photoemission threshold
energy of the photocathode, the effective electron emission energy approach-
es zero.

Finally, we discuss the fact that the value of ¢, calculated depends
upon the value of MTF chosen to compare the measured MTF with
the theoretical MTF. This is because the slopes of the measured
curves do not correspond to the slope of the theoretical MTF curve.
This difference is probably due to the fact that the actual photoemis-
sion is polyenergetic instead of monoenergetic. For a given spatial
frequency, low-energy electron emission leads to high values of MTF,
while high-energy electrons result in lower values of MTF. The slope
of the theoretical MTF curve for monoenergetic emission, as shown
in Fig. 5, is approximately two. An electron energy distribution that is
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skewed toward low emission energies can result in an MTF curve
with a slope of less than two.

Conclusions

A technique has been demonstrated to characterize the photoemis-
sion energy from a polyenergetic source in terms of an effective elec-
tron emission energy, ¢., by comparing the measured MTF in a uni-
form electric field image tube with the theoretical MTF expected
from a monoenergetic source with Lambertian emission. The mea-
surements for the S20 multi-alkali photocathode indicate that for in-
cident photon energies less than 2.5 eV at 500 nm the effective elec-
tron emission energies are relatively low, less than 0.2 eV.

The effective electron emission energy of a photocathode is a valu-
able piece of information, because it is necessary in any attempt to
predict the performance of electron optical imaging devices. Further-
more, the measurement of photoemission energy from photocathodes
is very difficult to achieve using other techniques.”8
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Appendix—Calculation of the Modulation Transfer Function of a
Uniform-Electric-Field Image Tube

The bi-planar image tube3 is the simplest kind of image tube, consist-
ing of a plane photocathode and a plane phosphor screen spaced a
small distance from each other in an evacuated envelope. A potential
of several kilovolts is applied between the photocathode and phos-
phor screen. Under this potential, the photoelectrons emitted from
the photocathode are accelerated toward the phosphor screen. A
point source of electrons at the cathode results in a small circular lu-
minous spot on the screen.

The modulation transfer function is the absolute value of the opti-
cal transfer function. The optical transfer function (OTF) can be de-
fined*® as the ratio of the Fourier transform of the image to the Fou-
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rier transform of the object. The Fourier transforms are normalized
to unity at zero spatial frequency. If the object is a point whose Fou-
rier transform is unity, then the OTF is simply the Fourier transform
of the image of the point object. The image of a point object is called
a point spread function (PSF). For a circular symmetric PSF, the
OTF can be written in terms of the Fourier-Bessel transform:

J; " r P(r) Jo(2nfr) dr
OTF = . [6]

J;m r P(r)dr

In this equation, P(r) represents the amplitude of the PSF at the
radius r, Jg is the zero-order Bessel function, and f is the spatial fre-
quency.

da
sin 8da

AT e
N/

X

Fig. 7—(a) Lambertian emission current di into a differential solid angle and (b) differen-
tial area da; in the image.

For an image tube with spacing d between the photocathode and
screen and an applied voltage V, an electron emitted from the axis at
the angle # from the normal with initial energy e¢ (where ¢ « V) will
strike the screen at distance r from the axis, as follows®:

r=2dsin0\/€» (7]

To calculate P(r) an infinitesimal area in the object plane is con-
sidered, as shown in Fig. 7, which has an emission current iy. Assum-
ing Lambertian emission,!? the emission current di from an infinites-
imal area into a differential solid angle between # and 6 + df and «
and a + d « is given by
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di = (ip/m) cosfsinbdida. (8]

This current falls on a differential area da at the image plane given
by the expression

da; = rdrda . (9]

The current density dj at the image is given by the ratio of di and
da; and is equal to P(r), which by use of Eqs. [8] and [9] is expressed
by
_ (io/7) sin f cos 8 d da

‘ rdrda '

The radius corresponding to the differential image area is given by
Eq. [7].

Substitution of the relations for r and P(r) given in Egs. [7] and
[10], respectively, into the expression for OTF in Eq. [6] produces

- -] ’ i 0
f r[zo sinf cosf d6 da] Jo (4xfd sinf / /V) dr
0

mrdrda

= [io sind cosf d6 da]
f r dr
0 wrdrda

P(r) [10]

OTF =

[11]
After simplifying and with a change in the integration variable,
/2
f [sind cos) Jo(dxfd v/ ]V sind) db
0
OTF = . [12]

/2
f sinf cosd df
0

This expression can be integrated directly in terms of a first-order
Bessel function!! as follows:

2J (4nfd v/ o/ V)
drfd NV o/V

It is apparent from the argument in Eq. [13] that for a specific value
of MTF the following relationship is expected

f e (1/d)(V/)'2. (14]

MTF = (13]
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MTF Measurements of an Image Tube Electron
Lens

L. A. Ezard*

RCA Solid State Division, Lancaster, Pennsylvania

Abstract—A technique is presented for evaluating the MTF of the phosphor screen and
the electron lens of an image tube. The technique incorporates a slit adjacent
to the phosphor screen. MTF measurements are also presented for a fiber-
optic faceplate. The measurements indicate that, for a fixed value of MTF, the
spatial frequency is directly proportional to the applied voltage and is inversely
proportional to the initial emission energy of photoeiectrons.

Introduction

In recent years, it has become standard practice to specify the imag-
ing properties of image tubes in terms of the modulation transfer
function (MTF).1-> The MTF measurement of the image tube usually
includes the characteristics of the input and output faceplates (often
fiber optics), the electron lens, and the phosphor screen. MTF mea-
surements have been presented in the literature for phosphor screens
and fiber-optic faceplates, but only occasionally for the electron lens.
It is desirable to know how the MTF of the electron lens varies with
the tube operating voltage, because the gain of an image tube is often
controlled by varying this voltage. It can be shown! that for a fixed
value of MTF, the spatial frequency f is directly proportional to the
applied voltage and is inversely proportional to the initial emission
energy of photoelectrons.

° Presently Assistant Professor, Pennsylvania State University, Middletown, Pa.
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An experimental image tube with a multi-alkali photocathode was
produced to evaluate the modulation transfer function of the electro-
static electron-optical system. In this tube, it was also possible to
evaluate the MTF of the phosphor screen. A cross-section of the tube
is given in Fig. 1. The image tube is a triode, consisting of a photo-
cathode, a focus electrode, and the anode. A fiber-optic faceplate is
used for the photocathode window, and a glass faceplate is used at
the phosphor screen. The phosphor screen is a conventional P20
phosphor with a screen weight of 0.8 to 1.0 mg/cm? with a 1000 A
thick evaporated aluminum film.

FOCUS
ELECTRODE PHOTOCATHODE

THIN NICKEL FOIL | ' PHOSPHOR
\ SCREEN

Fig. 1—Cross-sectional view of the modified C21135 image tube.

A thin nickel film, about 8 um thick, with a 2.5 um slit, and a 0.05
X 0.05 inch open area was placed adjacent to the aluminized phos-
phor screen. The 0.05-inch-square open area permits visual observa-
tion of the image on the phosphor screen to make necessary light, op-
tical, and electronic-focus adjustments. The 2.5 um slit is used as an
analyzing slit to measure the MTF of the phosphor screen and the
electron-optical system on the tube axis.

Phosphor-Screen MTF Measurements

The modulation transfer function of the phosphor screen was mea-
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sured using the technique shown in Fig. 2. The image tube was fo-
cused, and a collimated light source was used to illuminate the photo-
cathode in an area corresponding to the 2.5 um slit. The electrons ap-
proach the slit at very small angles and can be considered to be a col-
limated source of electrons flooding the 2.5 um slit. The line spread
function (i.e., the image of a line object) emanating from the phos-
phor screen was analyzed by an MTF Analyzer.* The line spread
function was relayed by the microscope lens and focused on a trans-

MODIFIED IMAGE TUBE WITH A
2.5um SLIT ADJACENT TO
THE PHOSPHOR SCREEN

MICROSCOPE
|i—1 LENS PHOTOTUBE

COLLIMATED SINUSOIDAL
LIGHT SOURCE TEST PATTERN

AMPLIFIER

RECORDER T
MTF \
ANALYZER
SPATIAL
FREQUENCY

Fig. 2—Technique for measuring MTF of the phosphor screen in an image tube.

parent test pattern of variable density. The test pattern is fixed to a
rotating drum. The sinusoidal test pattern varied continuously in a
logarithmic manner from 0.4 to 10 cycles/mm. The light passing
through the test pattern was detected by a photomultiplier tube, am-
plified, and displayed on a recorder. A suitable circuit was used to
synchronize the x deflection of the recorder with the spatial frequen-
cy of the test pattern. The 10X microscope relay lens results in a
measurement over the frequency range of 4 to 100 cycles/mm.

A separate MTF measurement was made of the equipment re-
sponse with a 2.5 um slit and also of the MTF of a similar fiber-optic
faceplate. A correction was then applied to obtain the MTF of the
phosphor screen where

MTFmeasured
MTFequipment
The MTF of the phosphor screen is shown in Fig. 3 for several volt-

ages over the range of 4 to 12 kV. As expected, the MTF is lower at
low voltages. This reduction is probably due to increased scattering of

MTthosphor = [1]

* Model Kib, Optics Technology, Inc.
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the electrons in the aluminum film and in the phosphor screen at the
lower voltages.

The MTF’s of the fiber-optic faceplate* and of the MTF analyzer
are also shown in Fig. 3. The fiber-optic faceplate performance ex-
ceeds the performance of the phosphor screen.
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SPATIAL FREQUENCY—CYCLES/mm
Fig. 3—MTF of a phosphor screen, fiber-optic faceplate, and the MTF equipment.

MTF Measurement and Discussion of Results

This study evaluates the manner in which MTF varies with operating
voltage and initial electron emission energy. Theoretical analysis!6-8
predicts that, for an electrostatically-focused image tube and for a
given MTF, the spatial frequency varies directly with the electric
field at the photocathode and inversely with the electron emission en-
ergy, e¢. Because, for a given tube geometry, the electric field at the
photocathode varies directly with applied potential V, the relation
[ « V/gis expected for a given value of MTF for the image inverter
tube. '

Fig. 4 shows the technique used to measure the MTF of the elec-
tron-optical system of the image tube. A test pattern with four dis-

¢ Corning Glass Works Co.
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crete known spatial frequencies in the form of black and white bars
was illuminated by a light source and imaged on the photocathode by
the projection lens. The bar image on the photocathode was focused
on the 2.5 um slit adjacent to the phosphor screen by the electron
lens of the image tube. The phosphor screen did not degrade the
MTF but served only as a transducer to change the electron energy,
incident on the slit, to light. The light on the phosphor screen was re-
layed by a microscope lens to a photomultiplier tube. The phototube
signal was amplified and displayed as the y-axis signal on a recorder.
The pen was driven in the x-axis direction by an internal sweep cir-
cuit. When a white bar was focused on the photocathode, a signal was

MODIFIED IMAGE TUBE WITH A
25 um SLIT ADJACENT TO
THE PHOSPHOR SCREEN

TEST

PATTERN
FILTER JEYE

¥ PHOTOTUBE
3000

LIGHT  PROJECTION f
SOURCE LENS LENg MIRROR

AMPLIFIER

RECORDER Imfﬂ'-

Fig. 4—Technique for measuring MTF of the electron optical system of an image tube.

received by the phototube and displayed on the recorder; a black bar
resulted in a minimum signal on the recorder. The test pattern was
moved in a direction perpendicular to the bars to generate the varia-
tion of signal. The adjustment of the light optical focus of the pattern
on the photocathode, the alignment of the bar pattern with the slit,
and the adjustment of the tube electronic focus are quite critical. Be-
cause the precision of the MTF measurements is limited by the focus
and alignment, the measured MTF represents a minimum value to be
expected. The actual MTF may be somewhat higher.

The square-wave response measurements were converted to MTF
measurements by use of a Fourier series analysis technique.® The
equipment response was also measured. Corrections were then ap-
plied to the tube measurements for the equipment response and the
fiber-optic faceplate to obtain the MTF of the electron lens of the
image tube.

To evaluate the electron-optical system response as a function of
electric field at the photocathode, the MTF measurements were
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made at several tube-operating voltages over the range of 4 to 18 kV.*
These measurements are shown in Fig. 5. As expected, the MTF in-
creases when the applied potential is increased.

The points in Fig. 6 show the variation of spatial frequency with
operating voltage for a fixed value of MTF = 0.3. A straight line with
a slope of unity was drawn on Fig. 6 corresponding to the theoretical
relationship that, for a given MTF, the spatial frequency varies di-
rectly with the tube operating potential. The fit of the points to the
straight line is reasonable considering the critical focus adjustments
mentioned above.
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Fig. 5—MTF of the electron optical system of the C21135 image tube for several operat-
ing voltages over the range 4 to 18 kV.

To study the MTF of the electron lens of the image tube as a func-
tion of initial electron energy, the tube was operated at 6 kV and the
test pattern was imaged on the photocathode through several narrow
band-pass filters. The measurements for input radiation of 466, 533,
600, and 700 nm are shown in Fig. 7. As expected from theory, the

° From data collected using the RCA electron optics computer program, it was established that an
operating potential of 10 kV corresponds to an electric field at the photocathode of 555 V/cm. This
information permits the MTF measurements given in this paper to be translated to other similar
image tubes, provided the electric field at the photocathode is known.
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Fig. 6—The variation of spatial frequency with tube operating potential for a fixed value
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MTTF is significantly higher for radiation at 700 nm than for radiation
at 466 nm.

To translate from monochromatic-input photon energy to electron-
emission energy, it is convenient to use the concept of effective elec-
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Fig. 7—The MTF of the electron lens versus wavelength of the light image on the photo-
cathode of C21135 image tube operated at 6 kV.
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tron-emission energy. The effective electron-emission energy! is a
weighted average emission energy that characterizes a polyenergetic
electron-emission distribution such that the measured MTF curve
with polyenergetic electron emission corresponds to the theoretical
MTF curve calculated on the basis of monoenergetic electron emis-
sion that obeys Lambert’s Law.!® The effective electron-emission en-
ergy for a multi-alkali photocathode was measured in an image tube
with a uniform electric field. The results are given in a companion
paper.!! Using the results it is possible to transform the MTF re-
sponse as a function of incident radiant energy to a function of effec-
tive electron-emission energy.
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Fig. 8—The variation of spatial frequency versus the effective electron emission energy
for a fixed value of MTF = 0.2. The slope is —1.
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The variation of spatial frequency as a function of initial effective
electron-emission energy for a fixed value of MTF = 0.2 is shown in
Fig. 8. This curve with a slope of —1.0 forms the experimental basis
for establishing the relationship that, for a fixed value of MTF, the
spatial frequency varies inversely with electron emission energy in an
image-inverter tube.

Acknowledgments

The author would like to express his appreciation to Professor Show-
ers for advice and encouragement during the course of this work as
his dissertation supervisor at the University of Pennsylvania. Also
the author is grateful to his immediate supervisors at RCA, R. W.
Engstrom and R. E. Simon, for their encouragement, advice, and sup-
port to complete this study. Finally, the author wishes to thank E. G.
Ramberg for his advice, constructive criticism, and suggestions.

RCA Review ¢ Vol. 36 ¢ December 1975 729




References

' L. A. Ezard, The Modulation Transfer Function Applied to Electrostatic Electron Optical Systems of
Image Tubes, University Microfilms, Ann Arbor, Mich. (1970).

2J. W. Goodman, Introduction to Fourier Optics, McGraw-Hill Book Co., Inc., New York, N.Y.
(1968).

3R. L. Lamberts, *'Application of Sine-Wave Techniques to Image-Forming Systems,” J.SMPTE,
71, p. 635 (Sept. 1962).

4R. L. Lamberts, “"Measurement of Sine-Wave Response of a Photographic Emulsion,” J. Opt.
Soc. Amer., 49, p. 425 (1959).

SE. L. O'Neill, introduction to Statistical Optics, Addison-Wesley Pub. Co., Inc., Reading, Mass.
(1963).

8. Csorba, “'Resolution Limitations of Electromagnetically Focused Image Intensifier Tubes,” RCA
Rev., 30, p. 36 (March 1969).

7 P. Schagen, H. Bruining, and J. C. Francken, A Simple Electrostatic Electron-Optical System with
Only One Voltage," Phillips Res. Reports, T, p. 119, 1952.

8 V. K. Zworykin, G. A. Morton, E. G. Ramberg, J. Hillier, and A. W. Vance, Electron Optics and the
Electron Microscope, John Wiley & Sons, New York, N.Y. (1945).

9 J. W. Coltman, “The Specification of Imaging Properties by Response to a Sine Wave Input,” J.
Opt. Soc. Amer., 44, p. 468 (1954).

0y, K. Zworykin and E. G. Ramberg, Photoelectricity, John Wiley & Sons, Inc., New York, N.Y.
(1949).

''L. A. Ezard, "Measurement of Effective Photoelectron Emission Energy,” RCA Rev., 36, p. 000,
Dec. 1975 (this issue).

730 RCA Review ¢ Vol. 36 « December 1975




Ultra-Thin RF Silicon Transistors With a Copper-
Plated Heat Sink

H. S. Veloric, A. Presser, and F. J. Wozniak

RCA Laboratories, Princeton, N.J. 08540

Abstract—A new procedure has been developed for fabricating ultra-thin silicon transis-
tors equipped with a plated-copper heat sink. The process replaces most of
the thermally lossy silicon collector with copper, thus reducing the thermal re-
sistance by as much as 50%. 12-13 um thick silicon transistor wafers are
routinely processed directly on copper. Individual transistors are separated by
wire sawing through the silicon and copper. Multi-cell devices are stress-re-
lieved by the process of sawing through the silicon to define each cell. Transis-
tors fabricated with this technology show thermal resistance and rf perfor-
mance superior to that of conventional structures when operated in amplifiers
in the 3 to 5 GHz range. Amplifiers with standard three-cell TA-8407 transistors
deliver typically a cw power output of 5.5 watts at 3.5 GHz; an amplifier with
the plated-heat-sink transistor delivers more than 7 watts for the same power
input.

1. Introduction

Because microwave power transistors operate at high power densities,
careful thermal management is required to minimize the pellet oper-
ating temperature and to optimize the performance of the transistors.
The operating temperature is a function of the pellet geometry, the
amplifier circuit, and the thermal path between the collector junction
and the heat sink. One design modification that improves thermal re-
sistance is to increase the number of thermally isolated collector cells
while holding the collector—base junction area constant. This ap-
proach, given equal emitter edge and base area, results in longer pel-
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lets, additional bond-wire interconnections, and larger packages. The
approach described here reduces the thermal resistance to the heat
sink by replacing most of the collector silicon with copper.

For mechanical reasons, a practical silicon transistor chip is at least
75 pm thick. The thermal resistance in this silicon is approximately %
of the total for a eutectic-mounted transistor on a BeO heat sink. By
use of plated copper as a “handle,” the silicon thickness can be re-
duced to 13 um. This technique has been applied to an rf power tran-
sistor, the TA-8407, resulting in improved thermal and electrical per-
formance when compared to that of the conventional structure.

Copper-heat-sink technology has been used for many years to im-
prove the performance of various microwave diodes. Impatt diodes,
for example, made by this process operate as amplifiers and oscilla-
tors at frequencies up to 60 GHz.!-? The technique consists of epitax-
ially growing a multilayer silicon structure in which the silicon “han-
dle” can be accurately etched off after a copper heat sink is plated on
the wafer face. In addition, the diode contact areas can be grown with
sufficient doping to ensure low-resistance contacts. This technology
is not directly applicable to bipolar transistors because of the com-
plexity of transistor processing. For example, the multilayer epitaxial
wafer cannot be used for transistor processing, because the surface of
the grown layer is not sufficiently flat and free of imperfections to
permit fine-line definition. In addition, a Cu “handle” on the top sur-
face is not possible since numerous bond-wire interconnects are re-
quired for the emitter and base contacts.

Copper-heat-sink technology, as applied to rf transistors, requires
precise etch-thinning of the completed transistor wafer, adherent
ohmic contacts to the etched collector layer, adherent plating to the
metalized collector, separation of the individual transistors, and
stress relief for the Si-Cu interface. A chemical-mechanical etch pro-
cedure controls the silicon thickness within 2.5 um over the entire
wafer. A low-temperature metalization and copper-plating process
give good adhesion and a satisfactory ohmic contact. The individual
transistors are separated and stress relieved with a wire saw.

The metalization system is Cr-Pd-Cu-Au. The Cr adheres to sili-
con and makes a satisfactory contact, Pd is a barrier to keep Cu from
diffusing into silicon. Cu has excellent thermal and electrical conduc-
tivity and is easy to plate; gold prevents the Cu from oxidizing and fa-
cilitates soldering the transistor into packages.

In the next section, the process for fabricating ultra-thin silicon
transistors on copper is described. Contact resistance problems are
then discussed briefly and finally the performance of the resulting
copper-backed TA-8407 transistor is described.
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2. Copper Heat-Sink Fabrication Procedure

The heat-sink fabrication proceeds as illustrated in Figs. 1a and 1b.
In the first operation, a completed transistor wafer, preferably with
gold metalization, is mounted face down on a sapphire disk with
quartz wax. This wax is strong enough to hold the wafer during preci-
sion back grinding to a thickness of 75 um while maintaining the
wafer faces parallel within 2,5 um. Since the quartz wax is not com-
patible with subsequent processing, it is removed after grinding and
the wafer is remounted with a soft wax.

COMPLETE SILICON
TRANSISTOR WAFER
015-020mm THICK

i

PRECISION BACK
GRIND WAFER
TO 75um

ETCH SILICON BACK
TO 15-18um
WITH 20:l NITRIC-Hf

l {oPTICAL END POINT]

JUST PRIOR TO EVAP,

ETCH SILICON BACK ETCH ALL METAL
TO 12 5-15um WITH FROM SILICON BACK

20! NITRIC Hf

MULTI-CELL
Si TRANSISTOR

EVAP TO SILICON
BACK 1004Cy,
2KAPd, AND IKACy

CHECK ADHESION

OF EVAP. FILM
Cr, Pd, Cu

FAILURE OF ADHESION
TO SILICON

Fig. 1{a)—Process flow chart for preparation of wafer for copper-heat-sink transistors.

The 75 um wafer is now etch thinned to a final thickness of 12.7 to
14 um using the process developed by Stoller.# This process utilizes
nitrogen bubbled from the bottom of the etching chamber to impinge
on the float-mounted wafer to ensure uniform, smooth, blemish-free
surfaces. The apparatus permits observation of the color of transmit-
ted light through the wafer during the etching process. With care and
experience, the final thickness can be controlled within 2.5 um, al-
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COPPER PLATE

TO EVAP. Cu .
01-013mm Si TRANSISTOR
PLATED COPPER
Cr,Pd,Cu
GOLD PLATE
2-3um ON TO
(‘Z‘gPPER SILICON TRANSISTOR

Cr, Pd, Cu

COPPER PLATE
GOLD PLATE

WIRE SAwW
APART

—
F

33 CELL UNIT

',,,"4

STRESS
RELIEVE
TRANSISTORS

—STRESS
: / RELIEVED,
= THROUGH

MOUNT- o SILICON
Sn OR Au-Ge

Fig. 1(b)—Process flow chart for copper-heat-sink transistors.

though within 100 um of the edge the silicon is thinner by 5-7.6 um.
Fig. 2 shows a thinned TA-8407 transistor wafer illuminated by light
transmitted through the silicon. The uniform thickness results in uni-
form light transmission. The light variation at the edges of the figure
are caused by the difficulty of photographing the transmitted red
light.

The thin wafer, still wax mounted to the sapphire disk, is etch- |
cleaned with 20:1 nitric HF prior to Cr-Pd-Cu metalization. Careful
control of the substrate temperature is required during metalization
since the wax melts at 75°C. The metals are electron-gun evaporated
in several short charges to minimize substrate heating. The thickness
is continuously monitored during the deposition with an quartz crys-
tal oscillator. The film is checked for adhesion; a satisfactory film
does not peel, but breaks at the check point.

The metalized wax-mounted wafer is now ready for back plating
with 100 um of copper and 3 um of gold. At current density of 30 mA/
cm?, the copper deposits at a rate of 30 um/hour. After copper plat-
ing, 3 um of gold are deposited in 15 minutes with a current density
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of 3 mA/cm2. The pellets can now be separated from the demounted
wafer with a wire saw using a diamond slurry as the cutting medium.
A wire saw is used to define pellet arrays in laboratory use because
of its flexibility; however, it is a slow and thus a poor production pro-
cess. We have developed a batch separation procedure that consists
of selective plating of the Au-Cu heat sink to define pellet areas. The
batch separation procedure utilizes Riston “roll on” resist as a plating
stop in the separation grids. The individual copper islands are
aligned to the transistor pattern on the top surface, defined by the
20-um-thick resist, and plated up with the previously described pro-
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TEEEE R EENENNEERE XX
TEXEE:EEEREENNER N X
EEEEE R ENNENNXN,
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Ee 00O OO0CEEEEEO
EeceeEOEOEBEEEQROEECES
EEC0 0O OEEEgOOEEE
OB B N NN NN N N N N
¢eeGeEeEeEeEOEOOOEOSIEFO®EO

Fig. 2.—Thinned TA-8407 transistor wafer illuminated by transmitted light.

cess. By use of the defined Cu-Au islands as the acid resist, the Cu-
Pd-Cr-Si-SiO. layer in the grid can be sequentially etched to define
the individual transistors. Fig. 3 shows an array of Cu-Au heat sinks
defined with a TA-8407 grid mask. The 10-um-thick islands are on
0.4 mm centers with 50 um grid spacing.

Because there is a large thermal mismatch between Cu and silicon,
it is desirable to keep the silicon-copper chip small. This minimizes
stress induced during the high-temperature assembly process. Fig. 4
shows a 3-cell TA-8407, stress relieved by cutting through the silicon
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Fig. 3.—An array of Cu-Au heat sinks on 0.4 mm center.

at each cell site and ready for soldering into an assembly. The transis-
tors are soldered into packages with Sn at 220°C. If higher tempera-
ture capability is required, Au-Ge eutectic solder can be used at
360°C.

3. Silicon Metal Adhesion and Contact Resistance

Two important requirements for the metal-silicon interface are suffi-
cient adhesion for reliable mechanical strength and a low contact re-
sistance. Because of process constraints, conventional transistor low-
resistance alloy contacts such as Au-Sb-Si eutectic or Pd—Si cannot
be fabricated. The wax-mounted silicon wafer can only be heated to
75°C, thus restricting the metalization to non-alloy contact systems
such as Ti or Cr-Cu. Since initial tests with the substrate tempera-

Fig. 4.—A stress-relieved copper-heat-sink three-cell TA-8407 transistor.
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ture at 50°C show Cr adhesion superior to Ti, Cr is selected for com-
plete evaluation.

Forty Cr-Pd-Cu-backed transistors have been assembled in HF-46
microwave packages with Au-Ge eutectic. These devices have been’
temperature-cycled from —65°C to 150°C over 100 times without any
failures. In addition, Cr-Pd-Cu-backed transistors that are tested to
destruction fail in the silicon, not at the Cu-Si interface.

Several investigators have evaluated the contact resistance of Ti
and Cr to low-resistivity epitaxial silicon substrates. Terry® reports a
specific contact resistance of 300 to 400 X 10~ ohm-cm? for Cr or Ti
on 0.01 ohm-cm silicon and 10 X 1078 ohm-cm? for Pt-Si on the same
substrate. The contact resistance for the three metals is reduced to
2-3 X 10-% ohm-cm? when the Si resistivity is decreased to 10~3 ohm-
cm. These values are comparable to those achieved at microwave
frequencies by Chiang® and Denlinger for contacts to 103 ochm-cm
silicon for Pd-Si, Ti, and Cr contacts.

We have measured the series resistance of several 2.5 X 1072 mm?
TA-8407 collector-base diodes fabricated on 0.01 and 0.002 ohm-cm
substrates. With one ampere of forward current, the total voltage
drop for a standard eutectic-mounted collector-base diode is one
volt. With this voltage as a reference, an additional voltage drop is
equal to the product of series resistance and current. The measured
series resistance is 1 to 2 ohms for a single cell TA-8407 with Cr con-
tacts to 0.02 ohm-cem collector substrate. For the identical contact, if
the collector resistivity is decreased to 0.002 ohm-cm, the series resis-
tance is reduced to under 0.1 ohm.

Two-point probe spreading-resistance measurements have been
made on several Cr-contact transistors to evaluate the resistance-
doping profile and thus establish the high-resistance region. This tool
is used routinely to evaluate doping profiles and P-N junctions.” In
addition, we have used the probe to detect a resistance increase at the
contact, which confirms the rectifying characteristic of the Cr-Si in-
terface.

Since the two-point probe reads the resistance of a small volume;
with an appropriate cross section, the resistance profile can be accu-
rately defined. Fig. 5 shows two cross sections of the boundary be-
tween the Cr-Cu and silicon. For the cross section where the probe
interrogates the copper first, a low resistivity is measured when the
probes are on the copper. Even if there is a rectifying boundary at the
interface, the resistivity increases rapidly and smoothly when the
probes are moved onto the silicon. When the probe moves from Si
onto Cu, the resistance change at the interface is determined by the
contact resistance. Case 2 in Fig. 5 shows the resistance change with
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no contact resistance, a smooth decrease as the resistivity of Cu is de-
tected by the probes. If the interface is rectifying, as the probes ap-
proach the interface, the mobile carriers are depleted and the resis-
tance increases until the probes move onto the copper. This resis-
tance profile is Case 3 in Fig. 5.

RESISTANCE PROBE ANALYSIS
N DIRECTION OF PROBE

3 | RECTIFYING CONTACT OR OHMIC
COPPER CONTACT (CASE #1)
SILICON

!
I
I

= DIRECTION OF PROBE
| (CASE #2) OHMIC CONTACT
SILICON %(ctxsz#s) RECTIF YING
CONTACT

COPPER {

p INCREASE DUE TO CARRIER
DEPLETION (CASE #3)

[(SII(CASE #2)-

RESISTIVITY (p) —

PENETRATION —=
Fig. 5.—Resistance probe profile of a metal-silicon interface.

All three cases were investigated using an 8-um diameter probe
with 100-um spacing. Fig. 6 shows the spreading resistance data for
the probe moving from 0.01 chm-cm Si to Cu, Cu to 0.01 chm-cm Si,
and 0.002 ohm-cm Si to Cu. A high resistance region is measured only
for the 0.01 ohm-cm Si to Cu probe, consistent with our previous
analysis. Thus, the rectifying contact at the Cr to 0.01 ohm-cm Si in-
terface and the ohmic contact at the Cr to 0.002 ohm-cm Si boundary
is directly observed. Because of the fragile nature of the small sample,
however, larger sections should be evaluated to assess the full capa-
bilities of the technique.

Since it is desirable to apply copper heat sinks to standard transis-
tors with 0.01 ohm-cm substrates directly from the production line,
several sintered contacts have been evaluated to reduce the contact
resistance. The contact resistance on a thin transistor wafer is diffi-
cult to reduce since any alloy procedure must be done below the Al-Si
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eutectic temperature of 577°C. This constraint eliminates ohmic con-
tacts, such as Pt-Si where sintering is done at 600°C or ion beam
doping of Si where anneal-activation occurs in excess of 700°C.

Ohmic contacts to diffused emitter and base regions have been re-
ported by J. Banfield® with Pd-Si sintered at 350°C. Several com-
plete transistor wafers were thinned to 13 um, and Pd was deposited
on the collector and sintered at 300°C. Because of thermal stress,
only one-quarter wafers are used. The collector contact resistance for
transistors separated from these wafers is comparable to that mea-
sured for non-sintered Cr-Si contacts.

T T T T T
—— - — - Cu—=Si SUBSTRATE
Si SUBSTRATE—=Cu o
peooicm sbporep !0

= o __ _Si SUBSTRATE ]
3 o3 p"0.002 Bcm As DOPED —{5xI0”
1 h E

i 5
o =]
. ] S
7 ePTAxAL]  EPITAXAL =
- FLay UBSTRATE 1 =
@ ~fe—cu HanpLe QO E
m - 3 7
@x _— 5x10°2 2
© 02l 7
z 102 i B
3 3 o
b4 o N 4
o r a
@
a L. [
@ | oz <«
w 3 >
& - B [
2 —5x1073 5
a \ I ru-’
- i ]
e 10 3 3
@ r -1 w
= o 4
2 -
w - —o3
= L E

L —{5x10-4
' 1 \L ]
o] 5 10 15 20 25 30

PENETRATION (um)
Flg. 6.—Resistance probe measurements of copper-heat-sink TA-8407.

All of the Cu-backed transistors evaluated at high frequency are
processed from conventional 0.01 ohm-cm substrates; hence each cell
has a contact resistance of 1-2 ohms. This resistance does not intro-
duce appreciable loss up to frequencies of 5 GHz in the 28-volt ampli-
fiers used to evaluate these devices. Additional work is required to es-
tablish the significance of the contact resistance at rf frequencies.

4. Performance of Copper-Backed RF Transistors

The plated-heat-sink process has been used to copper-back several
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Fig. 7.—3-3.5 GHz test amplifier.

TA-8407 transistor wafers. The specific wafer runs are optimized for
class-C operation in the 3-to 4-GHz frequency range.

The performance of a conventional thickness three-cell pellet and a
similar 13-um-thick pellet from the same run backed with a 75-um
plated copper heat sink are evaluated in separate but identical com-
mon-base class-C amplifiers. Fig. 7 is a photograph of one of the test
amplifiers. The microstrip circuitry is fabricated on alumina boards

IOI T T T
STANDARD
I~ —
X X x\a
8 F\ _._x/_ ﬁ\(
X PLATED HEATSINK
6 i
z Pinz1.25W
¢ tp=2
L pEecus
4} D=20% .
Vg=28V
Tc=22°C
2+ i
o 1 L 1
3.1 3.2 3RS 3.4 35
f-GHz

Fig. 8.—Output power for copper heat sink and conventional three-cell TA-8407 amplifi-
ers with t, = 2us.
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and the transistor pellets are mounted on tuned BeO carriers. The
two amplifiers are first tuned for uniform gain over the 3.1-to 3.5-
GHz frequency range when driven with a 2-us pulsed signal at 20%
duty cycle and a peak power of 1.25 watts. The measured peak power
outputs of the two amplifiers at this operating condition are similar
and are plotted in Fig. 8. Heating effects are absent and the gains
track within 0.4 dB at any frequency in the band. When operated
with a 1.5-ms-long pulse at 20% duty cycle and a 1.25-watt peak-
power input, the observed average power output is lower when com-
pared to the power output at 2-us operation. This power drop is
caused by thermal effects and is significantly smaller for the plated
heat-sink amplifier. The average power output ratios Py (1.5 ms)/Py
(2 us) are plotted in Fig. 9 for both amplifiers. For the standard am-

1.0 T T r
- Gowres '
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OB ~
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x KSTI\NDARD
«
s o6 4
o
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g =
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) : s I
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Fig. 9.—Output power ratio P; (1.5 ms)/ P, (2 us) for copper-heat-sink and conventional
three-cell TA-8407 amplifier with t, = 1.5 ms.

plifier, this ratio varies between 0.72 and 0.79 (corresponding to a 1.0
to 1.4 dB power drop) over the frequency range. In contrast, for the
copper-backed pellet amplifier, the power drop is only 0.1 to 0.3 dB.

For pulsed operation, the output-power drop and the phase varia-
tions during the on time are important in many applications. Table 1
shows the comparative results obtained at 3.3 GHz from the two test
amplifiers for three operating conditions; 2-us pulsed (reference),
1.5-ms pulsed, and cw. Listed are the peak-power output Py at the
end of the pulse, the power drop A in dB (the leading edge to trailing
edge power ratio), and the phase settling ¢ in degrees (the difference
of phase during the pulse).

The comparative tests show clearly the advantages of the plated-
heat-sink transistor. With a 2-us pulse, the amplifiers have compara-
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ble gain and output power; as the pulse length increases to 1.5 ms, the
gain and output power for the Cu-heat-sink amplifier is almost 20%
higher than the conventional one. Under cw conditions, the Cu-heat-
sink amplifier has over 25% more gain and power than the conven-
tional structure. In addition to higher output power and gain, the
hot-spot thermal resistance for the copper-backed TA-8407 is 1/3
less, resulting in lower junction temperature for identical operating
conditions and thus improved power-density capability.

Table 1—Comparison of Three-Cell Amplifiers Using Standard and Plated-
Heat-Sink Transistors (TA-8407) for Pulsed (20% Duty Cycle) and
CW Operation (P, = Output Power, A = Pulse Droop, and
¢ = Pulse Settling)

= = Thermal
Tp = 2us Tp =1.5ms Cw Resie:
/o [0} A 0 0] A 0 A tance
Transistors (W) (°) (dB) (W) (°) (dB) (W) (dB) (°C/W)
Standard 8.3 0.5 0 5.6 14 1.7 5.2 2.0 6.0
Plated-

Heat-Sink 8.3 0.5 0 7.4 9 0.4 7.2 0.6 4.2

5. Conclusions

This new fabrication procedure permits the processing of 13-um-
thick silicon transistors with an integral copper heat sink. The proce-
dure has been applied to one- and three-cell TA-8407 transistor chips
and is generally applicable to any size array. Amplifiers made with
these transistors show less pulse droop and higher output power than
amplifiers made with conventional structures. The improved thermal
resistance extends the power density capability of a given rf transis-
tor design, thus resulting in lower operating temperature and im-
proved reliability.

A direct comparison is made for TA-8407 transistors from an iden-
tical lot but different wafers. The hot spot thermal resistance is 50 %
less for a single cell and 30% less for a three-cell Cu-heat-sink transis-
tor when compared to the conventional structure. Even though the
performance is comparable for 2-us pulsed signals, the devices with
the lower thermal resistance show superior performance when evalu-
ated for 1.5 ms pulse and cw performance.

In a cw class C amplifier at 3 GHz, a three-cell copper-backed TA-
8407 transistor delivers over 25% more power and gain than a conven-
tional transistor structure.
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Wideband Signal Recording on Film
Using (AlGa)As CW Injection Lasers

J. E. Roddy

RCA Advanced Technology Laboratories, Camden, N. J.

Abstract—CW injection lasers have demonstrated excellent performance when used in
a wideband film recorder to replace a gas laser and its external light moduta-
tor. The injection lasers have been internally modulated from 1 to 200 MHz (+2
dB) and film recordings of signal frequencies up to 100 MHz (160 cycles/mm)
have been made. The lasers are double-heterojunction, (AlGa)As devices emit-
ting up to 10 mW at 710 nm when operated at 77°K. Comparisons are made
between injection laser performance and data taken previously on an argon
laser recorder.

1. Introduction

Present wideband film recorders use gas lasers and external light
modulators. While impressive performance has been achieved, these
components are bulky, mechanically elaborate, expensive, and re-
quire considerable power. If laser recording is to be used for other
than a few highly specialized data-capture applications, the compo-
nent costs must be reduced and reliance upon high-precision parts
must be minimized. Semiconductor lasers have recently become an
attractive record-signal source because they can be internally modu-
lated at very high rates and are potentially inexpensive. These lasers
are small, rugged, reliable, and require only a few watts at a few volts
for operation.

Two developments have made the use of injection lasers in wide-
band recording particularly worth considering at this time. First,
laser diodes that emit continuously at wavelengths below 720 nm in
excess of 5 mW have been fabricated.! Second, extended-red-sensi-
tive holographic films that can be exposed by wavelengths as long as
720 nm have been developed by Kodak and Agfa-Gevaert. Dry silver
film sensitive to 700 nm has also become available.*

This paper describes wideband modulation and film-recording ex-
periments made with semiconductor injection lasers. Comparisons
¢ 3M Company.
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are made to data taken previously on an argon laser recorder that was
modified to accept the semiconductor laser source.

The laser diodes used for the experiments are stripe contact, dou-
ble heterojunction (AlGa)As. Five to ten mW at 710 nm was
achieved when the diodes were operated at 77°K.

Cryogenic cooling was required to obtain sufficient light power at a
wavelength to which presently available high-resolution films are
sensitive. The quantum efficiency at room temperature drops signifi-
cantly in (AlGa)As diodes for emission wavelengths shorter than
about 800 nm.2 However, for these shorter wavelengths, the quantum
efficiency can be greatly improved by decreasing the diode tempera-
ture. For a 710-nm wavelength, cw lasing at adequate power levels is
attainable with liquid nitrogen as a coolant (77°K).

2. Component and System Requirements
2.1 Gas Laser Recorder

The original argon laser recorder, which has since been modified to
accommodate the laser-diode source, is shown in Fig. 1. The output of
an argon laser (approximately 1 W, all lines) is passed through an
electro-optic light modulator where the beam intensity is modulated
by the input-signal information. The modulated beam is expanded to
fill the imaging lens and focused to a diffraction-limited spot on the
film. A polygon rotating mirror, located within the focus of the imag-
ing lens, deflects the modulated spot in an arc at a rate of 63,500 cm/
sec. Silver halide film is transported past the scanning laser beam and
is exposed by it along transverse tracks in a format similar to that of
rotary-head video-tape recording. After the film is developed, it is
transported past the scanning beam, which once again becomes in-
tensity modulated, this time by the transmittance variations of the
film. The light is collected using appropriate optics and is photode-
tected, yielding a reproduction of the original signal.

For injection-laser recording, the gas laser and external light mod-
ulator were replaced by an injection laser and its cooling structure.
The beam expander was removed and an f/2 collection lens was in-
stalled to collimate the output of the laser diode.

2.2 Laser-Diode Source

A diagram of the double-heterojunction (AlGa)As diode used is
shown in Fig. 2. A 13-um-wide stripe contact, which runs the length

t Suppiied by RCA Laboratories, Princeton, N. J.
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of the cavity (320 um), restricts the current flow to a small volume.
The actual emitting region on the output facet is approximately 20
um wide by 0.5 um high. The stripe contact keeps the threshold cur-
rent low and improves cooling, allowing a high continuous output for
a given emitting facet length. The data reported here was taken using
a diode that appeared to be particularly suited for wideband signal
recording application. The characteristic curve of this diode is shown
in Fig. 3. As can be seen from the figure, the threshold current is
about 420 mA, above which the light output increases linearly with

Fig. 1—Wideband laser recorder.

input current. The diode light output can be directly modulated by
controlling its forward bias current. For a continuous analog recorder,
it is desirable to bias the diode into the lasing region with direct cur-
rent and vary the light about this bias value by applying a high-fre-
quency signal current. For this diode, acceptable recordings were ob-
tained using a 450-mA bias and a 75-mA p-p signal current. The re-
sultant contrast ratio measured in the record spot was 25:1. The per-
cent modulation was 92%.
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Fig. 2—Stripe contact diode.

The diodes were supplied on individual mounts that were installed
in a vacuum dewar for testing as shown in Fig. 4. Fig. 5 is a view of
the diode mount through the dewar window. A broadband electrical
drive signal and bias network was fabricated on a hybrid board and
installed in the dewar close to the diode mount.

2.3 Light Power Requirements

The spectral sensitivity curve for AGFA 10E75 film is shown in Fig.
6. To expose this film with a 710-nm source to a density of 1.0 re-

LIGHT OUTPUT ( mW)
a
|

<} | 4 t I
100 200 300 400 500 600
DIODE CURRENT {maA)

Fig. 3—Power output versus current.
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Fig. 4—Cooling and mounting structure.

quires an energy density of 50 ergs/cm.2 The laser power required in
the record spot is given by

P=KWV,

where K is the film sensitivity (50 ergs/cm?2), W is the track width,
and V is the scan velocity.

For a track width of 25 um and a scan velocity of 63,500 cm/sec, a
record spot power of 0.8 mW is required. The transmission and aper-
turing losses of the recorder are about 5:1. Therefore, a 4-mW peak
output from the diode is sufficient to produce the required maximum

density of 1.

Fig. 5—Diode mounted in dewar.
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Fig. 6 —Sensitivity curve for AGFA 10E75 film (exposure of 50 ergs/cm for D = 1 and
6300 A).

2.4 Optical System

The basic optical system is shown in Fig. 7. The design is dependent
upon the emitted beam pattern which, due to multimoding effects,
can he quite different for diodes of the same type. A reasonably fast
spherical lens is needed to collect and collimate the divergent fan-
shaped diode beam into a rectangular beam of suitable aspect ratio. If
necessary, cylindrical lenses in the form of a beam expander or reduc-
er can be used to modify the aspect ratio. This collimated rectangular
beam is then focused onto the film by an imaging lens with the scan-
ning mirror forming the limiting aperture. The rectangular format of

SCANNING
MIRROR DEWAR
FILM WITH
B {MOTION TOWARD LASER
OBSERVER) DIODE
spor 7\
FORMING COLLIMATING
LENS
LENS
{$/2.8) {£/72)
MIRROR MIRROR

Fig. 7—Laser-diode recorder optics.
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the laser diode beam has proved to be particularly efficient in illumi-
nating polygon scanners. A summary of system parameters is as fol-
lows:

Collection lens—f/2, 10 ¢cm focal length, collects 72% of the
diode emission.

Imaging lens—f/2.8, 15 cm focal length.

Scanning mirror—hexagon.

Spot velocity—63,500 cm/s

Film AGFA 10E75, K = 50 erg/cm?2 for D = 1 at 710 nm

Across-track spot size (track width)—25 um.

Along-track spot size—8 ym.

Required laser power (peak) = 4 mW (for continuous record-
ing, twice this power (8 mW) is required, since two hexagon
mirrors must be illuminated.)

Electrical drive requirements—450 mA dc, 75 mA p-p ac.

Calculated record MTF at 710 nm—250 lp/mm limiting, 100
Ip/mm at 50% MTF.

Electrical Bandwidth—63.5 MHz at the 50% record MTF
point.

The size of the record spot is determined by the combination of the
imaging lens and the scanner mirror facet. Both the record spot ve-

locity and the emission wavelength affect the signal bandwidth at
50% MTF.?

3. Experimental Results

3.1 Beam Patterns and Spot Size versus Current

The beam divergence of the laser diode used in these tests measured
32° to the half-intensity points in the plane perpendicular to the las-
ing junction (along track direction). The divergence in the plane of
the lasing junction (across track direction) varies from 5° to 15° (full
width to the nulls) with drive current. When imaged through the re-
corder optical system, the spot size in the track width (across track
direction) varies with this beam divergence. Fig. 8 shows the beam
pattern at three current levels 5 cm from the diode. Fig. 9 shows the
record spot at approximately the same current levels. A 2.5 X 1.0 cm
aperture was placed before the imaging lens to simulate one facet of
the scanning mirror. The data in these photographs is summarized in
Table 1.

The actual track widths recorded on AGFA film were included for

750 RCA Review ¢ Vol. 36 ¢ December 1975




CW INJECTION LASERS

6. 435mA

b. 495 mA

c. 550mA

Fig. 8—Laser-diode beam pattern at various current levels.

comparison. Basically this data, along with the diode characteristic
shown in Fig. 3, indicates that over the drive current range extending
from 435 to 550 mA, the diode output power increases 10 to 1 and the
track width increases by 3 to 1. Therefore, the gain in useful record
spot power for a constant spot width is about 3.3 to 1 instead of 10 to
1 as might be expected from the characteristic curve. Slightly above
threshold, the laser appears to be in single-mode operation. The ef-
fect of multimoding on the beam pattern at higher drive current lev-
els is apparent in Fig. 8. The variations in intensity in the beam pat-
tern at 495 mA are noted in Fig. 10. At this current level, the laser
beam is linearly polarized greater than 100:1, with the optical E-vec-
tor in the plane of the junction. Fig. 11 demonstrates the diffraction-

Table 1
Spot Size on Recorded Track Width
Current Across-Track Polaroid at 63,500 cm/s
(mA) Beam Divergence Film (um) On AGFA 10E75 Film (um)
435 5.4° 8.8 x 25 18
495 10.7° 8.8 x 46 38
550 14.3° 11 x 62 50 (estimated)
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a. 435mA
8.8 x 25um

b. 495 mA
8.8x 46um

c. 550mA
Il x62pum

Fig. 9—Simulated record spot at various current levels.

limited spot quality obtainable. The [(sin x)/x]? intensity pattern
characteristic of a uniformly illuminated rectangular aperture is dis-

tinctly visible.

The track width variations noted above are not expected to be a se-
rious problem in a signal recorder. However, aperturing would be re-
quired to more closely control spot growth in direct image recorders,
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Fig. 10—Beam profiles at 495 mA.
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-

Fig. 11—Diffraction-limited record spot.

since it is generally desirable to have the same MTF in both the
along-track and across-track directions.

3.2 Frequency Response, Distortion, and Noise

The test setup for frequency response, distortion, and noise data is
shown in Fig. 12. The modulated output of the injection laser is
shown in Fig. 13a as detected over a frequency range extending from
1 to 200 MHz. For comparison, the wideband sweep from 1 to 200
MHz of an externally modulated argon laser is shown in Fig. 13b. An
electro-optic light modulator developed by RCA in 1969 was used,

POWER AC DRIVE 75mA P-P
AMPLIFIER
ENI 406L
SWEEP/SIGNAL 15 TO 250 MHz
GENERATOR
WAVE TEK 100! POWER
AMPLIFIER DIODE BIAS
ENI 406L 450 ma
15 TO 250 MHz ﬁ
DEWAR
DRIVE WITH
VOLTAGE MONITOR LASER
20:1 DOWN DIODE
SPECTRUM
ANALYZER = \ ASPHERIC
300 KHz SLOT COLLECTION
HP 8552, 8554 LENS
SELECTIVE AVALANCHE
MICROVOLTMETER AMPLIFIER TO DIODE
300 KHz SLOT  — AVANTEK SPECTRA PHYSICS
ROHDE B SCHWARZ AWI-500M MODEL 403
TYPE USVV

Fig. 12—Frequency response, noise, and distortion test setup.
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V=10 dB/ DIV

| | |
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a. LASER DIODE SWEEP RESPONSE

H=20 MHz/DIV
Vel0dB/ DIV

(I ] |
20MHz IOOMHz 200MHz

b. ARGON LASER/ LIGHT MODULATOR
SWEEP RESPONSE

Fig. 13—Sweep response comparison.

a. 50MHz DRIVE SIGNAL

b. 50 MHz DETECTED SIGNAL

Fig. 14—Harmonic distortion test.
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achieving a contrast ratio of 5-to-1 for a drive-signal amplitude of 44
V p-p, across a 27-ohm impedance.®

The harmonic distortion was quite sensitive to bias current for the
diode sample used. However, other diodes did not exhibit this sensi-
tivity. Figs. 14a and b show a 50-MHz drive signal and the detected
signal, respectively, for 450-mA bias current and 75 mA p-p drive.
For the detected signal, the second harmonic was 35 dB below the
fundamental and the third harmonic was 37 dB down.

Signal-to-noise ratio was measured using a selective microvoltmet-
er with a 300-kHz slot. When converted to the 150-MHz recorder
bandwidth, the SNR (peak-to-peak signal to rms noise) is greater
than 40 dB. The laser was free of undesired spectral components due
to mode beats within the frequency band of interest. The fundamen-
tal longitudinal mode beat frequency (c¢/2L) for the laser diode used
was 500 GHz, compared to 115 MHz for the argon laser. Therefore,
an additional cavity was not required to inhibit multiple longitudinal
modes, since the beat frequency was well above the signal frequency
band.

3.3 Record Tests

A dc bias of 450 mA and ac signal swing of 75 mA p-p produced opti-
mum recordings. Under these conditions, the peak power striking the
film was measured at 0.73 mW while the average was 0.25 mW. Fig.
15a is a photomicrograph of an argon laser recording at 60 MHz (100
cycles/mm). Fig. 15b shows an injection laser recording at the same
frequency. The improved recording mode with the laser diode source
is attributed primarily to the higher contrast ratio available (25:1)
from the modulated diode output. Figs. 16 a, b, ¢, and d are semicon-
ductor laser recordings at 30, 60, 80, and 100 MHz, respectively.

3.4 Comparison of the Argon Laser System with the (AlGa)As Laser
System

Table 2 compares the two laser systems for continuous recording at
63,500 cm/sec spot velocity.

The recordings made with laser diodes were not continuous. Con-
tinuous recording is accomplished by illuminating 2 separate polygon
mirrors, which requires twice the laser power. The argon laser record-
er has substantial optical losses due to the line selecting prism, the
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etalon, the light modulator, and the aperture that converts the circu-
lar beam to a rectangular format.

4. Summary and Conclusions

CW injection lasers have demonstrated excellent performance when
used in a wideband film recorder. Such lasers have been internally
modulated from 1-200 MHz (+2 dB) and film recordings of signal
frequencies up to 100 MHz (160 cycles/mm) have been made. The la-
sers are stripe contact (AlGa)As devices emitting up to 10 mW at 710

Table 2—Comparison of Argon Laser and Laser Diode Systems

Argon (AlGa)As Diode
Input electrical power 10 kW 10W
Light power required 1 W (all lines) 8 mW
Wavelength 488 nm 710 nm
AC contrast ratio 5:1 25 1

Spot size 5 X 2(&/.lm 8 X 23/1
Peak record spot power 0.4 mW(AGFA 10E56) 0.8 mW(AGFA 10E75)
Transmission and aper-

turing losses 2000:1 10:1
Mode beat frequency

(c/2L) 115 MHz 500 GHz
Coolant Water Liquid nitrogen

nm at an operating temperature of 77°K. Plans for future experi-
ments include the mating of an injection laser with an acousto-optic
beam deflector? to make a laser scanner or film recorder. The use of
reliable 800-nm cw room-temperature diodes, recently developed,® to
expose IR film in a moderate-resolution image recorder is also
planned.

Acknowledgments

The author wishes to acknowledge the assistance of G. M. Claffie and
S. L. Corsover of the RCA Advanced Technology Laboratories. H.
Kressel, 1. Landany, F. Z. Hawrylo, and D. Gilbert of the RCA Labo-
ratories provided technical guidance and supplied developmental
diode samples. This effort has been partially supported by the Rome
Air Development Center under Contract # F30602-74-C-0053. The
technical monitors of the program were Messrs. A. Jamberdino and J.
Petrozelli.

RCA Review ¢ Vol. 36 ¢ December 1975 757




References

" H. Kressel and F. Hawrylo, “Red-Light-Emitting AlGaAs Heterojunction Laser Diodes,” J. Appl.
Phys., 44, p. 4222, Sept. 1973.

2 H. Kressel, H. F. Lockwood, and H. Nelson, “‘Low Threshold AlGaAs Visible and IR Light-Emitting
Diode Lasers,” IEEE J. Quant. Elect., 6, p. 278 (1970).

3R. M. Scott, “The Practical Application of Modulation Transfer Functions,” Photogr. Sci. Eng., 9,
No. 4, p. 237, July-Aug. 1965.

1. Gorog, J. D. Knox, P. V. Goedertler, and I. Shidlovsky, "*A Television Rate Laser Scanner—II. Re-
cent Developments,” RCA Review, 33, p. 667, Dec. 1972.

5R. F. Kenville, "Wideband Analog Recorder/Readout System,”* Final Tech. Report, RADC-TR-7 1-
289, Air Force Systems Command, Rome Air Development Center, Oct. 1971.

81. Ladany and H. Kressel, “The Influence of Device Fabrication Parameters on the Degradation of
AlGaAs CW Laser Diodes,”” Appl. Phys. Lett., 25, No. 12, Dec. 15, 1974.

758 RCA Review ¢ Vol. 36 « December 1975




The Chirp Z-Transform—A CCD Implementation

G. J. Mayer

RCA Missile and Surface Radar Division, Morrestown, N.J.

Abstract—The chirp z-transform is a signal processing algorithm that can efficiently
evaluate the z-transform of a time sampled signal when implemented using
charge-coupled devices. The charge-coupled-device chirp z-transform realizes
significant hardware savings over alternative approaches to perform spectral
analysis and has the potential of greater signal-processing flexibility.

1. Introduction

Charge coupled devices (CCD’s) are MOS integrated circuits that
provide analog delay of electric charge. The optical or electrical input
to the CCD is sampled and converted to a packet of charge whose
magnitude is proportional to the input. The charge packet moves
down the CCD stages, shift register fashion, under the control of
clock voltages. The charge packets are transferred from one stage to
the next until they reach an output stage where the magnitude of the
charge packet is sensed and converted to an electrical analog signal.
The clock frequency and the number of stages transferred determine
the time delay introduced. These characteristics led initially to the
application of CCDs to image sensing and digital memories.

More recently, the application of CCD’s to analog signal processing
has been receiving great interest. Analog signal processing using
CCD’s has great potential in areas as diversified as consumer televi-
sion, seismic instrumentation, and radar systems. In analog sampled-
data signal processing, the continuous analog signal is sampled and
the analog value is retained. In digital signal processing, on the other
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hand, the continuous analog signal sample must be digitized. The di-
gitizing process involved is a source of error and is only the first oper-
ation in a stream of complex processing steps.

Analog signal processing using CCD’s employs two architectures,
untapped and tapped analog delay lines. Applications for the un-
tapped delay line include electrically variable analog delay, time ex-
pansion and compression, and time alignment of analog signals.
Tapped delay-line applications include time correlation of analog sig-
nals, spectrum analyzers, and band-width compression. Some CCD
signal processing devices that have been developed at various labora-
tories are described in References [1]-[3].

2. Chirp Z-Transform Algorithm

A signal processing application that makes use of both untapped and
tapped CCD delay lines is the chirp z-transform4 (CZT), which is an
algorithm that evaluates the z-transform. Presently, spectrum analy-
sis in signal processing is performed by the fast Fourier transform
(FFT) which is an implementation of the discrete Fourier transform
(DFT). The CZT algorithm offers many signal processing advantages
over the FFT, but only if it can be implemented using analog tech-
niques. Such an implementation is possible using CCDs. The hard-
ware savings of CCD technology and analog sampled-data signal pro-
cessing offer added incentive to develop the CCD chirp z-transform.

The following derivation is based upon a report by Rabiner, Schaf-
er, and Rader (Ref [4]). The CZT algorithm evaluates the z-trans-
form of a sequence of P samples as shown in Fig. 1. The z-transform
of a sequence of samples x, is defined as

X(@)= ¥ xpz7P. (1]

Assuming that the right side of Eq. [1] converges for some values of z,
and restricting the evaluation of the z-transform to sequences with a
finite number P of non-zero samples, Eq. [1] becomes

P-1
X(z)= 3 xpz~P. (2]
p=0

For a finite number of points zg,
p—1
Xr=X(zr) = Y xpzx~". 3]
p=0

The special case of the z-transform which has received consider-
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able attention is the set of points equally spaced around the unit cir-
cle of the z-plane:

.2
zk=exp<] Fﬂ-k),k=0,1,...,P—1, (4]
which gives
Pl 27
Xe=Y xp exp(—]—pk),k =0,1,...,P—1. (5]
p=0 P

Eq. [5] is the discrete Fourier transform (DFT). Thus, the DFT is a
special case of the z-transform and contains inherent limitations. The
limitations include (1) integration only on the unit circle of the 2-
plane; (2) the number of time samples must be equal to the number
of points evaluated by the z-transform; (3) the number of samples
evaluated for efficient operation, must be a power of two; and (4) the
angular spacing of z; is as specified by Eq. [4]. The CZT algorithm
eliminates these limitations.

t x(p) X(2
LILY RN (RS £ 2-transrom f—22L —

x(1) x(p) X(z)

Fig. 1— Z-Transform evaluation.

The CZT algorithm can be derived from Eq. [3] using the equation
2n= AB~kk =0,1,.. K -1 (6]

where K is an arbitrary integer and A and B are arbitrary complex
numbers of the form

A = Ag exp(j 2x6,) (7]
B = By exp(j 27 ¢o)- (8]
Therefore Eq. [3] becomes

P-1
Xe= Y x,A"PBPk,  k=0,,.. . K-1 [9]
p=0

RCA Review ¢ Vol. 36 ¢ December 1975 761




By making the substitution®
p2+ k2 — (k — p)2

k = ] 10
Eq. [9] becomes
X = P}fl xpA~PBWPHABRIAB—k—pY’/2p = 01,.. K — 1.
p=0
[11]

While Eq. [11] appears to be a more complicated expression of Eq.
[9], it leads to a more efficient hardware implementation. Eq. [11] can
be broken into three processing parts.

CONVOLUTTOM

-p2/2
y, @8

PP/ gk112

Fig. 2—Processing steps of the chirp z-transform.

The first part consists of a complex multiplication
¥p =xpA~PBP2 p=0,,... P—1 [12]
The series y, is then multiplied by the term B~*~?)*/2 and summed
to perform complex convolution

P-1
ge= Y ypB~*k=pP2 k=01 K-1 [13]
p=0

The series g is multiplied by B¥*/2. Therefore
Xr=gBF2 k=01,...K—1. [14]

This CZT three-step process is illustrated in Fig. 2.
Use of the CZT algorithm thus eliminates the limitations of the
DFT mentioned earlier:

(1) The CZT algorithm can evaluate the z-transform along contours
inside and outside the unit circle of the z-plane. By evaluating
the z-transform along a selected contour, the transfer function
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of a linear system can be adjusted to sharpen or flatten the
frequency response. The choice of contour is dependent on
which of the systems poles should be emphasized.

(2) The CZT algorithm allows arbitrary selection of starting frequen-
¢y and frequency spacing, independent of the number of time
samples. It can therefore evaluate high-resolution narrow-fre-
quency-band spectra at relatively low cost, providing high res-
olution for a limited range of frequencies and low resolution
for the undesired ranges of the rest of the spectrum.

(3) With CZT, interpolation between time samples of a bandlimited
function can be obtained with greater ease than with the DFT,
and interpolation at arbitrary sampling intervals can be per-
formed efficiently.

CONVOLUTION
cos v p?/P

CONVOLUTION
s o» p?/P

CONVOLUT]ON
sinox p2/p

convoLuTIoN
cos ~ p?/P

X

Fig. 3—Functional diagram of the chirp z-transform.

As an example of the signal processing tasks to which the CZT is
applicable, we will describe here its use as a spectral analyzer that
will process complex data. The implementation of the algorithm is
derived from Fig. 2 and is shown in Fig. 3. In the derivation the real
and complex quantities are represented by i and g, respectively. Let-
ting

= A-PBP*2 [15]
y=xf [16]
y = xifi + jxifq + jxofi + j2xqfq (17}
yi = xifi + j2x,fq (18]
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Yi = xifi - xq/q [19]

Yq = Jxifq + Jxofi (20]
Yo = ixifq + x4f0). [21]
Similarly, letting
e = B~p%/2 [22]
g = y*e (23]
g = yi*ei + yi*jeq + jy *e; + jy,*jeq (24]
8i = Yi*ei — y *e, (25]
8q = Yi*jeq + jyq*ei; 26]
and letting
d = B**/2, (27]
X =gd [28]
X = gidi + jgidy + jg di + j%8,d, [29]
Xi=gidi — g,d, 30]
Xq=Jjgidy + g,di). [31]

For By = 1 in Eq. [8], the sequence BP*?2 is a complex sinusoid. Egs.
(15], [22], and [27] can therefore be represented as follows:

fi = cos =p2/P [32]
fq = —sin = p2/P [33]
e; = cos 7 p%/P [34]
eq = sin 7 p2/P [35]
d; = cos 7 k2/K [36]
d, = —sin 7k?/K [37]

Substituting Egs. [32], [33], [34], [35], [36], and [37] into Egs. [19],
[21], [25], [26], [30], and [31], respectively, the complex CZT imple-
mentation can be described:

Yi = x; (cos = p%/P) + (sin =p2/P) [38]
Yq = J [=xi (sin = p?/P) + x, (cos = p%/P)] (39]
8i = yi* (cos w p2/P) — y,* (sin = p2/P) (40]
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gq = yi*j (sin @ p2/P) + jyg* (cos = p?/P) 41}
X; = gi (cos 7 k2/K) + g (sin = k2/K) 42]
X, = jl—g (sin 7 k2/K) + gq (cos = k2/K)] 43}

The CZT of Fig. 3 can be implemented using off-the-shelf analog
components and CCD’s.

Implementation of the Chirp Z-Transform with CCD’s

The application of CCD’s to the chirp z-transform algorithm requires
the use of tapped and untapped delay lines to perform the convolu-
tion shown in Fig. 3. A tapped CCD is used as a correlator with the
weights in reverse order (see Fig. 3). It gives partial product terms.
An untapped CCD is used to combine these terms and give convolu-
tion. A block diagram of the CCD CZT is shown in Fig. 4.

cco
CORRELATOR

Lo
(ORRELATOR

44l
COR ELATOR

&)
CORKLLATOR

Fig. 4—CCD chirp z-transform.

The CCD correlators of Fig. 4 can be implemented using either of
two arrays. One is a thirty-two stage delay line, where each stage of
the delay line is tapped and weighted. This is accomplished using a
split-gate weighting technique (see Figs. 5 and 6). Fig. 5 shows the
split-gate electrodes above the SiO2-Si interface, which contains the
charges. The amount of charge passing under the split-gate elec-
trodes is sensed and weighted according to the percent of the elec-
trode for the positive (+¢2) and negative (—¢2) bus as shown in Fig. 6.
In Fig. 6 the first split gate is more negatively weighted, the second
more positively weighted, and the third is equally weighted. The out-
put signal is obtained by connecting the +¢9 and —¢2 bus to a differ-
ential amplifier circuit. It is not only necessary to sense the signal due
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Fig. 5—Split-gate CCD.

to the charges and the weighting, it is also necessary to eliminate the
¢2 clock.

The weighting required is incorporated into the mask at the time
of fabrication of the CCD. Although mask programmable weighting is
a viable technique, it is an inherent limitation.

The other CCD array, currently under development, uses a weight-
ing technique that allows for programmable weights. This array con-
sists of two sixty-four stage CCD delay lines that are tapped at every
other stage. The tapped outputs are coupled, as shown in Fig. 7,
through four-quadrant MOS multipliers (*1 through *32). The + and
— bus lines are the output of the MOS multipliers, and a differential
amplifier circuit is used to obtain the partial product terms of the
convolution. The partial products are summed, to give the convolu-
tion, using operational amplifiers.

The other major part of the CZT consists of the CZT weighting,
which occurs before and after the correlation as shown in Fig. 4. Since

#1 CLOCK

T 2 CLOCK
2 BLS
Q ———— -7 BUS

42 CLOCK

Fig. 6—Split-gate weighting.
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both are implemented in essentially the same manner, a single de-
scription will suffice. Two techniques have been envisioned. The first
consists of wideband four-quadrant analog multipliers with the
weights generated by programmable read-only memories (PROM'’s)
and coupled through digital/analog converters (D/A’s). This would
provide the appropriate weights in analog form. The second tech-
nique uses multiplying D/A’s with PROM weight storage.

The entire CZT requires appropriate clocking and timing circuitry
for processing and weight generation. Initially a feasibility model of
the CZT would evaluate thirty-two complex z-transform samples. To
accomplish this would require sixty-four clock periods. The first
thirty-two clock periods would be used for the CZT weighting prior to
correlation and to fill the correlator. The second thirty-two clock pe-
riods would empty the correlator and perform the CTZ weighting
after the correlation. A correlator length of thirty-two taps was cho-
sen to optimize the flexibility of use in various signal processing sys-
tems.

SIGNAL

IRPUT SIGNAL OUTPUT

1T — « s

— - bus

WEIGHT
INPUT

Fig. 7—Programmable weight CCD correlator.

Computer Simulation

The CZT algorithm was programmed to verify the anticipated opera-
tion of the CZT and to provide the values necessary for the CZT con-
volution. The convolution values generated were used to program the
split gate weights as shown in Figs. 5 and 6. These weights, for.the I
and Q arrays, are shown in Table 1.

The program verified that the CZT algorithm performs the 2-
transform and that the complex correlation technique used performs
the complex convolution. The input for the CZT requires that the
thirty-two input samples be followed by thirty-two zeros. This is nec-
essary, as the convolution is performed using a correlator. The first
thirty-one output samples are invalid for the same reason. Output
samples thirty-two to sixty-three therefore, constitute the spectral
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Table 1—CZT Convolution Weights

1 BI 0.995184
2 BI 0.923877
3 BI 0.634389
4 BI -0.000005
5 BI -0.773013
6 BI -0.923878
7 BI 0.098023
8 BI 1.000000

9 BI -0.098012
10 BI -0.923881
11 BI 0.773011
12 BI 0.000011
13 BI -0.634398
14 BI 0.923880
15 BI ~0.995186
16 BI 1.000000

BQ 0.098025
BQ 0.382689
BQ 0.773014
BQ 1.000000
BQ 0.634390
BQ -0.382688
BQ -0.995184
BQ -0.000007
BQ 0.995185
BQ -0.382681
BQ -0.634393
BQ 1.000000
BQ -0.773006
BQ 0.382682
BQ -0.098006
BQ -0.000005

17 BI -0.995135
18 BI . 0.923882
19 BI -0.634392
20 BI -0.000001
21 BI 0.773011
22 BI -0.923880
23 BI -0.098018
24 BI 1.000000
25 BI 0.098017
26 BI -0.923880
27 BI 0.773010
28 BI 0.000000
29 BI 0.634393
30 BI 0.923880
31 BI 0.995185
32 BI 1.000000

BQ -0.098019
BQ 0.382677
BQ -0.773011
BQ 1.000000
BQ -0.634393
BQ -0.382684
BQ 0.995185
BQ 0.000001
BQ -0.995185
BQ ~0.382683

0.634394
1.000000
0.773010
0.382683
0.098017
0.000000

output of the CZT and, for simplicity, will be numbered one to thirty-
two. The inputs and outputs used in the simulation are shown in
Figs. 8 through 13.
Figure 8 shows a real (XI) and imaginary (XQ) sinusoidal input of
two cycles across the aperture. The output magnitude ratio and phase
angle are also shown corresponding to this input. Fig. 9 shows an
input of twice the frequency (four cycles) and the corresponding out-
put, which is shifted two spectral lines to the left. Fig. 10 shows an
input of four times that of Fig. 8. The output here is shifted by six
spectral lines to the left of that in Fig. 8. In Fig. 11 the input of six-
teen cycles (eight times that of Fig. 8) gives an output whose spectral
line is shifted fourteen spectral lines to the left of that in Figure 8.

MAGNITUDE

32 O

QO uo».Noouuoooo».»ou» .

I
4

[oXe] RS
xQ

L ik L
8 12 16 20 2‘4 28 32
SAMPLE

INPUT SI

PHASE

90

a

8 IZ IG 20 24 28 32
SAMPLE

QUTPUT SI

Fig. 8—Real (XI) and imaginary (XQ) sinusoidal input of two cycles across the aperture.
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Fig. 9—Input twice that of Fig. 8 (4 cycles) and corresponding output.
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Fig. 10—Input four times that of Fig. 8 and corresponding output.
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Fig. 11—Input of sixteen cycles and output (shifted 14 spectral lines to the left of Fig. 8).
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Fig. 12—Superposition (addition of inputs from Figs. 8 and 11) and corresponding output.

Fig. 12 illustrates superposition, as the input is the addition of the
inputs from Figs. 8 and 11, and the output is the addition of the out-
puts.

To simulate the impulse response with I and Q processing, values
for the impulse can be chosen to give an arbitrary phase angle. In Fig.
13 the values for the input were chosen to give a phase angle of 74.5°.
The simulated output for this input is shown in Fig. 13 and gives the
expected results.

The inverse chirp z-transform (CZT-?) takes 2-transform samples
of a time sampled input and converts them back into the time do-
main. Computer simulation was used to determine the proper algo-
rithm. This was done as shown in Fig. 14. The first attempt to obtain
the CZT~! used a CZT and varied the sign of the inputs. Table 2

3201 22
w
o
=
B s
0.0 z 16.0F
xI g
=z
-1.0F 0.0 presess
: e TR T (IS S S T | ) L T R -
4 B8 12 16 20 24 28 32 4 8 12 16 20 24 28 32
SAMPLE SAMPLE
1.0
X el renoncrneneomoocoocaacos
b
0.0 -
) £ ©
-9
-1.0|
INPUT 56 90 OUTPUT S 6

Fig. 13—Simulated output for input chosen to give phase angle of 74.5°.
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TIME FREQUENCY TIME
DOMAIN DOMAIN DOMAIN
X X,
] 1
cr X cr!
x X
q X q

q

Fig. 14—Simulation to determine inverse chirp z-transform (CZT™ ") algorithm.

summarizes these simulations. The time input used is shown in Fig.
15 along with the CZT output. This input was chosen because its
asymmetry would be helpful in determining if the CZT~! output was
in the proper time sequence.

The results of the simulations shown in Table 2 suggest that the
CZT-! algorithm should accept the 2-transformed samples in re-
versed order. A second set of simulations was undertaken in which
the first z-transformed sample out of the CZT is the last one into the
CZT-! and so on. A summary of these simulations is shown in Table
3.

From the simulation, it is observed that the correct CZT~! algo-

Table 2—Simulations for CZT™!

Sign of CZT™'
Inputs CZT™"' Outputs
X Xq Xj Xq

Case 1 + + Reverse time sequence Reverse time sequence
Case 2 + - Correct 180° out of phase
Case 3 - + 180° out of phase Correct

Case 4 - - Reverse time sequence, Reverse time sequence,

180° out of phase 180° out of phase

Table 3—Simulations for CZT-' with Z-Transformed Samples in Reversed

Order
Sign of CZT-' Inputs CZT-' Outputs
2 Xq Xj Xq
Case 5 + + Correct Correct
Case 6 + = Reverse time Reverse time
sequence, sequence
180° out of
phase
Case 7 = + Reverse time Reverse time
sequence sequence,
180° out of
phase
Case 8 = = 180° out of 180° out of
phase phase
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Fig. 15—Time input used in CZT~" simulation and output.

rithm requires that the sequence of the z-transform samples for the
input be reversed with no sign change.

Applications

The CCD chirp z-transform can be used in a variety of applications.
One example, where its application could have great impact, is in
pulse compression. Pulse compression is a signal processing function
used in radar and sonar systems to reduce the peak power require-
ments of the transmitter by sending out a long coded pulse and then
compressing the received pulse to obtain resolution comparable to
that obtained when transmitting a narrow pulse.

Fig. 16 is a block diagram of a linear FM pulse-compression system
incorporating a CZT and CZT-! using the step transform.® The step
transform algorithm functionally operates by mixing the expanded
pulse video input with a frequency ramped sawtooth reference wave-
form. The effect of this mixing is to convert the long-duration-input
linear FM waveform into a staircase waveform with individual
“steps,” each of duration much less than the expanded pulse length.
The staircase waveform steps are obtained by repeating the reference
for each ramp of the sawtooth. The first CCD CZT operates on the
continuous steps and enters the spectral coefficients associated with

— AEORDER CCD-C2T g ——J\»-—
- cco-c2T o 3 Y
EXPANDED PULSE INPUT COMPRESSED PULSE

oureur

|

REFERENCE
WAVEFORM

Fig. 16—CCD step transform.
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each step into the reorder CCD memory. The second CCD CZT oper-
ates on appropriately selected spectral samples from each of the steps
across the entire waveform and provides a coherent weighted sum at
the output. A square-sum combination of the real and imaginary out-
put channels provides the compressed pulse output. Fig. 16 is a sim-
plified diagram; the reader is referred to Ref. [6] for a more complete
treatment of the step-transform process.

Further analysis has indicated that the CZT processing functions
and those required by the step-transform process, can be combined to
streamline the CCD step-transform processor. . A simplified block di-
agram is shown in Fig. 17. The half-aperture delay is provided to fa-

cco cco cco
DELAY X CORRELATOR MEMOKY X CORRELATOR +
INPUE ouTPLT
o REFEKENCE REFERENCE SWITCH |~

LINEAR FM CoMP.

WAVEFORM PULSE

cco ccp cco .
X CORRELATOR MEMORY X CORRELATOK 4 DERAY

Fig. 177—CCD step-transform processor.

cilitate a continuous matched filtering process. If the processor is im-
plemented with the 32-stage CCD correlator described earlier, the
time bandwidth product will be 256. Longer time-bandwidth prod-
ucts can be obtained by cascading the correlators and appropriately
changing the memory and reference storage. The two reference stor-
age locations combine the CZT weighting coefficients, reference
waveform, and sidelobe suppression weighting. This functional com-
bination results in a very efficient hardware implementation.
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P. R. Ahrens High Voltage Protection Circuit (3,894,269)
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(3,892,949)

S. L. Gilbert and M. Ettenberg Method for Epitaxially Growing a Semiconductor Material
on a Substrate from the Liquid Phase (3,897,281)

A. M. Goodman and G. M. Breece Provision of Reproducible Thin Layers of Silicon Diox-
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Wires of Differing Inductance from Cell to Cell (3,893, 159)
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J. E. Miller Computer for Threshold of Tau (3,893,112)

J. Mitchell, Jr. and L. A. Carr, Jr. Technique for Fabricating High Q@ MIM Capacitors
(3,894,872)

A. M. Morrell, W. H. Barkow, and J. Gross Self-Converging Color Television Display Sys-
tem (3,892,996)

J. H. Owens Method of Setting the 4.5 MHZ Trap in a Television Receiver (3, 892,913)
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J. E. Wright Power Transistor Having Good Thermal Fatique Capabilities (3,896,486)

August

A. A. Ahmed Switching Circuit Having Multiple Operating Modes (3.902,079)

T. V. Bolger Integral Correction and Transverse Equalization Method and Apparatus
(3,899,666)
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F. F. Henriques Fault Detector Facilitating Means for Card Reader of Identification Card
Reading System (3,906,448)

K. C. Hernqvist Gas Laser Tube (3,904,986)
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A. J. Leldich Overvoltage Protection Circuit (3,904,931)
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R. J. Matarese Separate Interdigital Electrodes Without Using Any Special Photolitho-
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D. Meyerhofer Liquid Crystal Devices of Improved Contrast (3,905,682)

D. Meyerhofer Controlled Angle Viewing Screens by Interference Techniques
(3,909,111)

A. Meyerhofer Indexing System for Microfiche Viewer (3,909, 123)

D. A. Moe Failure Detecting and Inhibiting Circuit (3,906,258)

S. Naroff Sheet Wrapping and Unwrapping Apparatus (3,908,98 1)

R. W. Nosker and L. P. Fox True Replication of Soft Substrates (3,904,488)

W. R. Roach and L. Darcy Deformable Mirror Light Value for Real Time Operation
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R. E. Rooney Cryogenic Dewar (3,909,225)

H. E. Schade Electron Tube Having a Semiconductor Coated Metal Anode Electrode to
Prevent Electron Bombardment Stimulated Desorption of Contaminants Therefrom
(3,906,277)

M. B. Shrader Vacuum Seal for Envelope Portions (3,904,065)

W. W. Siekanowicz Frequency Translator Using Gyromagnetic Material (3,906,408)

D. H. Vilkomerson and R. S. Mezrich Elastic Light-Scattering Modulator Device
(3,907,407)

R. K. Walter Electronic Component Assembly (3,905,000)

D. H. Willis High Voltage Protection Circuit (3,906,304)

C. F. Wheatley, Jr. and O. Shevchenko Voltage Reduction Circuit for Deflection Yoke
(3,904,927)

R. M. Wilson and W. J. Bachman Direction Indicating Display System (3,909,691)

S. Yuan and R. L. Camisa Digitally Controlled Oscillator Using Semiconductor Capaci-
tance Elements (3,909,748)

778 RCA Review ¢ Vol. 36 ¢ December 1975




AUTHORS

Lawrence A. Ezard received the B.S. in electrical engineering
from The Pennsylvania State University in 1960, the M.S. in phys-
ics from Franklin and Marshall College in 1965, and the Ph.D. in
electrical engineering from The University of Pennsylvania in 1970.
K d In August 1960 Dr. Ezard was employed as an engineer by RCA,
/ . Lancaster, Pennsylvania. His work, during eleven years at RCA, in-
— N n q
— cluded research, design, development, and evaluation of image
\J tubes. More specifically, his area of study has included electron
" optics; photoemission; processing of muitialkali, cesium-oxygen-
silver, and lll-V type semiconductor photocathodes; and phosphor
screens. In 1966 he received an RCA Electronic Components and Devices Engineering
Achievement Award for Image tube Development. He has been responsible for the de-
sign and development of more than a dozen image tubes during his association with
RCA. In September 1971 Dr. Ezard accepted an appointment as Assistant Professor of
Engineering at The Pennsylvania State University, The Capitol Campus, Middletown,
Pennsylvania.
Dr. Ezard is a member of Eta Kappa Nu, Tau Beta Pi, and a senior member of the
IEEEE. He is also a registered professional engineer in the state Pennsylvania.

Helmut Kiess attended the University of Stuttgart from 1953 to
1957 and the University of Darmstadt from 1958 to 1960. He re-

- ceived the doctor's degree from the University of Karlsruhe in
1963. Dr. Kiess joined the Laboratories RCA Ltd., Zirich, Switzer-
A g land in 1963 and since then has worked on the physics of photo-

conductors and insulators. During the period from July 1970 to
‘ \ h April 1971 he was at RCA Laboratories in Princeton.

Gerard J. Mayer received the BE in electrical engineering from Vil-
lanova University in 1973. He is currently pursuing the MS at the
University of Pennsylvania. Mr. Mayer is presently investigating the
application of Charge Coupled Devices (CCD) to signal processing.
He joined the RCA Missile and Surface Radar Division, Advanced
Systems and Technology group, Morrestown, N. J., in 1973, where
he has been involved in the design, implementation and evaluation
of a developmental CCD clutter rejection system used to evaluate
the signal processing potential of CCD's. He has prime responsibil-
ity for the development of CCD signal processing at MSRD, includ-
ing a CCD radar pulse-compression system. Previous assignments included the design of
subsystems for an advanced CMOS/SOS digital pulse compression signal processor. He
developed a custom CMOS/SOS array which is a basic building block of the processor
and implements a variety of signal processing functions. He has also performed system
studies on image rejection, image jamming and cover pulse jamming for the Navy's
AEGIS system. Mr. Mayer is a member of Eta Kappa Nu.

RCA Review ¢ Vol. 36 « December 1975 779




Adolph Presser received the B.E.E. degree from the Institute of
Technology, Vienna, Austria, in 1950, and the M.E.E. degree from
the Polytechnic Institute of Brooklyn, New York, in 1961. In 1959,
Mr. Presser joined the RCA Microwave Technology Center at the
David Sarnoft Research Center in Princeton, New Jersey, as a
member of the technical statf. As a member of the Microwave
Electronics section of this group, he has been engaged in the de-
velopment of various solid-state microwave devices. His work in-
cludes the design and development of parametric amplifiers, tun-
nel-diode amplifiers, tunnel-diode frequency converters, and tun-
nel-diode oscillators. In 1965, Mr. Presser’s field of interest shifted towards microwave in-
tegrated circuitry. He was instrumental in the design and development of telemetry trans-
mitters, high-power transistor amplifiers, power sources for ECM systems, and more re-
cently, of linear transistor power amplifiers and Doppler radar modules.

in 1964, Mr. Presser received the RCA Electronic Components Outstanding Perfor-
mance Award and in 1965 the RCA Laboratories Achievement Award.

J. E. Roddy received a BS degree in Physics from Villanova Uni-
versity in 1966. He is presently pursuing a master’s degree in Elec-
trical Engineering at Drexel University. Since joining RCA's Ad-
vanced Technology Laboratories in 1966, he has worked on the
development of laser and other electro-optic systems. He contrib-
uted to the modification and field support of the Ideographic Com-
posing Machine—a display and printout system for Chinese, Japa-
s & nese, and Korean languages. He was engaged in the development
§ . ‘& 5 and testing of a 100-MHz FM laser signal recorder. He designed a
~ wideband, low-voltage, electro-optic light modulator for this film re-
corder. He has analyzed and evaluated electro-optic components for use in laser signal
and image recorders. Since 1968, Mr. Roddy has been active in evaluating laser hazards.
He was a member of the ANSI Z-136 committee, which published a standard on the safe
use of lasers in September 1973. He is presently investigating semiconductor lasers, ac-
ousto-optic deflectors, and photographic films for use in laser recording systems.
Mr. Roddy is a member of the IEEE.

Harold S. Veloric received the B.A. in chemistry from the Universi-
ty of Pennsylvania in 1951 and the M.S. and Ph.D. degrees in phys-
ical chemistry from the University of Delaware in 1952 and 1954,
respectively. Dr. Veloric joined the Bell Telephone Laboratories in
1954 where he worked on the development of various types of sili-
con diodes including power rectifiers, voltage-regulatory diodes,
computer diodes, and solar cells. He joined RCA Solid-State Divi-
sion in 1958, where he worked on the design and development of
high frequency transistors for consumer and computer applica-
tions. In 1960 he was responsible as Engineering Manager for the
design and development of signal and switching transistors, and subsequently for MOS
Engineering, Device Process Development, and RF transistor Engineering.

He is currently a Member of the Technical Staff of the Microwave Technology Center
at RCA Laboratories, working on technology developments for the microwave group.

780 RCA Review ¢ Vol. 36 ¢ December 1975




James P. Wittke received the M.E. degree from Stevens Institute
of Technology, Hoboken, New Jersey in 1949, and the M.A. and
Ph.D. degrees in physics from Princeton University, Princeton, N.
J., in 1952 and 1955, respectively. His doctoral research was a
precision microwave determination of the hyperfine splitting in
atomic hydrogen. He was an instructor in physics at Princeton for
one year before joining the technical staff of RCA laboratories,
Princeton. At RCA he has engaged in paramagnetic resonance
and microwave maser studies, in research on optically excited
crystal lasers, and in investigations of the motions and properties
of impurities in rutile. He has also worked on various classified projects. In 1967 Dr.
Wittke was awarded an RCA Fellowship for a year of study abroad, which he spent at the
Clarendon Laboratory at Oxford, England. Since then, he has studied the luminescence of
heavily doped GaAs, helped develop new infrared-stimulated light emitting phosphors,
and worked on the generation of ultra-short laser pulses, using mode-locking techniques.
He is currently studying optical fiber communications systems, including measurements
of the characteristics of fast-light-emitting diodes and of various low-loss fibers.

Dr. Wittke is a member of the Optical Society of America, IEEE, and of Tau Beta Pi and
a Fellow of the American Physical Society.

Frank J. Woznlak attended RCA Institute from 1964 to 1966. Upon graduation, he
worked at N.Y.U. where he took several technical courses. He joined RCA in 1969, work-
ing in the Defense Microelectronics Group in Somerville, N.J. In 1971, he transferred to
the Microwave Technology Center at RCA Laboratories, Princeton, N. J., where he is en-
‘gaged in the fabrication of components for microwave integrated circuits.

RCA Review ¢ Vol. 36 ¢ December 1975 781




m@m A technical journal published quarterly

by RCA Research and Engineering

Rev I eW in cooperation with the subsidiaries
and divisions of RCA.

Iindex Volume 36, 1975

March 1975 Volume 36 Number 1

40

70

89

108

125

132

149

163

177

198
201
204

Optical Properties of Materials

Introduction
J. A. Rajchman

Bose-Einstein Condensation in Exciton Systems and Liquid Helium
D. Baeriswyl and W. Czaja

Optical Properties of Layer Structure Compounds
G. Harbeke and E. Tosatti

Coupled Lattice Modes in Light Scattering
R. K. Wehner and E. F. Steigmeier

Some Recent Developments in Brillouin Scattering
J. R. Sandercock

Optical Properties of Polystyrene Suspension in Water (Latex)
H. Fujita, K. Ametani, and M. Inoue

The Nephelauxetic Effect in Divalent Rare Earth lons
R. Casanova Alig

Two Dimensional Phase Transitions of Mobile lons at SiO,-Si Interfaces
P. J. Woitowicz

Optical Properties of SrTiO; and LiNbO3
H. A. Weakliem, W. J. Burke, D. Redfield, and V. Korsun

Optical Properties of GaN
J. . Pankove, S. Bloom, and G. Harbeke

Electrochromism in WO3; Amorphous Films
B. W. Faughnan, R. S. Crandall, and P. M. Heyman

Technical Papers
Patents

Authors

June 1975 Volume 36 Number 2

213

Time-Dependent Characteristics of Photo-Induced Space-Charge Fieid and
Phase Holograms in Lithium Niobate and Other Photorefractive Media
G. A. Alphonse, R. C. Alig, D. L. Staebler, and W. Phillips

782 RCA Review ¢ Vol. 36 ¢ December 1975




230

240

254

274

296

316

324

336

369
372
375

Reliability Aspects and Facet Damage in High-Power Emission from
(AlGa)As CW Laser Diodes at Room Temperature
H. Kressel and . Ladany

Mobility of Current Carriers in Silicon-on-Sapphire (SOS) Films
S. T. Hsu and J. H. Scott, Jr.

Three-Filter Colorimetry of Color-Television Picture Tubes
G. M. Ehemann, Jr.

A Study of Second-Harmonic-Extraction Trapatt Amplifiers for X-Band
Operation
W. R. Curtice, J. J. Risko, and P. T. Ho

Microwave Integrated-Circuit MIS Varactor Phase Shifter
R. L. Camisa, B. F. Hitch, S. Yuan, and M. Ettenberg

The Conversion Efficiency of ideal Shockley P-N Junction Photovoltaic
Converters in Concentrated Sunlight
F. Sterzer

Silicon Solar Cells for Highly Concentrated Sunlight
R. H. Dean, L. S. Napoli, and S. G. Liu

Review on Industrial Applications of High-Power Laser Beams Il
I. P. Shkarofsky

Technical Papers Published
Patents

Authors

September 1975 Volume 36 Number 3

383

385

408

425

444

467

485

499

508

Introduction
Richard Williams

From Camera Tubes to Solid-State Sensors
Paul K. Weimer

An Approximate Model of the Beam-Blocking Contact in a PbO Vidicon
Alvin M. Goodman

Semiconductor Heterojunction Vidicons
C. R. Wronski

Simplicity in Theory: An Anecdotal Account of Current Injection in Solids—
In Tribute to Albert Rose
Murray A. Lampert

Photoconductivity in Amorphous Semiconductors
Richard H. Bube

Speed of Response of Photocurrents in CdSe
H. Kiess and B. Binggeli

On the Concept of “'Lifetimes" in Photoconductors
F. Stockmann

Oxygen Chemisorption and Photodesorption Processes on ZnO Surfaces
D. Eger, Y. Goldstein, and A. Many

RCA Review ¢ Vol. 36 ¢ December 1875

783




531

542

551

566

594

621

632

638
640
643
648

A. Criterion for the Onset of Hot Electron Transport
Richard S. Crandall

Structure and Energy of the Interface Between an Insulator and an
Electrolyte
Richard Williams

Solar-Cell Capacitance
A. R. Moore

Basic Concepts of Charge-Coupled Devices
W. F. Kosonocky and J. E. Carnes

Tunneling Conductivity in Granular Metal Films
B. Abeles

Pattern Meaningfulness and Pattern Detectability
Joseph J. Mezrich

An X-Ray-Sensitive Fiber-Optic Intensifier Screen for Topography
R. W. Smith

Biography of Albert Rose
Technical Papers Published
Patents

Authors

December 1975 Volume 36 Number 4

655

667

711

722

731

744

759

774
776
779

782

784

Spontaneous-Emission-Rate Alteration by Dielectric and Other Waveguiding
Structures
James P. Wittke

The Physics of Electrical Charging and Discharging of Semiconductors
H. Kiess

Measurement of the Effective Photoelectron Emission Energy
L. A. Ezard

MTF Measurements of an Image Tube Electron Lens
L. A. Ezard

Ultra-Thin RF Silicon Transisters With a Copper-Plated Heat Sink
H. S. Veloric, A. Presser, and F. J. Wozniak

Wideband Signal Recording on Film Using (AlGa)As CW Injection Lasers
J. E. Roddy

The Chirp Z-Transform—A CCD Implementation
G. J. Mayer

Technical Papers
Patents
Authors

Index to Vol. 36, 1975

RCA Review ¢ Vol. 36 ¢ December 1975




Index to Authors, Volume 36, 1975

B. Abeles  Tunneling Conductivity in Granular Metal Films, September, p. 594

R. C. Alig The Nephelauxetic Effect in Divalent Rare Earth lons, March, p. 125

—Time-Dependent Characteristics of Photo-Induced Space-Charge Field and Phase Holograms in
Lithium Niobate and Other Photorefractive Media, June, p. 213

G. A. Alphonse  Time-Dependent Characteristics of Photo-Induced Space-Charge Field and Phase
Holograms in Lithium Niobate and Other Photorefractive Media, June, p. 213

K. Ametanl  Optical Properties of Polystyrene Suspension in Water (Latex), March, p. 108

D. Baeriswyl Bose-Einstein Condensation in Exciton Systems and Liquid Helium, March, p. §

B. Binggeli Speed of Response of Photocurrents in CdSe, September, p. 485

S. Bloom Optical Properties of GaN, March, p. 163

R. H. Bube Photoconductivity in Amorphous Semiconductors, September, p. 467

W. J. Burke Optical Properties of SrTiO3 and LiNbO3, March, p. 149

R.L.Camisa Microwave Integrated-Circuit MIS Varactor Phase Shifter, June, p. 296

J. E.Carnes  Basic Concepts of Charge-Coupled Devices, September, p. 566

R. S. Crandall  Electrochromism in WO3; Amorphous Films, March, p. 177

-—A Criterion for the Onset of Hot Electron Transport, September, p. 531

W. R. Curtice A Study of Second-Harmonic-Extraction Trapatt Amplifiers in X-Band Operation,
June, p. 274

W. Czaja Bose-Einstein Condensation in Exciton Systems and Liquid Helium, March, p. §

R. H. Dean  Silicon Solar Cells for Highly Concentrated Sunlight, June, p. 324

D. Eger Oxygen Chemisorption and Photodesorption Processes on ZnO Surfaces, September, p.
508

G. M. Ehemann, Jr. Three-Filter Colorimetry of Color-Television Picture Tubes, June, p. 254

M. Ettenberg  Microwave Integrated-Circuit MIS Varactor Phase Shifter, June, p. 296

L. A. Ezard  Measurement of the Effective Photoelectron Emission Energy, December, p. 711
—MTF Measurements of an Image Tube Electron Lens, December, p. 722

B. W. Faughnan  Electrochromism in WO3; Amorphous Films, March, p. 177

H. Fujita  Optical Properties of Polystyrene Suspension in Water (Latex), March, p. 108

Y. Goldsteln  Oxygen Chemisorption and Photodesorption Processes on ZnO Surfaces, Septem-
ber, p. 508

A. M. Goodman  An Approximate Model of the Beam-Blocking Contact in a PbO Vidicon, Septem-
ber, p. 408

G. Harbeke  Optical Properties of Layer Structure Compounds, March, p. 40

R. M. Heyman  Electrochromism in WO3 Amorphous Films, March, p. 177

B. F. Hitch  Microwave Integrated-Circuit MIS Varactor Phase Shifter, June, p. 296

P. T. Ho A Study of Second-Harmonic-Extraction Trapatt Amplifiers for X-Band Operation, June,
p. 274

S. T. Hsu  Mobility of Current Carriers in Silicon-on-Sapphire (SOS) Films, June, p. 240

M. Inoue  Optical Properties of Polystyrene Suspension in Water (Latex), March, p. 108

H. Kiess  Speed of Response of Photocurrents in CdSe, September, p. 485

—The Physics of Electrical Charging and Discharging of Semiconductors, December, p. 667

V. Korsun  Optical Properties of SrTiO; and LiNbO3, March, p. 149

W. F. Kosonocky Basic Concepts of Charge-Coupled Devices, September, p. 566

H. Kressel Reliability Aspects and Facet Damage in High-Power Emission from (AlGa)As CW
Laser Diodes at Room Temperature, June, p. 230

I. Ladany Reliability Aspects and Facet Damage in High-Power Emission from (AlGa)As CW Laser
Diodes at Room Temperature, June, p. 230

M. A. Lampert  Simplicity in Theory: An Anecdotal Account of Current Injection in Solids—In Trib-
ute to Albert Rose, September, p. 444

S. G. Liu Silicon Solar Cells for Highly Concentrated Sunlight, June, p. 324

A. Many Oxygen Chemisorption and Photodesorption Processes on ZnO Surfaces, September, p.
508

G. J. Mayer The Chirp Z-Transform —A CCD Algorithm, December, p. 759

J. J. Mezrich  Pattern Meaningfulness and Pattern Detectability, September, p. 621

A. R. Moore Solar-Cell Capacitance, September, p. 551

S. Napoli  Silicon Solar Cells for Highly Concentrated Sunlight, June, p. 324

J. |. Pankove Optical Properties of GaN, March, p. 163

W. Philllps  Time-Dependent Characteristics of Photo-Induced Space-Charge Field and Phase Ho-
lograms in Lithium Niobate and Other Photorefractive Media, June, p. 213

A. Presser  Ultra-Thin RF Silicon Transistors with a Copper-Plated Heat Sink, December, p. 731

J. A. Rajchman Introduction to Optical Properties of Materials, March, p. 3

RCA Review * Vol. 36 ¢ December 1975 785




D. Redfield Optical Propteties ot SrTiO3 and LiNbO3, March, p. 149

J. J. Risko A Study of Second-Harmonic-Extraction Trapatt Amplitiers for X-Band Operation,
June, p. 274

J. E. Roddy Wideband Signal Recording on Film Using (AlGa)As CW Injection Lasers, December,
p. 744

J. R. Sandercock  Some Recent Developments in Brillouin Scattering, March, p. 89

J. H. Scott, Jr.  Mobility of Current Carriers in Silicon-on-Sapphire (SOS) Films, June, p. 240

I. P. Shkarotsky  Review on Industrial Applications of High-Power Laser Beams Hil, June, p. 336

R. W. Smith  An X-Ray-Sensitive Fiber-Optic Intensifler Screen for Topography, September, p.
632

D. L. Staebler Time-Dependent Characteristics of Photo-Induced Space-Charge Field and Phase
Holograms in Lithium Niobate and Other Photorefractive Media, June, p. 213

E. F. Steigmeler  Coupled Lattice Modes in Light Scattering, March, p. 70

F. Sterzer The Conversion Efficiency of ideal Shockley P-N Junction Photovoltaic Converters in
Concentrated Sunlight, June, p. 316

. Stockmann  On the Concept of “'Lifetimes’* in Photoconductors, September, p. 499

. Tosattl  Optical Properties of Layer Structures Compounds, March, p. 40

.S. Veloric  Ultra-Thin RF Silicon Transistors with a Copper-Plated Heat Sink, December, p. 731

. Weakliem  Optical Properties of SrTiO3 and LiNbO3, March, p. 149

. K. Wehner  Coupled Lattice Modes in Light Scattering, March, p. 70

. K. Weimer From Camera Tubes to Solid-State Sensors, September, p. 385

. Williams  Structure and Energy of the Interface Between an Insulator and Electrolyte, Septem-

m

DVUD®$IIM

J. P. Wittke  Spontaneous-Emission-Rate Alteration by Dielectric and Other Waveguiding Struc-
tures, December, p. 655

P. J. Wojtowicz  Two Dimensional Phase Transitions of Mobile lons at SiO,-Si Interfaces, March,
p. 132

F. J. Woznlak  Ultra-Thin RF Silicon Transistors with a Copper-Plated Heat Sink, December, p.
731

C. R. Wronski  Semiconductor Heterojunction Vidicons, September, p. 425

S. Yuan Microwave Integrated-Circuit MIS Varactor Phase Shifter, June, p. 296

786 RCA Review ¢ Vol. 36 ¢ December 1975













B N N ¥ -« T Y S



