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In CdS crystals with an N-shaped negative differential conductivity range, stationary high-field domains
adjacent to the electrodes are observed. With increasing applied voltage these steplike domains increase
in width, staying attached to the cathode until they fill the entire crystal; then a still higher-field domain
forms at the anode and increases in width. These domains can be explained within an earlier published
theory, and allow the determination of electron densities at the cathode-CdS boundary and in the field-
quenched region. The analysis of these stationary domains presents a new tool for work-function (metal-

semiconductor) investigations.

1. INTRODUCTION

N crystals having a negative differential conductivity
range at high electric fields, typical high-field do-
mains occur at high enough applied voltages, which,
under certain conditions, e.g., those attainable by
proper doping, do not move. These high-field domains
lie adjacent to the electrodes, have a steplike shape, and
have been observed, using direct field probing with the
Franz-Keldysh effect! and conventional potential prob-
ing? in CdS. It is assumed that these stationary domains
are a preceding form of the well-known moving do-
mains'¥10 which are accompanied by current oscilla-
tions, and that these stationary domains will occur only
for a certain range of average fields, or when hindered
in motion through the crystal by some crystal faults.5
In this paper evidence will be given that, even up to
voltages corresponding to averaged fields well above the
negative differential conductivity range, these sta-
tionary field domains can be stable in some CdS crystals,
and that it is very improbable that this stability is
caused by a hindered motion due to crystal faults or
unfavorable electrode geometry.

* Supported by the U. S. Office of Naval Research under
Contract No. NONR (G) 4336-(00).
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It will be shown that these stationary high-field do-
mains can be understood in the light of an earlier pub-
lished theory,512 and give information on the carrier
densities at the metal-semiconductor boundary and in
the bulk of the crystal for zero space charge.

2. EXPERIMENTAL METHOD

CdS single-crystal platelets grown at about 1000°C by
sublimation of high-purity CdS powder in an atmo-
sphere of N, and H,S were used. These platelets were
doped by heating in an H,S atmosphere at about
900°C for 3 h, in a bed of CdS powder containing a given
amount of Cu or Ag and Al nitrates. The crystals were
high resistive. The central part of the crystal, used for
later investigation, was protected from direct contact
with the CdS powder, and was cleaved from the platelet.
Gold electrodes were evaporated onto the side edges of
the crystal (crystal dimensions, 0.1)X0.36)<0.57 mm?).
The crystals were held on a Cu crystal holder at a
temperature of —65°C. For analysis of the field distri-
bution using the Franz-Keldysh effect, photos of the
CdS platelets were taken in monochromatic light close
to the absorption edge, revealing high-field domains as
dark layers in the crystal (layers of increased optical
absorption).

The current through the crystal and the voltage drop
between the electrodes were measured with an X-V
recorder.

3. THEORY OF STATIONARY HIGH-FIELD
DOMAINS IN CdS

The time-independent Poisson and transport equa-
tions
dE/dx= (¢/ eco)p() ,
dn/dx= (1/ukT)(epnE—j),

for an n-type photoconductor model containing, e.g.,
field quenching as a mechanism to produce a negative
differential conductivity range, have steplike solutions

®

1K, W. Boer and P. L. Quinn, Phys, Status Solidi 17, 307
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12 G, Dohler, dissertation, Marburg, 1966 (unpublished); Phys.
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Fic. 1. Field of directions and solution curve projected in an
n-E plane for low applied voltages (barrier contact case); n. is the
electron density at the cathode.

in agreement with experimental observations. (See
Refs. 2, 5, and 11.) This is most easily seen in an analysis
using the field of directions in the #-E plane with the
help of two auxiliary curves, #,(E) and n(E), for which
p(x)=0 and j=enuE, respectively. These two curves
divide the #-E plane into regions of different direction of
the projection of the solution curves. These regions and
their respective field of direction are indicated by small
arrows in Fig. 1.

The carrier density at the cathode is given by the
work function and designated as #, in Fig. 1. [We shall
discuss only blocking contacts [n#.<#n:(E=0)]; in-
jecting contacts do not give cathode-adjacent high-field
domains as experimentally observed.] The field at the
cathode can then approximately be determined from
Fig. 1, since under conditions valid for CdS and negli-
gible hole contribution, the solution curve must start at
n. between #ns(E) and #:(E). This is the only range
available for E at the cathode resulting in a solution
which can approach the singular point I’ (x increases
from cathode towards anode). The heavy arrow given in
Fig. 1 indicates a possible solution (disregarding the
actual situation at the anode). Curve 1 in Fig. 2 repre-
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Fic. 2. Field distribution between cathode C and anode A for
increasing applied voltage 1-7. The field values E1, E1, and Einr
correspond to the singular points I, I, and III in Fig. 4.
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Fi1G. 3. Current-voltage characteristic. Points 1-7 correspond to
the field distributions 1-7 in Fig. 2.

sents the corresponding field distribution. The fact that
the average field in the crystal must be equal to the
applied voltage divided by the electrode distance indi-
cates that the current must be lower (point 1 in Fig. 3)
than the ““Ohmic current” (dashed line in Figure 3) for a
completely homogeneous carrier density (singular point
I’ in Fig. 1). Hence the solution curve for the inhomo-
geneous case must extend below Er, close to the singular
point I,

With increasing applied voltage, the current increases
[n2(E) is shifted upwards] until, in the region of nega-
tive differential conductivity, a second singular point
(II) appears and approaches #. (see Fig. 4). The solu-
tion has the form a in Fig. 4 and is represented by curve
2 in Fig. 2 and by point 2 in Fig. 3.

With further increasing voltage, the current cannot
readily increase. Only a very slight shift forces the solu-
tion curve, which must start at #,, to start closer to the
singular point II, i.e., to remain very close to Er for a
longer distance x. Thus the solution curve, although
having about the same form as II in Fig. 4, changes its

_general character as seen in Fig. 2, curve 3 (it becomes

steplike). A numerical analysis® shows that the change
from a field of about Ejr to a field of about Ep takes
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FiG. 4. Field of directions and projection of solution curves:
a, typical for field distributions 3 and b, typical for field distribu-
tions 5 in Fig. 2.
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place in a distance of the order of the Debye length,
which is usually small as compared to the distance be-
tween the electrodes.’® The current then saturates
(point 3 in Fig. 3).

With still further increasing applied voltages, 7:(E)
shifts up very slightly, the solution curves remain close
to Er for alonger distance (x), and the high-field domain
increases in width. Finally, when #,(E) crosses #,(E) at
#., a homogeneous solution (curve 4 in Fig. 2) is ob-
tained—the trivial solution at the singular point: n=n,
and E=E11.

Increasing the applied voltage still more, a high-field
domain adjacent to the anode should appear (solution
type b in Fig. 4) with a shape given in curve 5 of Fig. 2.
This domain should increase in width with further in-
creasing voltage. The singular point II lies now just
above 7. and moves very slightly up with increasing
voltage as long as the low-field domain close to the
cathode has not completely disappeared; the current
therefore remains saturated (see points 4 and 5 in
Fig. 3). The current-voltage characteristic should in no
way indicate the transition from a cathode- to an anode-
high-field domain.

Finally, the low-field domain at the cathode dis-
appears (curve 6 in Fig. 2), the current rises nearly
proportionally to the applied voltage, and the solution
curve becomes a type as given in Fig. 5 and corre-
spondingly represented by curve 7 in Fig. 2. From a
blocking contact behavior at low applied voltages
(curve 1 in Fig. 2), the situation has changed to an
injecting contact behavior at very bigh applied voltages.
Because of carrier injection, the current is slightly
higher than it would be for a homogeneous electron
density #,(Emr) in the entire crystal'® (represented by
the dash-dot line in Fig. 3).

A general behavior as described above could be ex-
pected for a crystal with a cathode resulting in an
electron density at the metal-CdS boundary lying be-
tween ng and n;, (see Fig. 5), and having no moving
field domains.

Measurement of the width of a high-field domain at
the cathode (type 3 in Fig. 2) at different applied
voltages gives the possibility to experimentally de-
termine the fields E; and Ey, using the approximation

Exl+E(L—-D)=V, )

18 In a recent paper, V. L. Bonch-Bruevich [ Phys. Status Solidi
23, 761 (1967)7] discussed certain field inhomogeneities in “very
short” crystals, or for “discontinuous solutions” in obviously
inhomogeneous crystals. This discussion does not apply to macro-
scopic domains as investigated here and in Refs. 1-12. In order to
obtain domain-shaped solutions with domain lengths long com-
pared to the Debye length and a ratio of electric field in the high-
and low-field regions of at least a factor of 4, as observed, one must
leave the vicinity of the nodal point (singular point II in this
paper). The solution has to extend at least from the vicinity of the
nodal point to the vicinity of either saddle point (I or III).

14 A very slight increase of the current with increasing voltage
is expected according to the slight shift of #2(E).

18 IIT’ would be the singular point for such a homogeneous
solution,
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F16. 5. Field of directions with projection of solution curve for
high applied voltages (injection case). The dash-dot curve indi-
cates a possible continuation of the solution curve towards the
anode. (A metal with a work function similar to the cathode is
assumed.) This part of the solution occupies only a very small
fraction of the crystal.

where [ is the width of the high-field domain and L is the
distance between the electrodes. Similarly, the field
value Eqry can be determined by measuring the width of
a high-field domain at the anode (type 5 in Fig. 2) at
different applied voltages.

Checking whether the domain width is a linear func-
tion of the applied voltage, and whether cathode- and
anode-adjacent high-field domains yield approximately
the same FEjr value, gives a possibility to check the
applicability of the simplified theory to the observed
experimental behavior.

With this technique one should be able to measure
directly the work function belween certain metals
(nL<mn.<ng) and CdS. Changing the optical excitation
of CdS and determining Er, Erj, and Eipz as a function
of the light intensity gives direct information about the
dependence of an “effective work function” on the op-
tical excitation of a photoconductor. Investigations of
this type will be published in a later paper.

4. EXPERIMENTAL RESULTS AND DISCUSSION

CdS:Cu,Al platelets, at higher applied voltages,
showed a change from stationary to moving high-field
domains and therefore could not be studied further in
connection with the questions discussed in this paper.

CdS:Ag,Al platelets showed less tendency'® to form
moving domains, and cleaved small “stripes” from a
platelet with an electrode distance of about 0.36 mm

16 Longer crystals cleaved from the same platelet show transi-
tions from stationary to free-moving domains with increasing
applied voltage, indicating that the stationary domain is not
caused by structural defects of the crystal. This transition between
stationary and moving domains is experimentally observed in the
saturation range above a critical voltage, which, for a given
doping, depends on optical excitation, temperature, and contact
conditions (contact material and application). The reasons for a
transition between stationary domains at lower applied voltages
and moving domains above the critical voltage are not yet
understood. A more detailed study of these transitions will be
presented in a later paper.
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Fi6. 6. Photographs of the CdS crystals at the given applied
voltages (cathode at left side) in monochromatic light at the band
edge, indicating high-field domains by increased darkening due to
the Franz-Keld ysh shift of the absorption edge. Arrows indicate
boundary between high- and low-field region.

were suitable for investigating stationary domains up to
a range where the anode-adjacent high-field domains
extended over a major portion of the crystal for applied
voltages below 3000 V. In order to avoid discharges
across the surface, the crystal and the electrodes were
imbedded in an epoxy layer.

The set of photographs given in Fig. 6 shows the high-
and low-field domains (the cathode-adjacent high-field
domains are less distinguishable). For easier identifica-
tion, the boundary is indicated by two arrows adjacent
to the crystal. The boundary is not completely parallel
to the electrodes, which might be due to inhomogeneous
doping or slight changes of %, along the cathode.

Figure 7 shows the width of the domain as a function
of the applied voltage for cathode-adjacent (curve A)
and anode-adjacent (curve B) high-field domains. (The
width is determined at the narrowest part of the
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E Frc. 7. Width (J) of the high-field domain as a function of the
applied voltage: A, high-field domain adjacent to the cathode;
B, high-field domain’adjacent to the anode. )
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Fic. 8. Measured current-voltage characteristic for the crystal
analyzed in Figs. 6 and 7.

domain.) It can be seen that the width of the high-field
domains is reasonably well a linear function of the
applied voltage. (For very thin domains, some devia-
tions from the linear law are observed and indicate that
the domains are not yet fully developed.)

Using Eq. (2) one calculates from the intersection
with the abscissa!” and the slope of curve A (Fig. 7)
Ei~1 and Epn~54 kV/cm, and from curve B one
obtains Ey=>~54 and Er=205 kV/Cm

The excellent agreement of Er; and the observed
current saturation which shows, as expected, no marked
change at the transition voltage (arrow in Fig. 8) be-
tween cathode- and anode-adjacent high-field domain,
indicates the applicability of the theory.

With the voltage applied in the opposite direction, the
formation of a stationary domain and current saturation
are also observed. The saturation current is lower by a
factor of 4 and the field Eyj is higher than reported
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F16. 9. n:(E) with measured singular dpoints I, II, and III, mea-
sured 7., and a suggested #1(E) curve.

17 In longer crystals and crystals with an Ohmic contact, Er can
be determined with much higher accuracy and was obtained for
similar conditions as Er=600 V/cm, which agrees well with the
value given here. In Fig. 9, therefore, the more accurate value is
plotted.
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above, in agreement with the model proposed. The
electron concentration at the cathode is lower than for
the opposite electrode!® when used as a cathode, indi-
cating that for the results reported in this paper, #.>#nr.

It is concluded that this crystal (doped with Ag and
Al and having a bulk electron density of 8 X10° cm™3 at
low fields) with evaporated Au electrodes has a bound-
ary electron density of #,=8X107 cm™3, and shows a
negative differential conductivity range with a slope
steeper than —1 at about Err=>55 kV/cm. This value
of n, yields an effective work function Yay,cds:aga1 (505
my, 102 photon/cm? sec)=0.42 eV and was obtained
for a temperature of —65°C and an optical excitation of
~102 photon/cm? sec, with a band width of 10 mu
centered at 505 mu. The bulk electron density at high
fields is decreased by more than two orders of magni-
tude, presumably by field quenching, and is about
2X107 cm® at E=~2205 kV/cm. The quasineutrality

18 The electrodes were evaporated at different runs; the elec-

trode with lower »n, was less homogeneous and caused a less
homogeneous cathode adjacent high-field domain.
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curve #;(E) might!® have a form as given in Fig. 9. The
experimentally obtained values are indicated by circles.

An experimental determination of a wider range of the
n1(E) curve is currently under way, using as a virtual
cathode with an easily variable boundary density a
shadow region parallel to the cathode, and a variable
low-intensity optical excitation in the shadow region.
Results of these investigations are reported in Ref. 20.
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The photoelectronic properties of p-type ZnSe:Cu and of n-type self-activated ZnSe(SA) have been
investigated in single crystals. Results for ZnSe:Cu may be described by a multivalent-copper-impurity
model in which Cut and Cu*2 jons substituting on the Zn sublattice are responsible for the red and green
luminescence bands, respectively. The green luminescence emission (2.34 eV) is from the conduction band
to the empty Cuz.* center. One of the red emission bands (1.97 eV) is from the conduction band to the
empty Cugz, center; a second red band (1.95 eV) is from a shallow level near the conduction band to the
empty Cuz,’ center. The Cuzy’ center is also the major sensitizing center for #-type photoconductivity in
p-type ZnSe:Cu, and it is the dominant acceptor center controlling -type conductivity. Optical absorption
in the infrared is due to an internal transition within the Cuzyn*, which has an (Ar) 3d° electronic configura-
tion, plus a transition from the valence band to the empty Cuz.’ center. Several annealing and impurity-
incorporation experiments performed on ZnSe:Cu support this model for the Cu luminescence centers. The
sensitizing center for #-type photoconductivity in #-type ZnSe(SA) is not the same as that associated with
Cuzy’ in p-type ZnSe:Cu; it lies closer to the valence band and has a capture cross section for electrons 107

that of the Cuz,’ sensitizing center.

INTRODUCTION

HE purpose of this investigation has been to
examine the luminescence, photoconductivity,
and optical absorption of single crystals of ZnSe:Cu
and of self-activated ZnSe(SA), well characterized with

* Supported in part by the U. S. Army Research Office (Dur-
ham), in part by the U. S. Army Engineers Research and Develop-
ment Laboratories, Fort Belvoir, and in part by the Advanced
Research Projects Agency through the Center for Materials
Research at Stanford University.

t Based on a Ph.D. dissertation submitted by G. B. Stringfellow
to Stanford University.
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respect to impurities and structure. A major portion
of the investigation has been devoted to p-type
ZnSe: Cu crystals, but a number of measurements have
been made for comparison on #-type ZnSe(SA).
Copper impurity has long played a central role in
the photoelectronic properties of many II-VI com-
pounds. Copper, substituting on the zinc sublattice in
ZnSe is an acceptor. In the chemically neutral state,
copper has an electronic structure of (Ar)3d"%4s';
copper substituted for zinc, Cuzs*, therefore has the
(Ar) 3d® configuration. If the ionic approximation were
perfectly valid and the 3d electrons were shielded from
the valence and conduction band wave functions, the
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Fi6. 6. Photographs of the CdS crystals at the given apElied
voltages (cathode at left side) in monochromatic light at the band
edge, indicating high-field domains by increased darkening due to
the Franz-Keld ysh shift of the absorption edge. Arrows indicate

boundary between high- and low-field region.



