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1. INTRODUCTION 

A heterojunction is a junction between two different monocrystaUine semi
conductor materials. Heterojunctions can be separated into two groups, viz. 
isotype and anisotype heterojunctions, in which the two semiconductors in
volved have equal and opposite conductivity types respectively. 

Anisotype heterojunctions have some features in common with p- n homo
junctions, whereas isotype heterojunctions are majority-carrier devices. Both 
types of heterojunctions, due to their specific structures, show novel and peculiar 
properties. 

Heterojunction research was taken up intensively after 1.957, when Kroemer1) 

suggested that anisotype heterojunctions might exhibit extremely high injection 
efficiencies in comparison with homojunctions. Since that time, additional 
characteristic advantages of heterojunctions have been suggested. These will 
be treated in the following chapter. 

Actual heterojunctions of both types were realized first by Anderson2.3) in 
1960. He also presented more detailed models for the arrangement of the 
energy bands near the interface between the two semiconductors and for 
current transport through the interface. Many investigations by others have 
followed since. These investigations concerned current-voltage, capacitance
voltage and photoresponse characteristics of various isotype and anisotype 
heterojunctions made by different preparation techniques. From these investiga
tions it became clear that Anderson's transport models are frequently invalid. 
Other investigators, therefore, have developed alternative models. 

The invalidity of Anderson's models is mainly due to his neglect of interface 
states, which in fact mostly play a decisive role. The effect of interface states is 
often exhibited very pronouncedly by isotype heterojunctions between pairs 
of semiconductors with large lattice mismatch and low impurity concentrations. 
For both directions of current through these junctions the majority of the 
charge carriers traversing the interface are captured by these states and sub
sequently re-emitted. Because the emission rate is limited, the junctions show 
a tendency to current saturation for both polarities of voltage. A semi-quan
titative description of this behaviour was given by Oldham and Milnes4·5), who 
made use of the model of two metal-semiconductor or Schottky diodes 
back-to-back, the fictitious metal interlayer formally playing the role of the 
dense layer of interface states with large capture cross-sections. 

Oldham and Milnes investigated the double-Schottky-diode model only in 
the two regions of current saturation. In the present study a detailed quan
titative analysis of the whole current-voltage characteristic of this model IS 

Note: This thesis will also be published as Philips Res . Repts Suppl. 1969, No . 10. 
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presented, which analysis leads to the discovery of interesting properties in 
the interval between the two saturation currents. An extension of this analysis 
is made to the characteristics of the model under illumination. Since an analysis 
of the a.c. behaviour of the double Schottky diode was lacking, that analysis 
is also performed here. It predicts the existence of a hitherto unobserved, sharp 
minimum in the capacitance-voltage curves. 

The above-mentioned analyses provide new tools for quantitative derivation 
of the arrangement of the bands at the interface from experimental d.c. and 
a.c. characteristics. For instance, three different methods are found for evalua
tion of the discontinuity of the conduction-band edge at the interface, LlEc. 

In order to obtain experimental evidence, Si-Ge isotype heterojunctions were 
prepared and measured. Among the vast number of pairs of semiconductors 
with mismatches of at least a few per cent, this combination with a mismatch 
of 4% was preferred for the following reasons. First, the properties of the 
materials chosen are very well known. Second, diffusion of the host materials 
into each other do not yield donor or acceptor centres. In this way one avoids 
the introduction of many unknown parameters, which might impede the 
unambiguous interpretation of the experimental results. Finally, because of 
the great difference in melting points between Si and Ge, a simple alloying 
method can be used in making these junctions. 

It turns out that for the n-n heterojunctions between not too heavily doped 
Si and Ge, the current-although not strictly saturating-shows a tendency 
to saturation in both directions, i.e. for both polarities there is a region where 
the current increases sublinearly with voltage. In spite of imperfect double 
saturation, the current-voltage and a.c. characteristics of the latter samples, 
in the interval between the two quasi-saturation regions agree quantitatively 
very well with those calculated for the double-Schottky-diode model. As the 
methods developed here for the evaluation of LlEc make use of this interval 
only, they can be applied successfully. They all yield the same value for a given 
sample. 

On the other hand, all our Si-Ge p-p heterojunctions show ohmic current
voltage characteristics. The Si-Gep-p junctions made by other investigators4·5) 

using a vapour-growth technique to grow Ge on Si, show, however, double 
quasi-saturation similar to that of the n-n junctions. 

It is very likely that the double-Schottky-diode model applies to all double
saturating Si-Ge isotype heterojunctions, both n-n and p-p. In this thesis we 
restrict ourselves mainly to n-n junctions, since the data published for the 
vapour-grown p-p junctions4,5) are insufficient for thorough quantitative com
parison with the results of our calculations. 

In the following a survey is given of the contents of the thesis. 
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Some general remarks on heterojunctions and the reasons for interest in 
these are made directly hereafter, in chapter 2. 

In chapter 3 a critical survey of published models for energy-band diagrams 
and transport mechanisms, both for isotype and anisotype heterojunctions, is 
presented. 

A detailed analysis of one of these models, viz. the double-Schottky-diode 
model for isotype heterojunctions, is made in chapter 4. 

The preparat ion of the Si-Ge isotype heterojunctions, together with measuring 
techniques, is described in chapter 5. In order to localize the various excitation 
mechanisms contributing to the photoresponse, a new technique has been 
developed, viz. geometrical scanning of the photoresponse with an extremely 
narrow monochromatic line-of-light, 1 fl. wide. In this chapter the new technique 
is discussed. 

In chapter 6 the experimental results are presented and compared with the 
results of the calculations made in chapter 4; for the n-n heterojunctions in a 
restricted voltage interval good quantitative agreement is obtained. The 
analysis of the photoresponse leads to the introduction of the concept of 
"interface valence-band emission". 

In chapter 7 a comparison is made of the results found in the preceding 
chapter for different samples. This evinces the important fact that for all 
samples Ll Ec has the same value. 

A considerable part of the contents of chapters 4--7 has been published by 
the author elsewhere in a different form6· 7). 
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2. GENERAL REMARKS ON HETEROJUNCTIONS 

In the following only those heterojunctions will be considered in which the 
transition from one semiconductor to the other is abrupt. The arguments for 
the arrangement of the band edges near the interface as presented in fig. 2.1 
are treated in the next chapter. 

"Spike" 

----------------- ----...::::__- --/:.------
Fermi level 

lsotype heterojunction Ani so type heterojunc tion 

Fig. 2.1. Typical examples of tile equilibrium energy-band diagrams of isotype and anisotype 
heteroj unctions. 

Interest in heterojunctions has arisen mainly because of the potential use 
of these as devices . The expectations were based upon the following considera
tions . 

lsotype heterojunctions are majority-carrier devices, like metal- semiconductor 
diodes. The contribution of minority-carrier diffusion to the electrical current 
through isotype heterojunctions may therefore be expected to be negligible. 
This would open up the possibility of fast response in switching operation. 
Indeed , effects of minority-carrier storage have never been observed in these 
junctions. However, it seems unlikely that these junctions can ever compete 
with the very fast metal-semiconductor diodes recently developed . 

In anisotype heterojunctions, on the other hand, minority carriers play a 
decisive role, as they do in p-n homojunctions. If the recombination at the 
interface between the two semiconductors is negligible, forward bias causes 
injection of minority carriers from the wide-gap into the narrow-gap material. 
The simultaneous injection of the other type of carriers in the opposite direction 
is always much smaller. This aspect of anisotype heterojunctions, i.e. high 
injection efficiency from the wide-gap into the narrow-gap semiconductor, is 
frequently called "wide-gap emitter effect". Its application could be advan
tageous in all cases in which injection in the "wrong" direction would lead to 
losses and so must be avoided , e.g . in a transistor, in injection luminescence 
and in cold emission of electrons into vacuum (see fig. 2.2a-c). 
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Emitter 

- - - -EEl 
Transistor 

Radiative 
recombination 

-- ---EB 
Electroluminescent diode 

Vacuum 

--- --Ef) Cs layer 

Cold cathode 

Fig. 2.2 . Three examples of devices in which a wide-gap emitter with high injection efficiency 
is potentially advantageous. The injeclion of holes into the wide-gap material is negligible. 

Application of anisotype heterojunctions is one of the few methods lending 
themselves at all to minority-carrier injection in those semiconductor materials 
which (at this state of the art) can only be doped either p- or n-type and of 
which, therefore, homojunctions cannot be made. For example, n-type CdS 
can exhibit efficient photoluminescence, so that injection of holes into this 
material for attainment of injection luminescence would appear promising. 
As CdS cannot be doped p·type, the injection cannot be realized by making a 
p-n homojunction, but success might be obtained by using another p-type 
semiconductor for injection via a heterojunction. 

Another feature of heterojunctions is the "window effect" . Whereas the 
narrow-gap material strongly absorbs light with photon energies between the 
narrow and wide energy gaps, the wide-gap material is transparent for the 
same light. Thus light generated by band-to-band recombination of minority 
carriers injected into the narrow-gap material of an anisotype heterojunction 
may leave the specimen through the wide-gap window without being reabsorbed. 
Conversely, if external light with photon energies in the mentioned energy 
interval incides on the wide-gap side of the specimen, it penetrates until it is 
absorbed by the narrow-gap material in a thin layer adjoining the interface. 
Since the built-in electric field is also localized near the interface, an optimal 
photoresponse is obtained. This photo-effect can be used for energy conversion 
of light (solar cells) and for light detection, e.g. at the collector side of a light
transistor*) (see fig. 2.3). 

•) Also called: beam-of-light transistor (''BOLT"), radistor, trans luxor. 
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Emitter Base Collector 

---------~ 

Light transistor 

Fig. 2.3. Energy-band diagram of a light transistor in which the base-collector junction is a 
heterojunction. 

Another aspect of heterojunctions, the "optical waveguide effect", can 
be met with in a special kind of p-i-n structure. In this structure the p and n 
layers consist of a semiconductor material with a wider energy gap and a 
lower refractive index than those of the intrinsic, injection-luminescent inter
layer. When a forward bias is applied to this device, double-sided wide-gap emitter 
injection of both holes and electrons into the interlayer takes place. [f population 
inversion thus occurs here, the coherent recombination light concentrates in 
this interlayer. The relatively high internal losses which in p-n homojunction 
lasers occur due to the deep penetration of the flanks of the light-emitting plane 
into the two non-inverted adjacent regions, are strongly reduced here by 
internal reflections at the interfaces. 

The performance of actual wide-gap emitters has been very disappointing. 
The main cause of the extremely low injection efficiencies is strong recombina
tion at interface states. One of the consequences is the failure of wide-gap 
emitters to produce injection luminescence with efficiencies comparable with 
-let alone exceeding-those of homojunctions made entirely of the narrow
gap material (if this last in fact is possible). Only with a waveguide p-i-n 
structure operated at low temperature and very high current density has it 
been possible to approximate the performance of an all narrow-gap homo
junction lasers), the latter still remaining superior. Thus the possibility in 
principle has been shown of attaining a relative reduction of the recombination 
at interface states in the high-current regime. This is analogous to the behaviour 
of many p-n homojunctions in which, with increasing current, recombination 
via levels in the bulk starts to dominate over recombination via levels in the 
space-charge region9) (comparable in a way with interface states). 
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The conversion of light into electrical signals or energy, which is in a sense 
the inverse process of injection luminescence, seems more promising, although 
initially the photoresponse of GaAs-Ge p-n heterojunctions was found to be 
very small 10). From this it was concluded that the occurrence of a "spike" 
and a "notch" in either the conduction or valence band (see fig. 2.1) prohibits 
appreciable photoresponse of GaAs-Ge and probably of most anisotype 
heterojunctions. The recombination at interface states will further reduce the 
chance of making heterojunctions with high photo-effect efficiencies. Never
theless, other investigators do claim high efficiencies. In GaAs-(Gaxln1 -- x) As 
and GaAs-Ga(AsxP1- x) p-n junctions internal collection efficiencies*) of up 
to 90% have been foundll). Further, in the field of solar cells, CdS-Cu 2S and 
CdTe-Cu2Te junctions show energy-conversion efficiencies*) of up to 8% 12-13). 
Certain technological advantages of these heterojunctions (which will not be 
mentioned here) allow such junctions to compete favourably with Si homo
junction solar cells, which attain a maximum efficiency of 14%14). Whether 
the good efficiencies of these heterojunctions are due to the absence of a spike 
and a notch (in contrast with GaAs- Ge junctions), to a smaller amount of 
interface states, or to both , has not been proved conclusively. 

The interface states, apart from causing strong recombination and genera
tion , may also give rise to an interfacial monopole and/or dipole layer. Such 
layers may influence the energy-band diagram of the heterojunction consider
ably. 

In the following chapter a survey is given of published models for hetero
junctions, both without and with interface states . 

*) The internal collection efficiency of a diode is the number of electrons flowing through a 
short-circuiting lead for every photon penetrating into the specimen. The energy-conversion 
coefficient is the ratio of the electrical power, released in an optimally matched external 
resistance, to the incident light power. 
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3. SURVEY OF HETEROJUNCTION MODELS 

A model describing the physical behaviour of a heterojunction is twofold : 
it consists of a diagram for the arrangement of the energy bands near the 
interface and a mechanism for charge-carrier transport through this region. 
Energy-band diagrams have been proposed by Anderson, by Oldham and 
Milnes, and by Van Ruyven. Mechanisms for charge-carrier transport in a 
heterojunction with a given energy-band diagram have been proposed by a 
greater number of authors. Essentially these transport mechanisms were known 
a~ready from homo junctions and metal-semiconductor diodes, namely diffusion, 
thermal emission and tunnelling. 

In this chapter a survey of published heterojunction models is presented. 
After the presentation of each model its merits are estimated. The sequence 
followed is mainly chronological. 

In the survey of models for anisotype heterojunctions only those junctions 
will be considered in which the wide-gap material is n-type. The treatment of 
junctions in which the wide-gap material is p-type is completely analogous. 
For the same reason only n- n junctions are considered in the discussion of 
models for isotype heterojunctions. 

As to the I-V characterestics, only the forward will be treated. 

3.1. Models for anisotype heterojunctions 

3.1.1. The energy-band diagram and diffusion model of Anderson 

In 1960 the first systematic experimental results and detailed models ex
plaining the physical behaviour of isotype and anisotype heterojunctions were 
published by Anderson2.3). The experiments were performed on GaAs- Ge 
heterojunctions (mismatch < 0·1 %). 

The equilibrium energy-band diagram is derived as follows. In a fictitious 
experiment a heterojunction is made by bringing two widely separated "flat
band pieces" of different semiconductor materials near to each other and 
finally into intimate contact (see fig. 3.la-b). The physical quantities mentioned 
hereafter are indicated in this figure. The electron affinity x of a given semi
conductor is the energy required to transfer an electron from the bottom of 
the conduction band at its surface to a position outside the material at a distance 
from the surface greater than the range of the image forces but small compared 
with the dimensions of the sample. The work function cp is the energy required 
to remove an electron from the Fermi level to a similar position outside the 
material. For a not too heavily doped semiconductor, xis an intrinsic property, 
whereas cp is strongly affected by impurities*). 

*) Actually, for a homogeneous semiconductor both x and rp may depend still on the specific 
choice of the surface used in their definition. In this context the values are meant which 
these quantities have for the (free) surface corresponding to the interface. 
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-qffi equals vacuum level 

J±___ x, l~l 
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VJ2 -1/)f - ---'---+--
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Fig. 3.1. Fictitious construction of the equilibrium energy-band diagram of an anisotype 
heterojunction according to Anderson2•3); (a) flat-band condition for large mutual distance, 
before equilibrium; (b) condition after equilibrium has been established. X1 and X2 are the 
electron affinities, tp1° and tp2° the "flat-band work functions" of semiconductor 1 and 2 
respectively; tf> is the electrostatic macropotential, whose height is chosen in such a way that 
outside the materials -q f]j coincides with the vacuum level of the electron energy. 

In the assembled junction at thermal equilibrium the Fermi level is constant 
throughout the whole sample. The discontinuity in the conduction-band edge, 
LIEc, is assumed to equal x2- XI· In anisotype heterojunctions a depletion 
layer has formed on either side of the interface. Since interface states are 
absent in this model, the space charges in these layers are opposite and equal 
in magnitude. The total built-in potential drop over the layers equals the 
difference in "flat-band work functions" of the two semiconductors, cpz0 - qn°. 

Figure 3.1b presents the energy-band profile of an anisotype heterojunction 
in the usual case that the affinity of the narrow-gap material exceeds that of 
the wide-gap material. Under this condition a "spike" and a "notch" occur 
in the conduction-band edge at the interface. As monopoles and additional 
dipoles (i.e. dipoles not accounted for in the quantities XI and xz) are absent 
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in this model, the dielectric displacement D and the macroscopic electrostatic 
potential rJ> are continuous at the interface. 

For charge-carrier transport Anderson adopted Shockley's theory for homo
junctions, in which the current is governed by diffusion of injected minority 
charge carriers. Thus the I-V characteristics are described by the well-known 
relation15) 

(3.1) 

where q is the absolute value of the electronic charge, k the Boltzmann constant, 
T the absolute temperature and V the applied voltage minus ohmic voltage 
drops. The saturation current Is is given byl5) 

Is = S no q Vctiff = S no q (Df-c) t, (3.2) 

where S is the junction area, no is the equilibrium concentration of electrons 
in the narrow-gap material outside the space-charge region, D is the corre
sponding diffusion constant and r the lifetime. Because of the great difference 
in the relevant barrier heights for electrons and holes, injection of holes into 
the wide-gap material is negligible. 

The energy-band diagram proposed by Anderson is generally considered to 
be basically right. 

Anderson's transport model, however, does not apply to any of the anisotype 
heterojunctions hitherto investigated. Neither the voltage nor the temperature 
dependences observed are adequately described by eq. (3.1). Apart from many 
other discrepancies, the experimental current values are much smaller than 
those predicted by eq. (3.1). This is attributed by Anderson to large reflection 
of the charge carriers at the interface, which implies that in some samples 
only 0·1% of the charge carriers arriving at the interface should be transmitted. 

Perlman and Feucht16) developed a transport theory in which such an assump
tion of improbably large reflection need not be made. 

3.1.2. The emission model of Perlman and Feucht 

Perlman and Feucht assume the validity of the energy-band diagram proposed 
by Anderson (fig. 3.1b). 

As to the charge transport, near the interface it is supported exclusively by 
electrons. So far this is still in accordance with Anderson's transport model. 
But, whereas Anderson completely ignores the influence of the spike on charge
carrier transport, Perlman and Feucht recognize its decisive role in certain 
voltage regions. Before being injected the electrons have to pass the spike. 
This is assumed to take place by thermal emission, like in a Schottky diode 
with a sufficiently long mean free-carrier path and in the absence oftunnellingi7). 



II 

This thermal emission and the subsequent diffusion in the conduction band of 
the narrow-gap material are two processes in series. 

If the diffusion mechanism is rate-determining, the I-V characteristic is of 
the Shockley type. The latter occurs in an anisotype heterojunction for which 
in equilibrium the top of the spike lies below the conduction-band edge of 
the narrow-gap material outside the space-charge region. In this case the 
presence of a spike is irrelevant to the low-voltage part of the I-V characteristic, 
which is described consequently by eq. (3.1) and coincides with that predicted 
by Anderson. However, at a voltage Vk slightly above the voltage at which 
the top of the spike rises above the bottom of the conduction band of the 
narrow-gap material, the emission over the spike becomes rate-determining. 
Then Schottky-type operation sets inl7): 

with 
S nR q Vth 

(6 n)! 

(3.3) 

(3.4) 

In eq. (3.4), nR is the equilibrium electron concentration at the top of the spike 
and Vth is the mean thermal electro.nic velocity. In this voltage region the 
lowering (with increasing voltage) of the barrier in the wide-gap material 
alone determines the further increase in current. Thus in eq. (3.3) instead of V 
a fraction V({J occurs, where fJ= 1 + s1 Nn1/ szNA2· Here s1 and s2 are the 
dielectric constants of the two materials, NDl is the donor concentration in 
material 1 and NA2 the acceptor concentration in material 2. 

The resulting 1-V characteristics for various temperatures are presented 
schematically in fig. 3.2. From equating the right-hand sides of eqs (3.1) and 
(3.3) and using eqs (3.2) and (3.4) it follows that the voltage V k at which a 
kink occurs in the characteristics is approximately given by 

k TIn [-l_nR Vth]. 
q (6 n) I no Vdiff 

(3.5) 

If the equilibrium energy-band diagram is such that Vk::;;; 0, i.e. if at V=O 
the top of the spike is already sufficiently above the conduction-band edge of 
the narrow-gap material (like in fig. 3.1 b), the 1- V characteristics are of the 
Schottky type for all forward voltages. 

Because of the current limitation by the spike, the above theory predicts 
much lower current values in the region of Schottky-type operation than 
Anderson's theory does, in which the influence of the spike is neglected. As 
the height of the spike depends on the value of L1Ec (see fig. 3.Ib), it is clear 
that L1Ec is an important parameter. 
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Fig. 3.2. Semilogarithmic current-voltage characteristics for an anisotype heterojunction at 
three different temperatures, as predicted by the emission model of Perlman and Feucht16). 

By assuming Schottky-type operation to start already at V =0 for GaAs-Ge 
ani so type heterojunctions (i.e. the assumption that V k ~ 0), Perlman and 
Feucht are not compelled, as Anderson is, to assume exceedingly large reflec
tions at the interface. Nevertheless their transport model turns out to yield 
and aequate description of only a very small fraction of the anisotype hetero
junctions investigated. For most junctions a different behaviour is found at 
all voltages. But even for those heterojunctions to which the model of Perlman 
and Feucht seems to apply, there are in fact two objections. The first is that 
the Anderson-Shockley I-V relation, eq. (3.1), whose validity is still expected 
for certain anisotype heterojunctions at low forward voltages, has not been 
observed experimentally in a single heterojunction over even the smallest 
voltage range. This entails that, if Schottky-type operation, eq. (3.3), is observed 
in a given heterojunction, then this behaviour always starts from V =0 on 
already. The second objection is the fact that for these junctions at a certain 
voltage Va always a switch-over from Schottky-type operation to a different 
behaviour has been observed (see fig. 3.3). 

It were Rediker, Stopek and Ward18) who introduced tunnelling processes 
to describe the I-V characteristics in the afore-mentioned cases where eq. (3.3) 
does not apply. 
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Fig. 3.3. Semilogarithmic current-voltage characteristics for an anisotype heterojunction at 
three different temperatures, as experimentally observed on certain actual samples. 

3.1.3. The tunnelling model of Rediker, Stopek and Ward 

Rediker eta!. notice that in all cases where the transport model of Perlman 
and Feucht fails, i.e. either over the whole voltage range (for most junctions) 
or above a certain voltage (for a limited group of junctions), the I-V charac
teristics of anisotype heterojunctions can be described by an equation of the 
form 

I= Is(T) exp ( Vf VA) . (3.6) 

Here VA is constant and I8 (T) increases weakly with temperature. The voltage 
dependence of eq. (3.6) is characteristic for tunnelling processes. This leads to 
a model in which tunnelling through the spike greatly exceeds thermal emission 
over the spike. After tunnelling, the injected electrons recombine in the narrow
gap material (see fig. 3.4). In these series processes the tunnelling is rate
limiting. 

It is unsatisfactory that this model gives no expression or interpretation for 
the temperature dependence of the current, I8 (T). Newman19) remarks that in 
all cases in which eq. (3.6) applies, the empirical relation between Is and Tis 
adequately described by Is= IsA exp (T/TA), where IsA is constant, so that 
eq. (3.6) becomes 

I= IsA exp (T/TA) exp ( Vf VA) . (3.7) 



-14-

Recombination 

Fig. 3.4. Schematic representation of the tunnelling model of Rediker, Stopek and Ward18) 

for anisotype heterojunctions. 

He draws attention to the fact that the same relation between I, V and T is 
found for the so-called excess current in Esaki diodes or homojunction tunnel 
diodes. He leaves it, however, at indicating this formal resemblance. 

In Esaki diodes the excess current is the dominating current mechanismlin 

c: 

Shockley-type 
operation 

:g 
u Excess / 

/ 
/ 

§ current 

~Band-to-band 
8' tunnelling 

-.J 

- Applied voltage 

a) 

Excess-current mechanism 

b) 

Fig. 3.5. Esaki homodiode; (a) semi logarithmic current-voltage characteristic; (b) schematic 
representation of the excess-current tunnelling mechanism. 
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the voltage region between those regions where band-to-band tunnelling and 
thermal emission followed by recombination respectively dominate20 -22) (see 

fig. 3.5a). There does not exist an entirely satisfactory explanation for the 
temperature dependence of the excess current in Esaki diodes as expressed 
by eq. (3.7) . There is, however, ample evidence that the responsible mechanism 
is tunnelling to states in the forbidden energy gap and subsequent recombi
nation21.22) (see fig. 3.5b). These states probably result from the disloca
tions arising from the large stresses caused by the extremely high impurity
concentration gradients in these diodes. 

The above considerations led Riben and Feucht23·24) to suggest the following 
model for the I-V characteristics of anisotype heterojunctions in the tunnelling 
regwn. 

3.1.4. The tunnelling-recombination model of Riben and Feucht 

The close resemblance between the excess current in Esaki diodes and the 
tunnelling current in anisotype heterojunctions is attributed to the fact that 
in the latter junctions there is also a large concentration of states in the for
bidden energy gap, viz. the interface states. 

Riben and Feucht assume total recombination at the interface states, which 
prevents an y injection of minority carriers . Electrons as well as holes tunnel 
through their respective barriers towards the interface where they are captured 
by the interface states and recombine (see fig . 3.6a). These two tunnelling 
processes and the recombination are thus three processes connected in series. 
One of the tunnel processes is assumed to be rate-limiting, which leads to an 
I-V characteristic as given by eq. (3.7). 

Although the observed characteristics are adequately described by eq. (3.7), 
the value of the parameter VA is sometimes in poor agreement with the value 
theoretically expected. Riben and Feucht assume a multi-step tunnelling model 
for these cases. In the latter model the electrons tunnel between trapping states 
spatially distributed in the space-charge layer, thus following a staircase path 
in the energy-band diagram (see fig. 3.6b). Assuming a uniform distribution 
of the states in both energy and space it is possible to adjust the parameter 
VA to its experimental value by choosing a suitable number of steps for traversing 
the space-charge region. The barrier height surmounted per tunnelling step, 

Et, is assumed to be equal for each step in this model. 

This multi-step tunnelling model is dubious in view of the additional assump
tions Riben and Feucht had to make in order to obtain an expression of the 
form of eq. (3.7). Moreover, their presentation of the model is not completely 
clear. Instead of requiring current continuity in the multi-step process using 
adjustable trap populations, the total tunnelling probability is set equal unjustly 
to the product of the tunnelling probabilities per step. Further, without due 
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a) 

b) 

"Staircase path" 
Et 

Fig. 3.6. Schematic representation of the tunnelling- recombination model of Riben and 
Feucht23•24) for anisotype heterojunctions; (a) recombination via one set of interface states; 
b) multi-step process via energetically and spatially distributed states. 

justification the tunnelling probability is taken equal for each step, while the 
expression for this probability is wrong. Finally, in order to obtain agreement 
with experimental characteristics, they are compelled to assume that for a 
given junction at different biases, Et is proportional to the square of the 
maximum electric field in the junction, for which there is no other evidence. 

Nevertheless the general idea of tunnelling followed by recombination is 
probably basically correct, including those cases in which the value of VA 
cannot as yet be satisfactorily interpreted. 

The transport models were presented in this survey in the order in which 
they have been published in the literature, each particular one evolving from 
or correcting its predecessor. One transport model has been omitted, however , 
namely the model of Dolega2·'). Its discussion in chronological sequence would 
not have been opportune: it originated as an isolated transport model without 
derivations from the other models treated. It took several years before its 
existence was commonly known, probably because it was published in German. 
This model is treated in the next section. 
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3.1.5. The emission-recombination model of Do/ega 

Essentially, the equilibrium energy-band diagram is Anderson's again (fig. 
3.lb). The only difference is that Dolega does not make the assumption LlEc = 
xz- n, so that in this model the value of LlEc is not specified . 

In his transport model Dolega has recognized the possibility of strong 
recombination in the interface region as the prevailing mechanism before 
Riben and Feucht did. He assumes total, infinitely fast recombination at the 
interface. Unlike the authors mentioned, he does not make the assumption 
that the electrons and holes reach the interface via tunnelling processes, but 
instead via thermal emission over their respective barriers (see fig. 3.7). In
finitely fast recombination implies that the electron and hole quasi Fermi levels 
coincide at the interface. 

Dolega's complicated expression for the /-V characteristics can be rendered 
as follows: 

I = Is [ exp ( ; :T) - I J , (3.8) 

with 

(
-q Vn) 

Is= B exp (3 k T , (3.9) 

where B is only weakly temperature-dependent. The value of (3 in these two 
equations is identical and depends on the ratio of doping concentrations. For 
equal concentrations, (3 = 2 at all voltages, but in general (3 is a slowly varying 
function of vottage. For strongly asymmetric doping, (3 = I at low voltage and 
changes to (3 = 2 at high voltages. 

Dolega's model has traits in common with the well-known model of Sah, 
Noyce and Shockley (SNS)9) for homojunctions with strong recombination of 
electrons and holes in the space-charge region via states in the forbidden energy 

F ig. 3.7. Schematic representation of the emission- recombination model of Dolega25) for 
anisotype heterojunctions. 
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gap. A difference is that in the latter model these states are homogeneously 
distributed in space and have definite ionization energies, whereas in Dolega's 
model the recombination centres have a continuous energy distribution and 
are spatially restricted to a fixed plane or very narrow layer at the interface. 

In the l-V relation for the SNS model the asymmetry of the recombination 
centres plays a similar role as the doping asymmetry in Dolega's model. The 
!- V relation of the SNS model can a lso be written in the form of eqs (3.8) 
and (3 .9), with this discrepancy that the values of (3 in these two equations 
are now not identical in general; the dependence on voltage of (3 in eq. (3.8) 
is similar to that of Dolega's (3, while (3 in eq. (3.9) roughly equals two for all 
voltages. 

The situation reached up to this point of our survey may briefly be summarized 
as follows . The I-V characteristics of most anisotype heterojunctions are rather 
adequa tely described for all values of V by eq. (3 .7), which is explained by the 
tunnelling-recombination model of Riben and Feucht. The I- V characteristics 
of some junctions, however, show a kink at a given voltage Va. For V > Va, 
eq. (3 .7) again applies. For V < Va, eq. (3.3), derived from the emission model 
of Perlman and Feucht, applies . 

At first sight one might think that the process of thermal emission followed 
by diffusion and the process of tunnelling-recombination are parallel transport 
mechanisms each of which dominates the other in a given voltage interval. 
However, the decrease instead of increase of the slope of the I-V characteristics 
for V passing beyond Va rules out parallel processes and points to series 
processes. 

This conclusion led Donnelly and Milnes2G) to construct a synthesis between 
the foregoing transport models. This synthesis yields models which can explain 
the main lines of practically all experimentally observed I- V characteristics 
for all values of V. Thus the next section concludes this survey of transport 
models so far as anisotype heterojunctions are concerned. 

3.1.6. The synthesis of transport models by Donnelly and Miln es 

According to Donnelly and Milnes the carrier transport takes place simul
taneously along two different groups of parallel channels (see fig. 3.8). 

Group I leads to minority-carrier injection into the space-charge region and 
into the bulk of the narrow-gap material. After the injection the minority 
carriers disappear by a diffusion-recombination mechanism. The injection 
mechanisms are thermal emission over the spike and tunnelling through the 
spike. From experimental data Donnelly and Milnes conclude, however, that 
this injection can be neglected in most cases. 

To the second, dominating group belong the processes leading to recombina
tion at the interface (II). In fact these transport channels can be divided into 
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Fig. 3.8. Schematic representation of the synthesis of transport models for anisotype hetero
junctions by Donnelly and Milnes26); 0) minority-carrier injection and recombination in 
the bulk; (II) transport of electrons and holes to and recombination at the interface. 

three processes in series: a mechanism transporting the electrons to the inter
face, a transport mechanism for the holes, and the recombination process. 
The transport of both electrons and holes to the interface in its turn takes 
place by two parallel mechanisms: thermal emission over and tunnelling 
through the respective barriers. In a given voltage interval the J- V charac
teristic can usually be described adequately by that one of the five mechanisms 
mentioned in group II which is rate-determining. 

All experimentally observed /- V characteristics can be explained now. 
For the first class of junctions, viz. those obeying eq. (3.7) at all applied 

voltages, one of the two tunnelling processes is rate-determining over the 
whote voltage range. 

For the second class of junctions, viz. those obeying eq. (3.3) for V < Va 

and eq. (3.7) for V> Va, one of the two thermal emission processes is rate
determining for V < Va. It is interesting to recall that eq. (3.3) was originally 
derived by Perlman and Feucht with the idea that the emission was followed 
by injection and subsequent diffusion- recombination, the emission being rate
determining. However, emission followed by immediate recombination via 
the interface states leads to the same equation if the emission in this case is 
likewise rate-determining, as all additional series processes are then almost 
irrelevant. Moreover, Donnelly and Milnes show that eq. (3.3) is a lso obeyed 
approximately in the case where the recombination via the interface states is 
rate-determining. For V > Va the rate- determining function has switched over 
from emission or recombination to one of the two tunnelling processes. In 
the case of switch-over from em ission to tunnelling this is a switch-over of 
rate determination from one barrier to the other. 

Thus Donnelly and Milnes make use of the elements of all transport models 
already discussed in this chapter. Dolega's model may be considered as the 
special case in which tunnelling is negligible and recombination via the inter-
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face states is infinitely fast at all applied voltages. The approximation method 
of Donnelly and Milnes, in which it is assumed that one of the two emission 
processes is completely rate-determining, leads for this case to eq. (3 .3) with a 
constant value of fl. In Dolega's model this approximation is not made, which 
leads to eq. (3.8) where fJ is slightly voltage-dependent. It can be shown that 
the expressions for the saturation currents for the two models, given by eqs 
(3.4) and (3.9) respectively, are approximately equal. 

-
3.2. Models for isotype heterojunctions 

3.2.1. The energy-band diagram and emission model of Anderson 

In the same papers in which Anderson proposed the first detailed models 
for anisotype heterojunctions, he also presented isotype-heterojunction 
models2 ·3) . In his transport model the contribution of minority carriers to the 
electrical current is neglected. 

The equilibrium energy-band diagram is derived with the aid of a fictitious 
experiment analogous to that done for anisotype junctions in sec. 3.1 . 1. Again 
interface states are neglected. This leads to the diagram presented in fig. 3.9. 
In contrast with homojunctions and anisotype heterojunctions, now a depletion 
layer has developed on one side only of the interface, namely on the side of 
the semiconductor with the smaller affinity. On the other side an accumulation 
layer has formed. The other properties of anisotype-heterojunction energy
band diagrams stated in sec. 3.1.1 , viz. the equality of absolute charges on 
both sides of the interface, the occurrence of a spike and a notch in one of the 
band edges, continuity of D and <!>at the interface, and the assumption LIEc= 
xz- x 1, also apply to isotype heterojunctions. 

The potential drop over the accumulation layer is small compared to that 
over the depletion layer, viz. of the order of kT(q, which entails a close similarity 
to a metal-semiconductor or Schottky diode. This fact is the basis for Anderson's 
assumption of full analogy of transport mechanisms for both kinds of junctions, 
leading to I-V characteristics given byl7) 

"Spike'' 

-,----
Fermi level 

Fig. 3.9. Equilibrium energy-band diagram for an isotype heterojunction according to 
Anderson2•3) . 
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l = ls [ exp (k ~)- I] , (3.10) 

where !8 follows from emission theory and is therefore gtven by eq. (3.4). 

The l-V characteristics of the GaAs-Ge isotype heterojunctions investigated 
by Anderson are satisfactorily in agreement with eqs (3.10) and (3.4). This is 
also the case for some isotype heterojunctions between semiconductor materials 
with larger lattice mismatches and one side of which is much more heavily 
doped than the other side. However, other investigators observed totally different 
l-V characteristics at isotype heterojunctions between two moderately doped 
materials with larger lattice mismatches. These specimens show a more or 
less pronounced tendency to current saturation for both polarities of voltage, 
i.e. for both polarities there are regions where the current depends sublinearly 
on voltage (see fig. 3.10). For higher voltages the current may again increase 
rather more strongly with voltage, the region of what will be called here 
"soft breakdown". 

Oldham and Milnes4,5) proposed the model of two Schottky diodes back-to
back in order to give an interpretation of these peculiar characteristics. 

Although this is not mentioned in their papers, Oldham and Milnes were probably inspired 
by the close resemblance between the 1- V characteristics of some of the Si-Ge isotype hetero
junctions they investigated and the characteristics observed by Mueller27 •28) when studying a 
current through Ge grain boundaries. The heterojunction interface plays a similar role as the 
grain boundary in the latter type of junctions. Apart from the asymmetry in the properties 
of the heterojunctions, their equilibrium energy-band diagram and transport model are in 
the main lines analogous to those proposed by Mueller for grain boundaries. 

Sublirn;ar Soft breakdown 
reg1on '-------
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Fig. 3.10. Experimentally observed current- voltage characteristic of an isotype heterojunction 
showing a tendency to double current saturation followed by regions of soft breakdown. 

3.2.2. The double-Schottky-diode model of Oldham and Milnes 

To derive the equilibrium energy-band diagram, Oldham and Milnes start 
from Anderson's diagram (see fig. 3.11). They make the additional assumption 
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Fig. 3.11. The double-depletion-layer model of Oldham and Milnes4 ·j) for an isotype hetero
junction, derived from Anderson's band diagram. The introduction of interface acceptor 
states into the latter model leads to electron capture from both the wide- and the narrow-gap 
materials; (a) before equilibrium with interface states; (h) after equilibrium has been established. 
Xt and x2 are the electron affinities; for r}), see caption of fig. 3.1. 

that there is a great number of electrically active interface states, partially 
originating from the "dangling bonds" associated with the lattice mismatch. 
These states, like surface states, are probably partly acceptors and partly 
donors. To reach equilibrium, the materials on both sides of the interface give 
off electrons to the acceptors. If the concentration of interface states is high 
enough, this results in two positively charged depletion layers. The sum of 
their charges is opposite to and equals the magnitude of the charge of the 
monopole layer of interface states. This energy-band diagram is called the 
double-depletion-layer model. In this model f/J is continuous at the interface, 
but Dis not. It is noteworthy that one may still assume LI Ec= zz- Xl· 

Apart from their drastic influence on the equilibrium band diagrams, the 
interface states also play a decisive role in electric transport. The following 
assumptions are made concerning the interface states. They are geometrically 
confined to an extremely thin layer, the "interface", and lie in a very narrow 
energy interval which fixes the Fermi level for all applied voltages. Further 
their total capture cross-section is so large that all electrons traversing the 
interface are captured and re-emitted by these states. A schematic diagram of 
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Fig. 3.12. Schematic representation of the electron fluxes contributing to the current through 
an n-n isotype heterojunction in which the narrow-gap material is biased positively, according 
to Oldham and Milnes4 •5) . For high enough voltages the fluxes represented by the arrows 
with dashed Jines are negligible. 

the fluxes contributing to the current is presented in fig. 3.12. Hole current is 
completely neglected . 

The I-V relation resulting from the foregoing assumptions is analogous to 
that of the two Schottky diodes which would result if the monolayer of interface 
states were replaced by a metal interlayer. Hence the name double-Schottky
diode model. Oldham and Milnes do not derive the whole I-V relation for 
this model, but only consider the expressions for the two saturation currents. 
As they use thermal-emission theory, these expressions are analogous to eq. 
(3.4). Tunnelling through the energy barriers is neglected. 

The foregoing model explains the tendency to double current saturation 
observed in moderately doped isotype heterojunctions with large lattice 
mismatches. The soft breakdown arises from one or more of the assumptions 
made being not strictly valid. Especially, if one or both sides are heavily doped, 
important tunnelling through one or both barriers occurs, which destroys the 
tendency to double saturation. 

ln order to evaluate the barrier heights of the two Schottky diodes with the 
aid of the expressions given by Oldham and Milnes, one has to measure the 
temperature dependence of the saturation currents. As most junctions show 
only very poor double saturation, this is generally an unreliable method . In 
fact Oldham and Milnes had only one Si- Ge n-n heterojunction for which 
they were able to evaluate the barrier heights and LlEc with the aid of this 
method , yielding L1Ec=0·16 eV 5). Another method of determining the men
tioned quantities, based upon measurement of the absolute values of the 
saturation currents and their comparison with a theoretical expression, is even 
more unreliable because some additional assumptions are needed . 

The model of two Schottky diodes back-to-back will be considered 10 

detail in chapter 4, which yields more reliable methods for determining LlEc. 
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Before that, in the next section yet another energy-band diagram will be treated, 
i.e. that of Van Ruyven29-31). The essential point of this model is that with 
respect to the value of L1Ec the generally accepted assumption made by Anderson, 
viz. L1Ec= xz- v, is replaced by a different assumption. This modification of 
L1Ec leaves both the band diagrams and the transport models of all anisotype 
and isotype heterojunctions presented in this chapter qualitatively unmodified. 

3.3. The energy-band diagram of Van Ruyven 

In Anderson's band diagrams the interface is electrically neutral , whereas 
Oldham and Milnes assumed an interfacial monopole layer. Van Ruyven assum
es that there exist generally a monopole and a dipole layer at the interface. 
Thus, whereas in the first model at the interface both <P and D are continuous 
and in the second only <Pis continuous, in Van Ruyven's model both <P and D 
are discontinuous. 

The dipole layer is thought to be brought about as follows. Like Anderson, 
Van Ruyven assembles the heterojunction in a fictitious experiment by bringing 
two separate pieces of different semiconductors together. However, instead of 
starting with flat-band condition for large mutual distance, now these fictitious 
pieces both possess their respective specific surface states with the resulting 
band curvatures before intimate contact has been established. If after contact 
has been made these surface states have disappeared, again Anderson's dia
grams result. If after making contact the original two sets of surface states 
have merged into one set of interface states, a monopole layer has arisen. 

Van Ruyven, however, assumes that in the assembled junction the two 
different sets of states are still present, with a mutual distance of the order of 
a lattice constant. Consequently, both a monopole and a dipole exist at the 
interface. A rough estimation of their strengths is made as follows. Before 
making contact, in many semiconductors the Fermi level at the surface is 
stabilized by the surface states to a fixed position in the energy gap. The 
interface states are assumed to be numerous enough to keep the Fermi level 
at the interface stabilized at the same position with respect to the two energy 
gaps after contact has been made. The pre-contact difference in work functions 
of the two materials is not compensated, as in Anderson's model, by exchange 
of mobile charge carriers between the bulk space-charge regions, but only by 
exchange of charge carriers between the two sets of interface states. Thus the 
monopole strength equals the total charge of the two sets of original surface 
states and the dipole P equals the original difference of work functions r:p 2 - r:p 1• 

Figure 3.13 represents the resulting diagram for an n-n junction. 

Van Ruyven only modifies the value of L1Ec. As has been said already, this 
modification does not change essentially the models discussed in our survey. 
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Fig. 3.13. Equilibrium energy-band diagram of an isotype heterojunction according to Van 
Ruyven29-:H). Xl and X2 are the electron affinities ; (/11 and (/12 are the work functions of 
the free surfaces of semiconductor I and 2 respectively; for <P, see caption of fig. 3.1 . 

Nevertheless the numerical value of LlEc is an important parameter as it is 
one of the factors determining which transport mechanism dominates in an 
actual sample over a given voltage interval. 

As to their different assumptions made with respect to LlEc, neither Anderson 
nor Van Ruyven offers a rigorous theoretical justification. On the one hand, 
there are many different factors contributing to the affinity x of a semiconductor 
and there is no compulsory reason why LlEc should exactly equal x2 - Xl· On 
the other hand, there is no justification for the assumption that at the hetero
junction interface a set of two spatially separated planes of states exists which 
can be more or less identified with the surface states of the respective free 
semiconductor surfaces. A thorough, reliable theoretical derivation of the 
value of L1 Ec for a given heterojunction from basic principles does not yet seem 
to be feasible*). Thus L1 Ec should be evaluated from experiment. 

The experimental determination of LlEc: of anisotype heterojunctions is 
difficult. It will be shown in the next chapter that especially isotype hetero
junctions to which the model of two Schottky diodes back-to-back applies, 
offer an excellent opportunity to establish the value of Ll Ec experimentally. 

*) Well-known analogous difficulties are met in the derivation of the barrier height of a 
metal- semiconductor junction32). 
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4. THE MODEL OF TWO SCHOTTKY DIODES BACK-TO-BACK; 
CALCULATIONS OF CHARACTERISTICS 

In this chapter calculations will be performed on the d.c. and a.c. behaviour 
of the model of two metal-semiconductor or Schottky diodes back-to-back in 
the dark and under illumination . 

4.1. D.c. characteristics 

First, the d.c. characteristics m the dark are calculated. After that, the 
influence of illumination will be considered. Evidently the equations for the 

illuminated case should simplify to the corresponding equations for the dark 
case on substitution of zero illuminance. 

The influence of series resistance and parallel leakage are neglected in the 

first instance; their discussion is postponed to a later section. 

4.1.1. D.c. characteristics in the dark 

The relation between current and voltage in the dark for a single Schottky 
diode is given by an expression identical to eq. (3.10): 

l=fs (exp(k~)-1] . (4.1) 

The temperature dependence of Is is slightly different depending on whether 
diffusion or thermionic-emission theory applies3:3.34). As in our samples the 
doping concentrations are such that for both component diodes the latter 
theory applies, Is is given here by a Richardson-type equation : 

Is= A T 2 exp ( - E/kT). (4.2) 

In this equation, E is the barrier height, i.e. the difference between the Fermi 
level and the bottom of the conduction band at the interface expressed in eV. 
For a given diode the quantity A will be treated as an adjustable parameter, 
as it is unfeasible to predict its value reasonably from theoretical considerations. 

A diode obeying eq. (4.1), for increasing reverse voltage exhibits perfect 

current saturation to a value Is. It is very difficult to bring into account the 
factors wh ich lead to imperfect current saturation of the two back-to-back 
diodes representing an actual heterojunction sample. Therefore, in the cal

culations in this chapter these factors will be neglected. As has already been 
said, this simplified model yields an adequate description of the experimental 
characteristics over a limited, but interesting voltage range. 
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The separate /-V relations for diodes I and 2 in the double-Schottky-diode 
model (fig. 4.1a-c) are given respectively by*) 

Diode I Diode 2 

-Isr _ 
Diode I 

a) 

2 

Diode 2 

Diode I Diode 2 

Positive direction of 
elec tricol current 

b) 

Diode 2 

/---------
1-----++---«;;.<----- - /...,...v= v, +V2 

/ 
/ 

I 
I 

/- Double diode 
I 

c) 

Fig. 4.1. The double Schottky diode; (a) equi librium energy-band diagram ; (b) energy
band diagram for a positive applied voltage V; for the sign conventions see footnote below; 
(c) current--voltage characteristics; full-drawn curves: characteristics of component diodes, 
dashed curve: overall characteristic; on the curves several characteristic points, discussed 
in the text, are indicated. 

•) In fig. 4.lb, corresponding to eqs (4.3) and (4.4), the positive directjon of the electrical 
current I has been chosen towards the left. This sign convention was chosen in order to achieve 
that the interesting 1-V interval containing the inflection point K lies in the first quadrant 
(see fig. 4.Jc), which leads to elegant equa tions and diagrams. The same result would 
have been achieved by interchanging the positions (and the numbering) of the wide- and 
narrow-gap materials, while choosing the positive d irection of the current towards the 
right, as is usual. However, in the nomenclature of heterojunctions the wide-gap material is 
frequently mentioned first. Moreover, in our case this usage harmonizes wi th another 
nomenclature convention in which the substrate material is mentioned first. 
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(4.3) 

and 

I= I 2 = I82 [- exp (- ~ i) + I J . (4.4) 

The saturation currents Is1 and I82 are given by eq. (4.2) with the appropriate 
values of A 1 and A 2· In fig. 4.1 c the foregoing I-V relations are represented by 
full-drawn curves. 

The total voltage V over the two diodes in series equals 

(4.5) 

By equating the right-hand terms of eqs (4.3) and (4.4) and using eq . (4.5), 
V1 and V2 can be expressed in V in the following way: 

with 

kT 
V1 =-In ~+V, 

q 
kT 

V2 =- qln ~, 

~ = 1 + Is1/ Is 2 

1+/ 

Is1 (q V) f = Is2 exp k T · 

The ratio V1/Vz, which will be needed later, is thus given by 

~ = -(I+ q V ) 
Vz k TIn~ . 

(4.6) 

(4.7) 

(4.8) 

(4.9) 

(4.10) 

By substitution of V1 from eq. (4.6) in eq. (4.3) the following I-V relation 
is found for the double Schottky diode: 

I= 2Isliszsinh(qV/2kT) (4 I) 
Islexp(qVf2kT)+Iszexp(-qVf2kT) .l 

This can also be written as 

I-f-Isl /Isz I 
- 1 + f s2. (4.12) 

In fig. 4.1 c this characteristic is represented by a dashed curve. 
A few mathematical properties of this I-V relation will be presented now. 
First, current saturation for both polarities of voltage is seen to occur by 

inserting the limits V ~ co and V ~ -co in eq. ( 4.11 ), which yields the satura
tion currents Isz and -I81 respectively . For V ~co, V1 approaches a constant 
value which follows from eq . (4.6) : 

. k T ( Isz) V1oo = lrm V1 = -In 1 + -I - , 
V->oo q sl 

(4.13) 
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whereas for V-> -w, V2 becomes constant (eq. (4.7)) : 

. k T ( fsl) V2oo'= hm V2=- -In 1 + -- . 
V-> -oo q ls2 

(4.14) 

Another relevant property of the 1- V characteristic is the occurrence of a 

point of inflection K for the polarity where the diode with the smaller saturation 

current is biased in its forward direction, i.e. diode I in fig. 4.1. At this point 

K the differential resistance R of the double diode has its minimum value. The 

expression for R is found by differentiation of eq. (4.12), which yields 

( 
d/ )-1 k T 

R= dV = q(/sl+ls2)(2 +f+J-l). (4.15) 

From this equation it follows that R reaches its minimum value for 

fo = 1, ( 4.16) 

where the lower index zero indicates the value off at K. Substitution of eq. 

(4.16) in eqs (4.9), (4.12) and (4.15) yields the values of the total voltage Vo 
over the two diodes, the current /o and the differential resistance Ro, all at the 

point of inflection: 

Vo = kTln (~), 
q ls1 

( 4.17) 

lo = ·i Us2-lsl), (4.18) 

Ro = 4 k T 
q (/sl + ls2) 

( 4.19) 

IfK is chosen as a new origin, the I- Vrelation given by eq. (4.1 J) takes a very simple form in 
the new coordinates I' and V': 

I' = I,t + J.,z tanh (~) 
2 kT . (4.20) 

The I-V characteristics of the two component diodes intersect at (0,0) and at (Vo, 2 Io) 
(cf. fig. 4.1c). The centre L of the line connecting these two points of intersection has the 
coordinates(~· Vo, Io). Referred to Las an origin, the I- V characteristics of the component 
diodes given by eqs (4.3) and (4.4) become in the new coordinates V" and!": 

(
q v ") It" = (ls1 Isz)t exp k~ - t (1.,1 + Isz), (4.21) 

lz" = -(1,1 /,z)t exp (- q :~') + t (1.,1 + IsZ). (4.22) 

From these equations follows the property of inversion symmetry of these characteristics 
with respect to L : 

It" (Vt") = -lz" (- V1" ) . (4.23) 

The differential resistance Roo at the origin M according to eqs (4.15) and 

(4.9) is given by 

kT( 1 1) Roo= - -+-. 
q !.~1 ls2 

(4.24) 
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The expressions for the differential resistances R 1 = ( dh/d V1)-1 and R z 

= (dlz/d V2)-1 of the two component diodes at an arbitrary voltage V follow 

from differentiating eqs ( 4.3) and ( 4.4) : 

R1 = kT ( f1) 
q (Js1 + fs2) l + - ' (4.25) 

kT 
(I I ) ( l +/) . q s1 + s2 

(4.26) 

The ratio R2/R1 is thus given by 

!!__! = f = ~ exp (~) . 
R1 fs2 k T 

(4.27) 

From eqs (4.27) and (4.16) or (4.17) it follows that at the point of inflection K the differ
ential resistances RJo and R2o of the two component diodes are equal: 

R1o = Rzo = t Ro . (4.28) 

The ratio of the differential resistances at the origin follows from eq. (4.27) with V=O, 
and with the a id of eq. (4.17) can be written as follows: 

R 2oo = l s1 = exp ( - q Vo) . 
R100 l s2 k T 

(4.29) 

If one of the saturation currents is much larger than the other, eqs (4.18), 

(4.19) and (4.24) can be simplified; e.g . if fs2 ~ ls1 one obtains 

1 A2 T 2 
( £2) Io = -2-ls2 = -

2
- exp - k T , (4.30) 

4 k T 4 k ( £ 2) 
Ro = qls2 = qA2Texp kT ' (4.31) 

kT k (£1) 
Roo= qls1 = qA1Texp kT · (4.32) 

For the right-hand expressions in the above equations use has been made 

of eq. (4.2). 

In our samples the effects causing poor current saturations are negligible 

in a voltage region including the origin and the inflection point. Thus eqs (4.30)
(4.32) afford much more reliable methods for the evaluation of £1 and £2 
than those based on the direct measurement of the experimentally badly defined 
saturation currents ! 8 1 and fs2 themselves. From the afore-mentioned equations 

it foll ows that for fs2 ~ /81, logarithmic plots of RooT, RoT and !0 fT2 vs I /T 
yield straight lines whose slopes are the arctans of E 1, £2 and - £2 respectively. 

The difference in the barrier heights equals L1 Ec (see fig. 4.1a-b): 

LlEc = £1-£2 · (4.33) 

An a lternative, direct method for the evaluation of Ll Ec follows from inserting 

the expressions for / 81 and / 8 2, given by eq . (4.2), in eq. (4.17): 
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V _L1Ec kT 1 (A2) · o---+-n-, 
q q A1 

(4.34) 

thus a plot of Vo vs T yields a straight line which for T=O gives V0 (T=O)= 

L1Ecfq. 

4.1.2. D.c. characteristics under illumination 

Illumination of the two Schottky diodes (with light that may differ in spectral 
composition and intensity for the two diodes) gives rise to photocurrents in 
both diodes. The absolute values of the photocurrents of diodes 1 and 2 will 
be called Iphl and Iph2 respectively. The detailed excitation processes contrib
uting to Iphl and Iph2 will be dealt with in a later chapter, as they are irrele
vant to the following calculations. 

The photocurrents flow in the reverse directions of the respective diodes 
under influence of the fields in the space-charge regions. Thus eqs (4.3) and 
(4.4) now modify to 

I= h = f.s1 [ exp (~~1) -1] -Iphl , (4.35) 

I = I 2 = fsz [ - exp (- i ~2) + 1] +I pll2 . (4.36) 

From either equation some well-known properties of an illuminated single 

diode can be seen (see fig. 4.2). Its short-circuit current (SCC) is reverse
directed and has a magnitude equal to the photocurrent. On the other hand 
its open-circuit voltage (OCV) has forward polarity and is given by 

kT ( Iphl) V ph 1 = - In 1 + -I-
q sl 

(4.37) 

or 

k T ( I ph2 ) Vpll 2 = - -In I + -- . 
q Is2 

(4.38) 

The OCV gives rise to a forward current which cancels the photocurrent. For 
the interval of the I- V characteristic between short-circuit and open-circuit 
conditions (i .e. the second quadrant in fig. 4.2) the voltage of a single diode is 
in forward and the current in reverse direction. This interval degenerates to 
a point, viz. the origin, in the dark condition. Outside this interval the voltage 
and current have the same polarities, i.e. either both positive or both negative. 

For the double Schottky diode the division of a given voltage V over the 
two component diodes is found in a way analogous to that in the dark case. 
Equations (4 .6), (4.7) and (4.10) remain unchanged if the quantity ~' instead 
through eq. ( 4.8), is now more generally defined as 

L.I 
~ = (I+ f) Is z' (4.39) 
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-v 

Fig. 4.2. Current-voltage characteristics of a single Schottky diode in the dark and under 
illumination. 

where f is still given by eq. ( 4.9) and ::E I by 

(4.40) 

From eqs (4.6) and (4.7) it follows then that at a fixed value of V, when changing 
from the dark to illumination, the increments of V1 and V2-represented by 
the symbols Llctt V1 and Llctt V2 respectively-are independent of V: 

Ll V _ Ll V _ kT 1 (l lphl+lph2) 
ctt 1-- ctt 2-- n + I +I · 

q sl s2 
( 4.41) 

The I-V relation of the double Schottky diode becomes 

I= ls1 (Is2+/ph2) exp (qV/2kT)-Is2 (Isl +lphl) exp ( -qVf2kT) 
ls1 exp (qV/2kT)+ls2 exp ( -qVf2kT) ' 

(4.42) 

which can also be written as 

I= .f-(Isl/Is2)[(1 +lphl//Sl)/(1 +lph2/Js2)] (I +I /I )I 
l+f ph2 s2 s2· (4.43) 

From these equations it follows that the current saturates to ls2 +/ph 2 for 
V-.co and to -(Isl+/phl) for V-. -co (see fig. 4.3b). 

Equations (4.13)-(4.15) assume the more general forms: 
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Diode I 

------/ 

//"'--Double diode 
I 

I 
I 

I 
I 

Diode I 

I 
I 

I 

I 
I 

// 

/ 

-/ 

/•--Double diode 

f-----t+-t-18 

Fig. 4.3. Current-voltage characteristics of the double Schottky diode; (a) in the dark, 
(b) under illumination; full-drawn curves: characteristics of component diodes, dashed curve: 
ove[all characteristic. For the meaning of the symbols, see text or list of symbols. 

V1oo lim V1 = k TIn (L, !_), 
V->oo q fsl 

(4.44) 

Vzoo = lim Vz= - k TIn ("!:__!_), 
V->-oo q ~2 

(4.45) 

kT 
R= r;r-/2+/+J-1). (4.46) 
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From eq. (4.46) it is seen that with increasing value(s) of /ph1 and/or /ph2*) 
the value of Rat any given voltage decreases; in other words the I-V charac
teristic becomes steeper on the whole. 

An essential difference with the dark case is the following. In the dark the 
I-V characteristic of the double diode goes through the origin; for V#O one 
diode always has its polarity forward (with regard to both its voltage and 
current) while the other diode is in reverse polarity. Under illumination the 
I-V characteristic generally does not go through the origin. From eqs (4.35) 
and (4.36) it follows that for 1< -/ph 1 diode I has a reverse voltage and 
diode 2 has a forward voltage; for I> /ph 2 diode I has a forward and diode 2 
a reverse voltage. For -/ph 1 <I< /ph 2 (i.e. in the interval between the points 
A and B in fig. 4.3b) both diodes have forward voltage polarities. 

The expressions for the OCV and SCC follow from eq. (4.42) by setting I 
and V respectively equal to zero: 

V _ k T 1 ( l+/ph1/ls1) ph-- n , 
q 1 + /ph2/ls2 

(4.47) 

/ph= (-1- + _1_)-
1 

(/ph2- /ph1) 
ls1 ls2 ls2 ls1 · 

(4.48) 

Equation (4.47) with the aid of eqs (4.37) and (4.38) can be written as follows: 

Vph = Vph1 + Vph2 =I Vph11-l Vph21 . (4.49) 

This result is trivial: in open-circuit condition, characterized by I= h = h = 0, 
either component diode develops its (forward) photovoltage independently 
in order to cancel its respective, own photocurrent (see fig. 4.4a). It is evident 
that Vph1 and Vph2 have opposite polarities. 

In short-circuit condition of the double diode, according to eqs (4.6), (4.7), 
(4.9) and (4.39) with V =0 the voltages of the component diodes are given by 

k T ( /ph1 +lph2) 
V 1SC = - V 2SC = - ln 1 + I I ' 

q s1 + s2 
(4.50) 

which can also be concluded from eq. (4.41). Thus, in short-circuit condition 
of the double Schottky diode both component diodes again develop oppositely 
directed forward photovoltages which in this case, however, have equal absolute 
values (see fig. 4.4b). 

For illuminances such that 

(4.51) 

comparison of eq. (4.50) with (4.37) and (4.38) shows that IV1scl < 1Vph11 and 

•) For the sake of brevity, in the following pages the expression "increasing value(s) of /phl 

and/or /ph2" will often be replaced by "increasing illuminance". Throughout this thesis 
"illuminance" thus has a meaning different from the usual definition. 
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a) 

v ;,o 
V2sc=-V,sc 

b) 

Fig. 4.4. Energy-band diagrams of the double Schottky diode under illumination; (a) open
circuit condition, (b) short-circuit condition. 

I V2scl >I Vph21: in order to fulfil the condition of current continuity, in short
circuit condition diode 1 undercompensates its photocurrent, whereas diode 2 
overcompensates its photocurrent. This entails that the net SCC, /ph, will have 
the polarity of the sec of diode l, which can also be seen directly from com
parison of eqs (4.35) and (4.48). Under the same condition given by eq. (4.51) 
it follows from eqs (4.37) and (4.47) that the polarity of the total OCV, Vph, 
in its turn equals that of the OCV of diode 1, Vphl· Thus, part of the I-V 
characteristic of the double diode lies in the second quadrant, just like for 
single diode 1 under illumination. For this reason diode 1 will be said "to 
dominate the photo response of the double Schottky diode" under the condition 
expressed by eq. (4.51). Under the opposite condition, 

(4.52) 

diode 2 dominates the photoresponse, and part of the double-diode I-V 
characteristic lies in the fourth quadrant. For the very special case 

(4.53) 

it is seen from eqs (4.47) and (4.48) that Vph =0 and /ph =0, in other words 
the I-V characteristic goes through the origin, which also follows directly from 
eq. (4.42). 
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The expression for Vph given by eq. (4.47) may be simplified for /phi~ lsi 

and lph2 ~ ls2 to 

Vph low= k T (/phl - /ph2). 
q lsl ls2 

(4.54) 

From eqs (4.54) and (4.48) it follows that there is a linear relation between 
Vph low and /ph: 

Vph low= - k T (-
1
I + -

1
I ) /ph. (4.55) 

q sl s2 

For lphl ~lsi and lph2 ~ls2, eq. (4.47) yields approximately for Vph: 

k T (/phl ls2) Vph high = -In -
1

- -
1 

. 
q ph2 sl 

(4.56) 

Next, the properties of the I-V characteristic at the point of inflection will 
be considered, i.e. the generalizations of eqs (4.16)-{4.19) for the case of 
illumination. These equations become 

fo =I, 

V 0 = k T In ( Is 2 ) ' 
q lsl 

lo = t [{ls2+/ph2)-{lsl +lphl)], 

4k T 
Ro = q L: I. 

(4.57) 

(4.58) 

(4.59) 

(4.60) 

The first two equations show that fo and V0 are independent of illuminance: 
for varying illuminance the geometrical position of the inflection points on 
the various /-V characteristics is a vertical straight line. 

Although Vo itself is light-independent, the distribution of Vo over the two component 
diodes varies with illuminance; this distribution can be calculated from eqs (4.6), (4.7), 
(4.39) and (4.57): 

V10 = k TIn ( 2:. I) , 
q 21st 

(4.61) 

V2o = - k TIn (!:_!__) . 
q 21s2 

(4.62) 

Just as in the dark case, the/-V relation now also simplifies considerably if the coordinates 
of the inflection point K are chosen as a new origin. Equation (4.42) then becomes simply 

, 2:. I (q V') 
I = T tanh 2 k T . (4.63) 

With the point L(t Vo, Io) as origin the I-V relations of the two component diodes change to 

h" = (/st Is2)t exp (q V"/kT)- t 2:. I, 

h" =- (/st Is2)t exp (-q V"fkT) + t 2:. I. 

(4.64) 

(4.65) 

From these equations it follows that for any illuminance there is a point L with reference to 
which the I-V characteristics of the two component diodes keep their property of inversion 
symmetry, as expressed by eq. (4.23). 
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The generalizations of the expressions for R 1 and R2 (eqs (4.25) and (4.26)) 
are given by 

R1 = qk [I (1 +.f-1), 

kT 
R2 = q ~I (I+ f)· 

From these equations it follows that 

~ =!= ~exp (q V), 
R1 l s2 k T 

(4.66) 

(4.67) 

(4.68) 

which implies that R2/R 1 at a given value of V is independent of illuminance. 

Thus at the points of intersection between a vertical straight line in the 1-V diagram and 
the collection of 1-V characteristics for various illuminances, the ratio R2/R1 is constant. A 
special choice for this vertical line is v~ Vo, i.e. the geometrical position of the inflection 
points. From eqs (4.68) and (4.58) it follows that in this case eq. (4.28) remains valid under 
illumination. 

Now the special case will be considered in which the ratio /ph1//ph2 is 
independent of illuminance: 

/ph1//ph 2 =a = constant. (4.69) 

Under this condition the I-V relation, given by eq. (4.43), can be written as 

I= (f-Is1/ fsz) ~s~; (f-a) / ph2 . (4.70) 

From this equation it is seen that the/- V characteristics for various illuminances 
all intersect a t one common point whose voltage Vc is given by fc= e< . Using 
eq. ( 4.9) this yields for the coordinates ( Vc, I c) of the common point of inter-
section: 

Vc = k TIn (a~) = k Tin ( 1
Ph

1 !.:..!_) , 
q / Sl q l s1 /ph2 

(4.7 I) 

I iX l sz - l s1 ( l I ) - 1 
( / 8 2 l s1 ) 

c = -~ = / p-;:; + / ph 2 /ph 2 - /p-;;; . 
(4.72) 

T hese equations show that the point of intersection lies either in the first or 
in the third quadrant, which is obvious since the dark characteristic is situated 
exclusively in these quadrants. 

The expressions for Vph low and /ph, eqs (4.54) and (4.48) respectively, with 
eq . (4.69) can be written as follows : 

Vph low = k T (~ - -
1
-) / ph2, 

q l s1 fsz 
(4.73) 

( 
I I )-1 ( a I ) /ph = - - + - - - - - /ph 2 . 

l s1 fsz l s1 l s2 
(4.74) 

Thus the low-limit OCV and the SCC of the double Schottky diode vary linearly 
with the photocurrent /ph 2 (and / phl), just as the low-limit ocv and the sec 
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of a single diode do, which can be seen from eqs (4.35)-(4.38). From eqs (4.59) 
and (4.69) it follows that Io also varies linearly with Jph2: 

Io =} [(Js2-ls!)+(l -o:) lph2]. (4.75) 

From eqs (4.37) and (4.38) it follows that for a single diode with lphl ~ ls1 

the OCV depends logarithmically on lphl*). For the double diode with 

lpbl ~ ls1 and Jph2 ~ ls2 the OCV saturates to a value Vph sat which follows 
from eqs (4.56) and (4.69): 

Vph sat = kqT]n (o: ~::). (4.76) 

Thus, in contradistinction to the OCV of a single diode, the OCV of the 
double diode saturates as soon as the two diode photocurrents become larger 
than their respective saturation currents. A comparison between eqs ( 4. 7 I) and 
(4.76) shows that 

Vph sat= Vc, (4 .77) 

i.e. the OCV saturates to the voltage of the common point of intersection. 
This can be understood from inspection of fig. 4.3b : for very high illuminances 
the !-V characteristic in the region of switch-over from saturation current 

- (lsJ + lphl) to (!8 2 +/ph z) approaches a vertical line which of course goes 
through the common point of intersection. 

4.1.3. The influence of series and parallel resistances 

The discussion of the influence of series resistance and leakage on the !-V 

characteristics of the double Schottky diode will be facilitated by the diagrams 
of figs 4.5 and 4.6. These experimental diagrams show the influence of resist

ances on the system of two actual diodes back-to-back. 

For this experimental illustration it was desirable to have ideal diodes with good reverse
current saturations. Because of image·force barrier lowering, tunnelling and edge effects, 
actual metal- semiconductor diodes do not fulfil this requirement satisfactorily (see fig. 4.5a- b). 
In p- n diodes these troublesome effects are either absent or much smaller. Use has therefore 
been made here of a device consisting of a commercial Si p-n diode and a commercial Ge 
p-n diode back-to-back. The use of p-n diodes instead of Schottky diodes is justified by the 
fact that the basic equation for the calculations made in this chapter. i.e. eq. (4.1), also describes 
the I- V relation of a p- n diode with negligible recombination- generation in the space-charge 
region . The only difference is that the expression for the saturation current /6 of a p- n diode 
differs from that assumed in eq. (4.2) for a simplified Schottky diode. However, this specific 
expression is used exclusively in eqs (4.30)- (4.34), which give the dependence of some quan
tities of the I- V characteristics on temperature. All other statements and equations in this 
chapter- in which (the temperature dependences of) /61 and / s2 are not specified- are 
equally valid for two p-n diodes back-to-back. 

*)Here cases of such high values of /phl that the basic equation (4.35) becomes invalid will 
be left out of consideration. In those cases the OCV finally saturates approximately to the 
diffusion voltage ("fiat-band condition"). 
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a) 
-v 

b) 
-v 

Fig. 4.5. Experimental current-voltage characteristics measured on two actual Schottky 
diodes back-to-back, for various illuminances. 
(a) Au- n-Si and Ni- n-Sidiodes ; pos. voltage: Au--n-Si in forward ; hor. scale: 0-1 Vfgross div., 
vert. scale: 5 nA/gross div. 
(b) Ag-n-GaAs and Au-n-GaAs diodes ; pos. voltage: Ag-n-GaAs in forward; hor. scale: 
50 mY/gross div., vert. scale: 2 [LA/gross div. 

Collections will be considered of I-V characteristics at various illuminances 
all of which fulfil the condition made in eq. (4.69). This condition was ex
perimentally fulfilled by using grey filters. Figure 4.6a shows such a collection for 
the device without external resistances . This figure illustrates some of the 
properties derived in the foregoing section. As IX (-Iphtflph2) does not differ 
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a) 
-v 

b) -v 

Fig. 4.6. Experimental current -voltage characteristics measured on anSi p - n diode and aGe 
p - n diode connected back-to-back, for various illuminances. 
(a) The two diodes alone, (b) with R, = 2·2 kf2, (c) with Rp = 10 kf2, (d) with RpJ = 10 kf2; 
pos. voltage: Si diode in forward; hor. scale: 0·2 V(gross div., vert. scale: 50 [LA/gross div. 
Faint curve: dark characteristic. 

greatly from unity, the voltage Vc of the common point of intersection*) 
practically equals the illuminance-independent voltage Vo of the points of 
inflection on the various curves (cf. eqs (4.58) and (4.71)). 

*)In figs 4.6a- d the dark characteristic, i.e. the fainter curve, does not go through the common 
point of intersection of the light characteristics. This is a result of the heating of the samples 
by the incident light: in fact the dark curve is not a member of the collection of light 
curves, all of which have roughly the same, higher temperature. It can be shown that for 
two Schottky diodes the influence of a given temperature difference is much less. This 
explains why the dark characteristic in figs 4.5a- b goes th.rough the common point of 
intersection in spite of temperature differences (in the latter figures the dark cha racteristic 
is indicated by a curve of normal thickness). 
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d) -v 

Fig. 4.6 (continued). 

With an ohmic series resistance Rs, every point shifts horizontally over a 
distance L1 V=l R s with respect to the characteristics for Rs=O. This leaves 
the saturation currents, the los and the OCVs invariable (see fig. 4.6b). Qualita
tively speaking, the fixed OCVs are the "centres of rotation" of the strongly 
sloping parts of the individual characteristics. For increasing illuminance this 
sloping part approaches a straight line with a slope arctan (1 / Rs): the differential 
resistance in this region around the point of inflection approaches Rs as here 
the differential resistance of the double diode itself becomes much smaller. 
It is also evident that there remains a common point of intersection. 
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With an ohmic parallel resistance Rp over the two diodes, every point 
shifts vertically over a distance Ll! = V/ Rp with respect to the characteristics 
for Rp = oo. The "quasi-saturating" parts of the characteristics become straight 
lines with slope arctan(l/Rp) (see fig. 4.6c). In contravariance with the former 
case (R8 =0) the Vos and sees are now invariable, whereas the OeVs decrease 
with increasing iHuminance. The fixed sees are the centres of rotation of the 
quasi-saturating parts. Again there remains a common point of intersection. For 
the light characteristics the slope of the steepest part remains approximately 
equal to the value it had for Rp = oo, because here the differential resistance of 
the double diode itself is much smaller than Rp. The dark characteristic, 
however, has become an almost straight line. 

The influence of an ohmic parallel resistance over one of the two diodes 
cannot be analyzed in a similar exact form. The experimental curves in the 
case of leakage over the diode with the smaller saturation current are presented 
in fig. 4.6d. It is seen that for high enough values of Rp 1, under illumination 
there is still a common point of intersection, whose Vc has scarcely shifted 
from that of no leakage. 

The invariance of Vo with variations of both Rp (less strictly ofRp1) and of 
the illuminance ( eq. ( 4.58)) has an important practical consequence. Leakages 
may decisively determine the shape of the dark characteristics, so that no 
point of inflection is observed (see figs 4.5b and 4.6c-d). The method of evaluat
ing the value of LlEc from Vo of the dark characteristic using eq. (4.34) then 
fails. At high enough illuminances the point of inflection becomes clearly 
visible. If the leakage is nearly ohmic at very low voltages (as is frequently the 
case), LlEc may now be evaluated with the aid of eq. (4.34). 

4.2. Small-signal a.c. characteristics 

The small-signal dynamic equivalent circuit for a single Schottky diode with 
negligible series resistance is a parallel circuit consisting of its differential 
resistance and its differential capacitance. The differential resistance depends 
on voltage. The differential capacitance equals the depletion-layer capacitance 
if the two following conditions are fulfilled. First, minority-carrier storage 
effects should be negligible. For Schottky diodes this condition is always 
fulfilled, except for extremely high forward currents35), which will be left out 
of consideration. In the second place no deep-lying, slow impurity centres should 
be present in the semiconductor36). There is no reason to expect the presence 
of such centres in the samples investigated in this work. The depletion-layer 
capacitance and consequently the differential capacitance depend on voltage. 

The equivalent circuit of the double Schottky diode is given by fig. 4.7a. 
Just like R1 and R2, C1 and Cz do not depend only on the d.c. bias voltage V, 
but also on the illuminance. This is due to the fact that a given fixed bias 
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C(w) 

--G-
Rac(W) 

a) b) 

Fig. 4.7. (a) Dynamic equivalent circuit for the double-Schottky-diode model (with Rs = 0); 
(b) transformation to the quantities Rae and C. All the quantities in (a) and (b) depend on 
bias voltage and illuminance. 

voltage divides itself over the two component diodes with a different ratio for 
different illuminances. For R 1 and R 2 the dependences on V and illuminance 
have already been derived (eqs (4.66) and (4.67)). R 1, Rz, C1 and C 2 all are 
independent of frequency. 

The total admittance G of the circuit of fig. 4.7a will be written in the form 
(see fig. 4.7b): 

G=I/Rae+JwC, (4.78) 

where the equivalent differential parallel resistance Rae and capacitance C 
depend on w, V and illuminance. 

Because of the intricacy of the complete expressions for Rae and C, the 
analysis of the circuit will be performed in three steps. First, the circuit will 
be analyzed without using the specific expressions for the dependence of the 
four components R1 , Rz, C1 and Cz on V and on illuminance. In other 
words, the frequency dependence is analyzed at fixed values of V and illumin
ance. Next, the voltage dependence of the components will be introduced. 
Finally, the influence of illumination will be considered. 

4.2.1. Frequency dependence 

For the transformation of fig. 4.7 straight-forward calculation yields the 
following expressions for Rae and C: 

(wfwz)2+ 1 
Rae = (w jw 1)2 + 1 (R1 +Rz), (4.79) 

C _ (w/w3)2+ 1 R12 C1 +Rz2 Cz 
- (wfw z)2 + 1 (R1 + Rz)2 ' 

(4.80) 

where the characteristic frequencies are given by 

(4.81) 

(4.82) 
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1 [R12 C1+R22 Cz]t 
cv 3 = R1 R2 C1 C2 (C2+ C2) . 

(4.83) 

In order to get an idea of the general shapes of the curves of Rae and C vs w it is necessary 
to know the sequence in magnitude of these characteristic frequencies . From eqs (4.81)-(4.83) 
it follows that the ratios w1/w2 and w2/wa are given by 

WI [ f(l + g)2 r 
W2 = (I +f) (I + fg2) ' 

(4.84) 

W 2 = r--g (I -'-fl.:___ r 
wa (I +g) (I + gj2) ' 

(4.85) 

where 
f= R2/R1 (4.86) 

and 
g = C2/C1. (4.87) 

It is seen that the ratios w1/wz and wz/wa result from each other by interchanging/and g. 
Both w1/wz and w2/wa reach their maximum value, viz. unity, for fmgm = l, i.e. for 

(4.88) 
In this case 

(4.89) 
Thus generally 

(4.90) 

From eqs (4.79) and (4.80) it follows that in the limits of very low and very 
high frequencies Rae and C become frequency-independent. Using eq. (4.90) 
one finds 

(4.91) 

(4.92) 

(4.93) 

(4.94) 

It follows from eqs (4.84) and (4.85) that for f g~ 1 or f g ~ 1, i.e. for 

(4.95) 

or for 
(4.96) 

all characteristic frequencies lie far separated from each other: 

(4.97) 
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The expressions for Rae and C in the intermediate frequency region under this 
condition simplify from eqs (4.79) and (4.80) to 

(4.98) 

(4.99) 

In illustration of the foregoing, fig. 4.8 presents a schematic diagram of log Rae and log C 
vs log w for the following specific choice of parameters: R1=I06 Q , C1=100 pF, R2=l04 Q , 
C2=l pF. As here 

(4.100) 
and 

(4.101) 

eq. (4.95) is satisfied. The expressions for the characteristic frequencies and for Rae and C 
in the various frequency regions, given by eqs (4.81)-(4.83), (4.91)--(4.94), (4.98) and (4.99), 
simplify considerably under the conditions expressed by eqs (4.100) and (4.101): 

Rae 
(J1) 

w1 = I/(Rl R2)t c1, 

W2=1/R2Cl, 

W3 = 6/R2(Cl C2)t, 

1 
R, I 

105f----'/-=-: w
2
C

2 
R --- -l , 2. 

Resistance' ! 
I ' 
I 
I 
I 
I 
I 
I 
I 

w,=--'-VR,R;c, 

Fig. 4.8. Rae and C vs w for the circuit indicated. The expressions for the stra ight asymptotes 
and for the characteristic frequencies w1 , w 2 and W3 are approximations. 
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In fig. 4.8 the positions of the characteristic frequencies and the asymptotes given by the 
foregoing equations are indicated by dashed lines. 

For values of the parameters R1, Rz, Cr and Cz which do not fulfil the 
conditions set by eq. (4.97) the vertical distances between the low- and high
frequency asymptotes become short and the sloping intermediate intervals 
less steep. In the extreme case where the parameters fulfil eq. (4.88) the three 
characteristic frequencies coincide. In this case, according to eqs (4.79) and 
(4.80), Rae and Care completely independent of frequency. 

The influence of adding a constant series resistance R, to the circuit of fig. 4.8 will only 
be discussed briefly now. The expressions for R ae and C become much more complicated 
than those for the case of .R,= O and will not be presented here. However, if R s is not too 
large, eqs (4.79) and (4.80) remain valid for not too high frequencies. 

This is illustrated by fig . 4.9. In this figure the double-logarithmic curves for R ae and C 
vs w are given for the circuit already considered in fig. 4.8 with the addition of a series 
resistance R s= 102 !.1. Figure 4.9 shows the appearance of two additional characteristic 
frequencies W4 and w s. The expressions for W4 and w.; and for the additional asymptotes, 
simplified for the case R1 ~ .R2 ~R. and C1 ~ C2, are presented in the figure. 

10' 

102 
c 

(pF) 

F ig. 4.9. R ae and C vs w for the circuit indicated ; cf. fig. 4.8 and mind the rela tive shift of 
the resistance scales over one decade between the two figures. 
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4.2.2. Dependence on d.c. bias voltage 

In order to study the voltage dependence of eqs (4.79)-(4.83) it is sometimes 
easier if with the aid of eqs ( 4.66) and ( 4.67) they are rewritten as follows : 

Rae = __!5__I_ (wfwz)2+ I (I+ f) 2 

q L. I (w jw1) 2+ I f ' 

C = (w jw3) 2 + 1 C1 +f2 C2 

( wfwz) 2 + 1 (1 + f) 2 ' 

qL.I[ f ]t 
WI = ~ (I +f) (CI 2 +fCz2) ' 

q L. I 
wz = ~ ---,c,---1_+_c-=-z ' 

(4.102) 

(4.103) 

(4.104) 

(4.105) 

(4.106) 

As eqs (4.66) and (4.67) are valid both in the dark and under illumination, 
eqs (4.102)-(4.106) have general validity. 

In analyzing the voltage dependence for the different frequency regions, use 
will be made of some of the asymptotic equations (4.91)-(4.94), (4.98) and (4.99). 
It should be borne in mind that the characteristic frequencies w1, wz and w3 
are voltage-dependent themselves. Thus, at fixed frequency, if one of the 
asymptotic expressions applies in a given voltage interval, the same expression 
may become invalid outside this voltage interval. 

4.2.2.1. Differential resistance 

The voltage dependence of Rae will only be considered in the low-frequency 
limit w ~w1, where eq. (4.91) is valid. Here Rae equals the d.c. differential 
resistance R of the double diode. This implies that Rae ( w ~ w1) has a 
minimum at fo= 1 or V= Vo , with a value given by eq. (4.60). In the other 
frequency ranges the expressions for Rae are intractable. 

4.2.2.2. Differential capacitance 

In the two following sections the C-V curves at low and at high frequencies 
will be investigated separately. 

(a) The minimum in the low- and intermediate-frequency C- V 
curves 

The complete expression for C, given by eqs (4.103), (4.105) and (4.106), 
depends on f both explicitly and implicitly. The implicit dependence originates 
from the dependence of C1 and Cz on V1 and Vz respectively, which in turn 
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depend on.f, as expressed by eqs (4.6), (4.7) and (4.39). It is difficult to take 
into account both the explicit and the implicit dependence on/simultaneously. 
For this reason, as a first step the fictitious case will be considered in which 
C1 and Cz are constants. The significance of the results of this calculation for 
a more realistic case will be discussed afterwards. 

If C1 and Cz are constant, differentiation of eq. (4.103) and putting the 
result equal to zero yield a condition for an extreme, i.e. a minimum: 

.froin (1 +.froin)(Cz-/min C1) [ 1 + {; ~ ~ (C1 + Cz)rJ = o. (4.107) 

Thus for all frequencies the minimum lies at 

(4.108) 
or 

(4.109) 
or 

Vmin = k TIn ( 182 ~). 
q lsl c2 

(4.110) 

According to eqs (4.109), (4.88) and (4.89), the characteristic frequencies w1 
and w3 at this minimum equal wz, which is voltage-independent (eq. (4.105)): 

. q L I 1 
WI(Vmin)=w3(Vmin)=wz = ~ Cl+Cz (4.111) 

From eqs (4.103), (4.108) and (4.111) it follows that the height of the minimum 
equals 

(4.112) 

Thus the curves for various frequencies all have their minimum at the same 
point (Vmin, Cm;n). The high-frequency curves, given by eq. (4.94), form a 
special group which has degenerated into a horizontal line through ( Vmin, Cmin), 
(see figs 4.10a and 4.11). The curves for lower frequencies also become voltage
independent for .f=O and .f-+oo, so that the curves for all frequencies have 
horizontal asymptotes for I Vl-+oo. 

In particular the shape of CL can be easily understood. Equation (4.92) can be written as 

(4.lJ3) 

For such low voltages that f ~ I and f C2l C 1 ~ I this equation yields CL~ C1, whereas for 
fP 1 and JCz/ C1 p 1 one finds CL~ C 2. Thus over large voltage ranges C1. equals approx
imately the capacitance of the component diode having the largest relaxation time in that 
range. Where the relaxation times are equal, CL equals the series capacitance of the two 
diodes, which yields a minimum. Because of the exponential dependence of I on V, the 
switch-over of CL from cl via the minimum to Cz is fairly abrupt. If cl and c2 are approx
imately equal, this results in a deep, sharp minimum; if C1 and C2 differ a great deal, the 
minimum is not very pronounced . 
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Fig. 4.10. C vs V for different values of w; (a) fictitious case in which C1 and C2 are voltage
independent, (b) realistic case. 

In fact C1 and C2 do depend on voltage. It will be assumed that the doping
concentrations N 1 and Nz are constant, so that the following well-known rela
tions apply: 

[ 
qc1N1 ] } 

C1=S 2 (VDI-h) , (4.114) 

[ 
q cz Nz ] t 

Cz=S 
2 (Vnz+ Vz) 

(4.115) 

From these equations and eq. (4.103) it follows that for voltages near Vmin 

and frequencies w < wa the explicit dependence of Con V via f is very much 
stronger than the implicit dependence of Con V via C1 and Cz. This implies 
that in the realistic case, at low and intermediate frequencies a minimum will 
also be found which is given approximately by eqs ( 4.108) and ( 4.112), 

where C1 and Cz are now the values of the capacitances near V = Vmin· How
ever, for I VI-> oo there are no longer horizontal asymptotes. Instead, C 
decreases for high voltages of both polarities. This is most easily shown for 
CL ; for lVI-> co this quantity approximates the reverse-diode capacitance: 
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1 
-

101og f 

w/wo 

lnf=;(;(V-V0) 

q~[ 
Wo= kTCt 

Special choice: C 2/C 1 :314. 

Fig. 4.11. Normalized three-dimensional diagram of the relation between C, V and w (eq. 
(4.103)) for the fictitious case in which C1 and C2 are voltage-independent; only for the ratio 
C2/C1 a special choice had to be made, which was here C2/C 1 = '}. The normalizing frequency 
wo is defined as wo = q :E I/kTC1. The minima in the C- V curves have broadened shapes in 
this figure since the voltage axis is strongly stretched covering a range of only 10 kTfq 
(= 0·25 Vat room temperature). 

lim CL= Crev , 
lvl .... ro 

where Crev decreases with increasing I VJ. 

(4.116) 

Consequently two maxima and one minimum appear m the low-frequency 
curves (see fig. 4.10b). No attempt will be made to calculate the two low-fre
quency maxima. 

By subtracting eq. (4.110) from eq. (4.58) the following relation is found 
between Vmin and the position of the inflection point V0 : 

Vmin- Vo = kqT In ( ~~). (4.117) 

In most practical cases the ratio f s 2/ f s 1 will be many orders of magnitude 
greater than C1/ C2, so that the relative difference (Vmin - Vo)/Vo, which is 
given by 

becomes small . 

ln (C1/C2) 

In (ls2/fs1) ' 
(4.118) 

Substitution of eq. (4.34) in eq. (4.117) yields the third expression - beside<: 
eqs (4.33) and (4.34) - from which LlEc can be evaluated: 
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(4.119) 

(b) The maximum in the high-frequency C- V curves 
The CH-V curves, which were horizontal straight lines in the fictitious case 

of constant C 1 and C2, are no longer straight in the realistic case. For I VI-> oo, 
CH (eq. (4.94)) behaves analogously to CL as expressed by eq. (4.116): 

lim CH=Crev · (4.120) 
lvl--> oo 

In the CH-V curves, one broad maximum occurs (see fig . 4.10b). An approxi
mate expression for this maximum will now be derived . 

Substitution of eqs (4.114) and (4.115) in eq. (4.94) and subsequent differen
tiation to Vyield the following condition for the maximum : 

[
dVzfdV] [c:2N2(Vn2+Vzmax)J t (4.121 ) 
dVt/dVmax = elN!(Vnl-Vlmax) · 

The first member of this equation may be simplified as follows by making use 
of eq . (4.27): 

(4.122) 

Substitution of eq . (4.122) in eq. (4.121) gives 

Vmax = k TIn[!£__ (C: 2 N2 (Vn2+ Vzmax)} t]. 
q fsl Bl N1 (Vnl- Vlmax) 

(4.123) 

The three equations (4.5), (4.10) and (4.123) determine the values of the three 

unknowns Vmax, V1 max and Vz max · The exact solution for this system of 
equations cannot be given in an analytical form . However, under the con
ditions 

V1max ~ Vn1 and Vzmax ~ Vnz, (4.124) 

eq. ( 4.123) simplifies to 

Vmax = k TIn [!£__ (c:z N2 Vn2} t] . 
q f sl Bl N1 Vn1 

(4.125) 

The height of the maximum is given by substitution of Vm ax from this equation 
in eq. (4.94). 

From eqs (4.110), (4.114), (4.115), (4.124) and (4.125) the following relation 

between Vmin and Vmax can be derived : 

k T ( c: 1 N1) k T (VDl C1
2
) Vm;n-Vmax =-In -N =-In V C 2 • 

q ez 2 q DZ 2 
(4.126) 

This relation holds for constant doping concentrations, under the condition 
(4.124). Vmin lies to the right of Vmax if Vol C12 > Vo2 C22, to the left if 
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Fig. 4.12 . C1 vs V1 and C2 vs h with the resulting overall curves CL vs V2 and CH vs V; 
(a) Vot C1 2 > VD2 C22, (b) Vo1 C12 < Vo2 C22. 

Vn 1 C12 < Vnz Cz2 . In fig. 4.12 these two cases are represented schematically 
in semi-logarithmic diagrams. 

Equation ( 4.1 26) in principle yields a method of experimentally determining 
the doping ratio N 1/N 2 from the relative positions of the low-frequency 
minimum and the high-frequency maximum. 

4.2.3. Influence of illumination 

4.2.3.1. Differenti a l resistance 

As to R ae, only the behaviour in the low-frequency limit will be considered. 
Substitution of eqs (4.66) and (4.67) in the expression for Rr., eq. (4.91), yields 

R - kT (l+f)2 
L - qJ:.J _ j_ ' (4.127) 

which also follows from eq. (4. 102). As f is independent of illuminance, at a 
given value of V the ratio of RL in the dark and under illumination is, according 
to eq. (4.127), given by 

RLct ark 

RLlight 

/phl + l ph2 1 + -'-o--___..o.:= 
f s1+ f s2 · 

(4.128) 
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This ra tio is independent of V, which entails a parallel vertical shift of a log 
RL- V curve with illuminance. 

4.2.3.2. Differential capacitance 

Equations (4.113) and (4.94) show that at a given voltage V the capacitance 
in the low- and high-frequency limits depends on light only via the variables 
C1 and C2• At a given voltage V, the values of C1 and Cz under illumination 
differ from their dark values only on account of the fact that V ( = V1 + Vz) 
is divided over the two diodes with different ratios for the illuminated and dark 
cases, leading to different depletion-layer widths. 

The voltages over the two component diodes are given by eqs (4.6) and (4.7). 
The quantity ~in these expressions, defined by eq. (4.39), always has a higher 
value under illumination than in the dark. This implies that for all values of V 

the polarity of the changes of V1 and Vz from the dark to the illuminated case 
for either diode is always in the respective forward direction (cf. eqs (4.3) and 
(4.4)). Consequently both C1 and Cz have higher values under illumination 
than in the da rk. 

From eqs (4.113) and (4.94) it is now easily seen that both CL and CH always 
increase with illumination. More generally, from the complete expression for C, 
eq. ( 4.103), it can be shown that Cat all frequencies increases with illumination 
provided that VD1 ~ kTf4q and VD2 ~ kTf4q. These conditions are always 
amply fulfilled in Schottky diodes which show any rectification at all. 

According to eqs (4.1i6) and (4.120), for lVI -> oo both CL and CH approach 
the reverse-diode capacitance Crev· Thus in these limits the relative increase of 
the double-Schottky-diode capacitance caused by illumination is given by 

, lim Ll d l CL,H = Ll dl Crev = ILl dl Vrevi , 
,v, "'" CL,H Crev Vrev i 

(4.129) 

where Ll d t denotes the difference between the dark and light va lues of the 
quantity following it, and where use has been made of eqs (4.114) and (4.115). 
According to eqs (4.44) and (4.45) the voltage drop over the forward diode 
approaches a constant value for I VI -> oo, so that 

lim VrevfV = 1 . 
lv l->co 

(4.130) 

From eq . (4.41) it is seen that Ll dt Vrev is independent of V. Thus from eqs 
(4.129) and (4.130) it follows that the relative increase of the capacita nce of 
the double Schottky diode with a given illuminance in the low- and high
frequency limits vanishes for I VI-> oo . By a more elaborate treatment it ca n 
be shown tha t the foregoing applies for all frequencies if "relative" is replaced 
by "absolute". 
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It is interesting to consider more quantitatively the change of the coordinates 
of the sharp minimum in the low- and intermediate-frequency C-V curves 
with illumination. Inspection of the derivation of the expressions for Vmin and 
Cmin, eqs (4.110) and (4.112), shows that these expressions remain valid under 
illumination provided that the values for cl and c2 under illumination are 
substituted. Thus the minima of the C-V curves at different frequencies still 
coincide for a fixed illuminance. At different illuminances, however, they no 
longer coincide as cl and c2 vary with illuminance. 
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5. SAMPLE PREPARATION AND MEASURING TECHNIQUES 

To examine experimentally the validity of the double-Schottky-diode model 
and the analysis performed in the preceding chapter, alloyed Si-Ge junctions 
were investigated. The reasons for the choice of this particular pair of semi
conductors and method of preparation have been set forth in chapter 1. In 
the present chapter the preparation and quality of the samples and the tech
niques for measuring the electric and photo-electric properties will be discussed. 

5.1. The samples 

5.1.1. Preparation of the samples 

The preparation procedure of an Si-Ge junction is as follows. A mono
crystalline (111)-faced Si wafer, about 5 mm in diameter and 1 mm thick, is 
etched during 5 sin a mixture of hydrofluoric and nitric acid (1: 5), rinsed in de
ionized water and dried in air at room temperature. AGe pellet of about 1 mm3 

volume and of the same conductivity type as the Si is similarly treated, after 
which it is placed on the wafer. The assembly is placed on a carbon strip 
heater and heated in a stream of hydrogen (see fig. 5.1). Before being led past 
the heater the hydrogen stream has been thoroughly purified from oxygen 
and water vapour by a gas-purifying apparatus. During the heating procedure 
the Ge pellet is viewed through a binocular microscope. 

Ge has a much lower melting point than Si (936 and 1420 oc respectively). 
Thus the pellet melts while the substrate remains solid. To avoid large tem
perature differences between pellet and substrate the temperature of the strip 
heater is increased extremely slowly. This increase is prolonged until the Ge 
starts to melt. Immediately after the Ge has melted completely, a trace of dry 
hydrochloric acid, produced by reaction of ammonium chloride and sulphuric 
acid in a Kipp gas generator, is added to the hydrogen stream. This leads to 

~~ 
Mtcroscope 

~----.K,..,ip::cp:------... 

HCl ge~e,rator 

Fig. 5.1. Equipment for alloying Si-Ge junctions. 

H2 
cylinder 



-56-

instantaneous wetting of the Si by the Ge. Directly after that, the heating is 
abruptly switched off so that rapid recrystallization takes place. 

The mentioned manipulations after the complete melting of the Ge pellet 
are performed in a very fast sequence in order to avoid much Si being dissolved 
in the molten Ge; solution of Si leads to samples containing an abrupt tran
sition between the pure Si substrate and-instead of pure Ge-a recrystallized 
Ge-Si mixed crystal. The composition of the latter with increasing distance 
from the interface varies from relatively Si-rich to nearly pure Ge, approximately 
as represented by the line BC in the Ge-Si phase diagram37) of fig . 5.2. 

From the phase diagram and the diagram of the variation of the energy 
gap vs composition for Ge-Si mixed crystals38,39) (fig. 5.3), it can be seen that 
a small fraction of Si dissolved in the Ge may already entail an appreciable 
deviation of the energy gap of the Si-richest Ge layer near the interface from 

9000 10 20 
Atomic% Si 

a) 

(J 939 
0 
"--
ci. 938 
E 
~ 

I 
9350 2 3 4 5 

-Atomic 0/oo Si 
b) 

Fig. 5.2. (a) Part of the Ge-Si phase diagram according to ref. 37. (b) Fraction of diagram (a) 
on an enlarged scale. The point A represents the composition of the molten Ge pellet with 
some Si dissolved in it. The recrystallized material will have a spatially varying composition: 
starting from the interface it gradually changes as represented by the line segment BC 
approximately. 
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Ref 38 
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-Atomic% Si 

Fig. 5.3. Variation of energy gap vs composition for Ge-Si mixed crystals according to refs 
38 and 39. 

the energy gap of pure Ge. Consequently the value of the barrier height £2 
(see fig. 4.la) and the values of the discontinuities in the conduction- and 
valence-band edges at the interface of such a sample may deviate appreciably 
from the corresponding values of a junction between Si and pure Ge. This is 
the reason why the dissolved amount of Si was kept to a minimum; according 
to an estimation g'iven in the next section this amount is indeed negligible. 
On the other hand an unavoidable minimal solution may be advantageous 
with a view to the creation of an uncontaminated interface. 

After it has cooled down the sample is cross-sectioned perpendicularly to 
the interface (see fig. 5.4). The cross-section is polished and serves for photo
electric experiments, as will be described in a later section. The recrystallized 
Ge is ground flat on its top, parallel to the interface. Both on the Ge and on 
the Si two ohmic contacts are alloyed, to which wires are soldered. After that, 
the sample is briefly etched, rinsed and dried, following the same procedure 
as used for the original wafer and pellet. Finally, the sample is mounted on a 
T0-3 transistor header. 

5.1 .2. Quality of the samples 

Laue back-reflection diagrams of the Si and Ge were taken on the cross
sections. A typical pair of diagrams taken on the cross-section of the same 
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Ohmic contacts Ge 

Direction of 

light 

Fig. 5.4. Schematic view of a sample with indication of the direction of incidence of light. 
On each material only one of the two ohmic contacts actually present is indicated. 

sample is shown in fig. 5.5. The Ge diagram shows that the recrystallized Ge 
is monocrystalline; the correspondence between the patterns of the two diagrams 
shows that the Ge is oriented epitaxially on the Si substrate. The slight reduplica
tion of the spots in the Ge diagram indicates the presence of strain, originating 
from the difference in expansion coefficients between Si and Ge. The stresses 
occurring during the cooling process are partly relieved by the creation of 
cracks, as can be seen from inspection of a cross-section (fig. 5.6). The remaining 
stresses may lead to shifts in the energy gaps of the order of a hundredth eV40). 

These shifts will be neglected henceforth. 

Si Ge 

Fig. 5.5. Laue back-reflection diagrams of Si and Ge taken on the cross-section of the same 
sample. 
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Fig. 5.6. Picture of a part of a cross-section of a sample showing a large crack. 

The cross-sections further show that the Ge has alloyed with very shallow 
penetration depth into the Si substrate. The recrystallization front or interface 
is flat (except at its circumference) and parallel to the substrate surface. Micro
scopic observation showed that the Ge had penetrated into the Si to a depth 
of about l fl.· From this depth the total amount of Si dissolved in the molten 
Ge during the preparation procedure is estimated at only 0·5 atomic Ofoo 
approximately. From the phase diagram and the diagram of the variation of 
energy gap vs composition it may be concluded that the energy gap of the 
first recrystallized layer near the interface will deviate less than 0·01 eV from 
the energy gap of pure Ge. This implies that for our purpose we are justified 
in considering the whole recrystallized pellet, including this layer, as consisting 
of pure Ge. 

5.2. Measuring techniques 

5.2.1. D.c. characteristics 

The I-V characteristics were recorded automatically, using an arrangement 
schematically presented in fig. 5.7. 

The sample was series-connected with a standard resistance so that the same 
current flowed through both. The current was supplied by a stabilized power
supply unit. A motor-driven Helipot ten-turn potentiometer connected over 
this supply provided an automatic increase of voltage with time. The voltage 
drops across the sample and across the standard resistance were led to an 
X- Y recorder or an oscilloscope. Since (for one polarity of voltage) the samples 
usually had a high resistance compared with the input impedance of the recorder 
or oscilloscope, Keithly 200B electrometers were interposed as impedance 
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Fig. 5.7. Arrangement for automatic recording of the I-V characteristics. 

transformers (input impedance 1014 Q, low output impedance, unity gain). For 
the same reason the RC time of the sample was often rather long, so that the 
I-V characteristics had to be recorded slowly. A gear box between the motor 
and the potentiometer enabled one to choose a suitable driving speed for the 
sample and voltage region under investigation . 

The high-ohmic parts of the set-up were thoroughly screened against elec
trical pick-up and insulated with teflon . The sample was immersed in paraffin 
oil in a screened thermostat. 

5.2.2. A.c. characteristics 

The set-up used for measuring the a.c. characteristics is presented by the 
block diagram in fig. 5.8. 

The measurements were carried out with the aid of Wayne and Kerr bridges 
B221 and B601 together covering the frequency range from 50 cfs to 5 Mc js. 
The principle of operation of these bridges is that the real and imaginary 
components of the differential impedance of the sample at a given d .c. bias 
voltage and a given frequency are compensated with the aid of a variable 
resistance and capacitance connected in parallel , the criterium of compensation 
being given by zero adjustment of the bridge output signal. In this way we 
measured the quantities Rae and C defined by eq . (4.78) and fig. 4.7. 

An RC generator provided the a.c. measuring signal, which had a peak-to
peak value across the sample of only 10 mV. The signal was kept so small in 
order to maintain a high measuring accuracy in the region of the low-frequency 
capacitance minimum, where the variation of C with voltage is very fast (see 
fig. 4.10). 
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Fig. 5.8 . Block diagram of circuit for a.c. measurements. 

A consequence of the small input signal was that the output signal of the 
bridge needed a sensitive detection apparatus. For frequencies up to 100 kc/s 
the signal was led via a low-noise a.c. amplifier, Keithly 103, to a lock-in 
amplifier, Princeton Appl. Res. JB-5, and from that to an oscilloscope serving 
as null detector. For higher frequencies the signal was led directly to a highly 
selective Philips communication receiver BX 925 A, while a VTVM Philips 
GM 6020 connected to the d.c. "diode-load" output of the receiver served as 
null detector. 

The d.c. bias voltage was supplied by an anode battery via a Helipot ten
turn potentiometer. The voltage was applied over a large decoupling capacitor 
(2 [LF) series-connected with the sample. As the sample input of the bridge is 
formed by a transformer , the applied d.c. voltage was totally across the sample. 
This voltage was measured accurately with a compensator bench, Bleeker Type 
2165, with a Keithly 200B electrometer as null detector. 

5.2.3. Photoresponse 

The direction of incidence of light was always perpendicular to the cross
section of the sample (see fig. 5.4). 

The illuminated area was completely different in two groups of experiments 
performed. In the first group a broad beam of light was used which illuminated 
the whole of the sample cross-sectional area. Either white light of varying 
intensity or monochromatic light of varying wavelength was used in order to 
study the dependence of the photoresponse on illuminance and wavelength. In 
the second group of experiments only a strip of the cross-sectional area was 
illuminated by a very narrow line of monochromatic light. The photoresponse 
was then measured as a function of the varying mutual distance between the 
line-of-light and the interface. 
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5.2.3.1. Dependence on illuminance and photon energy 

For the measurement of the illuminance dependence a tungsten-ribbon lamp 
was used, the illuminance of the sample being varied with the aid of grey filters. 
At a given illuminance the whole /-V characteristic and the most relevant 
parts of the a.c. characteristics were measured using the methods described in 
the foregoing sections. 

In the spectral measurements only the OCV was measured. The arrangement 
is shown in fig. 5.9. 

Monochromatic light was obtained by using a Leiss single monochromator 
with an automatically driven quartz prism. The resolving power was approxi
mately L1 }, = 150 A. In order to reduce stray light in the monochromator, black 
absorbing shields were placed in it. The absence of contributions of stray-light 
effects to the photoresponse was checked by using filters (see next chapter). 

The light source was again a tungsten-ribbon lamp. At the entrance slit of 
the monochromator the light was chopped at 23 cjs. The light from the exit 
slit was focussed on the cross-sectional surface of the sample by a spherical 
mirror. Sample and mirror were surrounded by a screening box attached to the 
monochromator. 

The photoresponse of the junction was led via a low-level preamplifier 
Tektronix Type 122 with 10-MO-input impedance to a lock-in amplifier PAR 
JB-5 and finally to a recorder. The reference signal for the lock-in amplifier 
was derived from a commercial photodiode situated at one side of the chopper 
disk combined with a small lamp at the opposite side. 

(2;!Lamp 
I I 

ft I I 
Chopper, ~ +- .' ·- i J 

\ I I CJ 1 '~-~_y 
-'--1 '--+-----± . 

R f ~1 r - --- Screenmg box 
e erence l diode /, ___ _ 

' ' Monochromator .!(.. J _____ -_-~-= J 
-t-T --
--++--- ~--~ 

'-------------1 I I Sample---:::-.::, 

Selective Recorder 
amplifier 

Fig. 5.9. Arrangement for spectral photoresponse measurements using a broad beam of light. 
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The voltage drop measured across the 10-MO input impedance of the 
preamplifier roughly equals the OCV of the sample, since the sample differential 
resistance in the second quadrant of the I-V characteristic was always much 
smaller than 10 MO. 

During the spectraF measurements the photocurrents of the two component 
diodes always fulfilled the conditions /pb.l ~ ls1 and /ph2~ ls2; since under 
these conditions eq. (4.55) is valid, in these measurements the OCV of a sample 
is directly proportional to its sec, so that the shapes of their spectral curves 
will be identical. Therefore in these measurements we may speak simply of 
"the photoresponse" without further specification. 

5.2.3.2. Geometrical scanning with a narrow line-of-light 

In these experiments the photoresponse was measured as a function of the 
distance between the exciting line-of-light and the interface (seeinsetoffig. 5.1 Oa). 

A schematic diagram of the equipment is presented in fig. 5.10a. A photo
graph of the non-electronic part of the equipment is given in fig. 5.1 Ob. The 
narrow line-of-light was produced by using a Wild M20 microscope whose 
normal lamp holder for reflected light had been replaced by the Leiss mono
chromator exit slit. The minimal line-of-light width thus obtainable was 
roughly 1 fl.· This width was used in the scanning experiments. 

The monochromator was used in combination with a high~pressure mercury 
lamp HPK 125 Watt, which shows some strong emission lines. The exit slit 
was focussed with the aid of the microscope objective lens on the cross
sectional surface of the sample. The sample A was mounted on a small stage 
goniometer B, as is shown on an enlarged scale in fig. 5.10c. 

For focussing the line-of-light on it, the cross-sectional surface had to be brought very 
near to the objective. As the mounting on the T0-3 header used in the other experiments was 
not suitable for this purpose, the sample was removed from it. Instead the sample was attached 
to a small brass block C with its cross-sectional surface directed upwards to the lens, on a 
level with the brass-block top surface. A silver-paste trace formed the electrical contact 
between the alloyed contact on the Si and the brass block serving as one electrode. The other 
electrode was a phosphor-bronze spring pressing on the Ge contact. 

The stage goniometer made it possible to adjust the cross-section strictly 
horizontally and to rotate the sample around a vertical axis until the line-of
light was parallel to the interface. The goniometer was fixed on the tableD of 
the microscope. 

In the scanning experiments the microscope table with the sample on it 
had to be translated with extremely low velocity in the direction perpendicular 
to the fixed line-of-light. For this reason a type-K microscope table was used, 
which has a strongly retarding fine-adjustment. Moreover the motor used for 
the drive had a very large retardation: Dunkelmotor GR 52 x 15 with retarda
tion set ZG 60-9 (30000 : 1). The normal number of revolutions of this asyn
chronous motor was further reduced by operating it far below its nominal driving 
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voltage. Finally, additional retardation was obtained by attaching a long arm 
E to the adjusting spindle of the microscope table. The end of the arm was 
driven by the motor via a nylon string. The string was kept taut by a counter
weight G. This transmission system avoided troub'lesome hysteresis effects 
which occurred when a driving-belt system was used during preliminary meas
urements. 

With the above-mentioned measures a minimum displacement velocity of 
the sample of 0·1 fJ./S was obtained. 

The displacement was measured accurately with the aid of a mutual-inductance 
displacement meter H electrically connected to a direct-reading measuring 
bridge, Philips PR 9310 and PR 9303 respectively. From the bridge the signal 
was led to an X-Y recorder. 

For stability the whole set-up was placed on a heavy optical bench. 

a 

Counter 
weight 

Adjusting spindle 
Preamplifier 

Direct-reading 
measuring bridge 

X-Y Recorder 

Selective 
amplifier 

Reference 
signal 

Fig. 5.10. Equipment for measuring the photoresponse as a function of the distance between 
an exciting narrow line-of-light and the interface; (a) schematic diagram; insertion: sample 
cross-section with line-of-light; (b) photograph of non-electronic part of the equipment; 
(c) photograph of stage goniometer with sample; 
A: sample, 
B: stage goniometer, 
C: brass plate serving as bottom contact, 
D: microscope table, 
E: arm for retarding the transmission from the motor to the adjusting spindle of D, 
F: low-speed motor with retardation set, 
G: counterweight for keeping string taut, 
H: displacement meter, 
J: microscope ocular lenses; for scannings in the infrared region of the spectrum these lenses 

were replaced by an image converter as described in the text and indicated in fig. 5.11. 
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c 

F ig. 5.10 (continued). 
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The equipment for measuring the photoresponse was identical to that 
described in the previous section. To avoid electrical pick-up, the bench, 
microscope and other metallic equipment were earthed. As this was insufficient, 
a brass cylinder was attached to the setting of the microscope objective lens. This 
cylinder extended below the lens and screened the sample. In fig. 5.10b this 
cylinder has been omitted in order to show the details. 

On the X-Y recorder the photoresponse was recorded as a function of the 
displacement. 

During the measurements the sample and the line-of-light could be observed 
in the normal way through the microscope ocular lenses. This made it possible 
to determine by visual observation the moment when the line coincided with 
the interface. The corresponding point in the photoresponse-displacement 
curve was marked manually. 

A rather difficult problem not yet mentioned is the technique of focussing 
the line-of-light on the sample surface. This was done as follows. 

By increasing the monochromator exit-slit width, a broader area of the 
sample surface was illuminated, so that some structure (e.g. the interfacial 
line) was observed. The height of the microscope table was so adjusted that 
when looking through the microscope one obtained a sharp view of the surface. 
Next , the slit was narrowed to the width used in the scanning procedure. The 
focussing of the line-of-light on the sample surface was achieved then by 
adjusting the distance between the monochromator and the microscope. Once 
this had been accomplished the monochromator and the microscope were 
fixed on the optical bench. 

Actually the procedure followed was more complicated than described 
above, because the monochromator scannings were done with infrared light. 
If the objective were completely free of chromatic aberrations, adjustment of 
the equipment for visible light would also be correct for infrared light. In 
fact our epi-achromatic objective lens is sufficiently corrected for chromatic 
aberrations in the visible region of the spectrum, but not in the infrared region. 
This was intolerable as it would have widened the infrared line-of-light con
siderably with respect to the line in the visible region of the spectrum for which 
the adjustment had been made. Calculation of the necessary correction of the 
table-height adjustment was impossible as quantitative information on the 
chromatic aberration of the lens in the infrared region was lacking. 

For this reason an infrared image converter Wild M500 was used . After 
finishing the adjustment of the table height and of the distance between the 
monochromator exit slit and the microscope for a visible wavelength, the 
microscope oculars J (see fig . 5.10b) were removed and replaced by the image 
converter (see fig. 5.11). By means of a bellows the distance between the 
microscope and the converter was so adjusted that at this visible wavelength 
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Fig. 5.11. Schematic diagram of the application of an image converter instead of ocular 
lenses in order to make the infrared line-of-light visible. 

(to which the converter is sensitive too) sample surface and line-of-light were 
sharply observed through the image converter, in other words they were 
focussed on the photo-emissive layer of the image-converter tube. Next, when 
changing from visible to infrared light, the line-of-light could be refocussed 
on the sample surface by simply re-adjusting the microscope-table height. It 
was possible to check this refocussing re-adjustment by visual observation 
through the image converter: for the same adjustment at which the line-of
light is refocussed on the sample surface, line and surface in their turn are 
refocussed automatically on the photo-emissive layer of the image-converter 
tube and are then observed sharply. 

To wavelengths above 1·23 fL (equivalent to photon energies hv ::s; 1·00 eV) 
the image-converter tube is insensitive. Approximate focussing of the line-of
ligh t on the sample surface in this wavelength region was obtained by extra
polation: the curve of the re-adjustment correction of the table height vs the 
wavelength, as found from the method described above, was extrapolated to 
wavelengths further in the infrared. 



-68-

6. RESULTS AND DISCUSSION OF EXPERIMENTS 

Our Si-Ge n-n junctions showed the expected tendency to current saturation 
for both polarities of voltage4.5.41). This tendency was more pronounced for 
samples with lower doping concentrations of the starting materials. The p-p 
junctions, on the other hand, were ohmic for all combinations of doping con
centrations. 

Efforts to produce clearly visible inflection points in the 1-V characteristics 
of p-p and very heavi ly doped n-n junctions by means of illumination (cf. 
figs 4.5b and 4.6c-d) failed. For this reason we shall restrict ourselves in this 
chapter to the discussion of the results of two groups of n- n junctions which 
in the dark show a pronounced tendency to double saturation. From both 
groups of n-n junctions two representative samples will be considered. In 
columns 2 and 4 of table 6-I the nature and concentrations of the dopings are 
listed. 

In all probability the double-Schottky-diode model applies both to these n-n junctions and 
to the vapour-grown p- p junctions made by Oldham and Milnes4·5), which show a similar 
tendency to double saturation. The data published for the latter junctions are, however, 
insufficient for a thorough verification like that presented in this chapter for n-n junctions. 

In sees 6.1 and 6.2 the results of the different kinds of measurements in the 
dark and under illumination with white light will be discussed using the 
analysis of the double-Schottky-diode model presented in chapter 4. The 
spectral photoresponse measurements of sees 6.3 and 6.4 provide a means to 
specify the contributions of different excitation processes to the photocurrents. 

Henceforth the subscripts I and 2 in the equations derived in chapter 4 
will refer to the Si and Ge Schottky diode respectively. 

6.1. D.c. characteristics 

In this section the d.c. characteristics in the dark and under illumination 
will be considered. 

6.1.1. D.c. characteristics in the dark 

Before measuring the characteristics of a given sample it was checked that 
the pairs of contacts on the Si and the Ge were strictly ohmic. 

A typical 1- V characteristic measured between the Si and the Ge is the full
drawn curve in fig. 6.1. The dashed curve in this figure is a theoretical 1- V 
characteristic for a double Schottky diode. The latter curve was calculated 
with the aid of eq. ( 4.20), the inflection point on the experimental characteristic 
being chosen as the origin of the calculated curve. F urther, the experimental 
1o value was substituted for the factor~, (/81 + 1sz) in eq. (4.20), which approxi
mation is seen to be justified from eq. ( 4.18) taking into account that 1sz ~ 181 

here. From fig. 6.1 it is evident that the double-Schottky-diode model yields 



TABLE 6-I 

Dopings and energy-band diagram parameters 

doping concentrations (cm- 3) barrier heights (eV) L1Ec (eV) 

Si(P) Ge(Sb) £1 Ez £1-Ez from from 
starting after starting from from from (columns Vo vs T minimum 

sample material sample material !/R oo T 1/Cz fo /T2 5 and 7) in 
no. preparation vs 1/T VS V vs 1/T C-V curves 

Kll 2·5.1017 4 ·2.1014 0 ·46 0·31 0 · 15 
Kl2 2·5.1017 4 ·2.1014 0 ·49 0 · 34 0 ·1 5 
Kl4 2 . 7.1015 2·8. 1015 8·5.1017 0·57 0·58 0 ·42 0·15 0·145 0 ·14 
Kl5 2. 7.1015 2 ·85.J015 8·5.1017 0·67 0· 66 0·52 0·15 0·15 0·155 
Oldham's 
run 0- 5*) 1017 4.1016 0·59 0·43 0·16 

coiumn 
no. l 2 3 4 5 6 7 8 9 10 

*) The nature of the dopants is not mentioned by the author. 
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Fig. 6.1. Current- voltage characteristics; full-drawn curve: typical experimental characteristic; 
dashed curve: theoretical characteristic for a double Schottky diode, matched to the ex
perimental characteristic. The inset shows the method of determining Roo. 

a very poor description of the two quasi-saturating regions of the experimental 
I-V characteristic, whereas in the intermediate region, which includes the zero
bias and inflection points, the agreement is quite satisfying. 

To obtain an impression of the influence of edge effects on the I- V charac
teristics, some samples were given a series of special treatments after each of 
which the characteristic was measured. These treatments were etching in 
sulphuric or hydrochloric acid and rinsing in alcohol, acetone, trichlorethylene 
or water. It turned out that the quasi-saturating parts of the characteristics 
were strongly influenced by these treatments (see fig. 6.2), from which it is 
concluded that the non-saturation is at least partly due to edge effects. 

Further possible causes of the deviations from perfect current saturation 
are tunnelling through and image-force lowering of the top of the reverse 
barrier, generation of electron-hole pairs in the depletion layer of the reverse 
barrier, a rise of the Fermi level at the interface with increasing current because 
of filling-up of the interface states, and - also with increasing current-an 
increasing fraction of electrons which traverse the interface by direct transmission 
without previous capture by these states. No attempt will be made here to 
estimate the contributions of these mechanisms. 

As can be seen from fig. 6.2 the I-V characteristic in the intermediate 
voltage region between the quasi-saturations is uninfluenced by any of the 
afore-mentioned treatments. In the following only this intermediate region, 
which is free of edge effects, will be considered. In chapter 4 it has been shown 
that £1, £ 2 and L1Ec (see fig. 4.la) can be evaluated from this voltage region. 
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Fig. 6.2. Example of the influence of some surface treatments on the current-voltagecharac
teristic. The numbers near the various characteristics indicate the sequence of the treatments. 

I-V characteristics similar to that of fig. 6.1 were recorded for the four 
selected samples at different temperatures between 2 and 130 °C. It turned out 
that in all cases the condition l sz't> lsl is amply satisfied, so that eqs (4.30)
(4.32) apply. In fig. 6.3 the quantities 1/RooT and Io /T2 have been plotted vs 
103/T. The points lie very nearly on straight lines for all samples. The barrier 
heights £ 1 and Ez found from the slopes are indicated near the corresponding 
lines in the diagrams and are also listed in columns 5 and 7 of table 6-I. In 
column 8 the differences £ 1_£z (=DEc) are given. It is seen that, whereas 
both £ 1 and Ez vary with an amount of 0·2 eV among our four samples, LlEc 
has the fixed value of 0·15 eV for all of them. 

For two samples the value of LlEc could also be determined directly from 
a Vo- T plot by using eq. (4.34). In fig. 6.4, V0-T plots are presented for the 
four selected samples. The measured points are expected to lie on straight 
lines with small slopes, since the constants A 1 and A 2 in eq. (4.34) very probably 
will not differ too much. Obviously the points of samples Kll and Kl2 and 
the high-temperature points of sample Kl4 do not come up to this expectation. 
The deviations from straight lines are due to the influence of a series resistance, 
which has not been taken into account in our calculations. Drawing the best
fitting straight lines through the points of sample Kl5 and through the low
temperature points of sample Kl4, and subsequent extrapolation to T=O °K 
yield values of LlEc of the order of 0·15 eV for both samples. However, in view 
of the deviations caused by Rs at higher temperatures, and because of the 
shortness of the measured temperature interval, the following procedure was 
considered to be more accurate. 
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Fig. 6.3. Plots of 1/RooT and Io/T2 vs 103fT for the four selected samples. The values of the 
barrier heights £1 and £2, determined from the slopes of the lines, are indicated in the figure. 

From figs 6.3c and d the values of the constants A1 and Az were determined 
for the samples Kl4 and K15 by using eqs (4.30) and (4.32). For each sample 
the ratio of these values was substituted in eq. (4.34), so that the slope of the 
Vo-T line was then known . With this known slope the best straight line was 
drawn through the (low-temperature) measured points of fig. 6.4. The values 
of LlEc found from the extrapolation of these lines to T=O °K are 0·145 and 
0·15 e V (listed in column 9 of table 6-1), which values are in very good agree· 
ment with the values of E1-Ez. 
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Fig . 6.4. Voltage of point of inflection vs temperature for the four selected samples. Extra
polation to T = 0 °K for samples Kl4 and Kl5 gives the value of .dEc according to eq. (4.34). 

From fig. 6.4 it is seen that the deviation from a straight line in the Va-T 
plot, caused by a series resistance Rs, increases with increasing temperature. 
This is a consequence of the increase of Io with temperature (see fig. 6.3), 
leading to an increase of the voltage drop fa Rs. No corrections could be made 
for this voltage drop, because Rs-which in its turn is also dependent on tem
perature - could not be determined accurately enough. For large energy
barrier heights E2, Io is so small that fa Rs is negligible with respect to Vo. 
This is the case for the low-tempera ture points of sample Kl4 and for all 
points of Kl5. 

Although the series resistances of samples Kll and Kl2 impede the applica
tion of eq. (4.34) for direct evaluation of LlEc from the Va-T plots, the series 
resistances have negligible influence on the ! 0(T2 and !(RooT vs 103/T plots of 
fig . 6.3. This is because an ohmic series resistance leaves Io invariant (see sec. 
4.1.3 ; compare fig. 4.6a with 4.6b) and because the condition Rs «,. Roo is 
always amply satisfied for our samples. 

For comparison, in the last line but one of table 6-I data are presented of 
an Si-Ge n-n junction investigated by Oldhams). In this particular sample the 
tendency to double current saturation was so pronounced that both saturation 
currents, by way of exception, could be determined reasonably from extra
polation of the quasi-saturating parts of the I- V characteristic to V = 0 V. 
The values of £ 1 and E 2 , determined from the thermal activation energies of 
these saturation currents, lie within the range of values found for our samples. 
The difference E 1 -E2 equals 0·16 eV, which indicates that Ll Ec is practically 
invariable, even for Si-Ge n- n junctions made by different preparation methods. 
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6.1.2. D.c. characteristics under illumination 

Before the measurements under illumination were performed, it was checked 
that the ohmic contacts did not show any photovoltaic effects. 

The 1-V characteristics of a typical sample*) at various illuminances are 
presented in fig. 6.5. Apart from the imperfect double current saturation, the 
properties of these characteristics agree with the results of the calculations 
made in sec. 4.1.2 (cf. fig. 4.3): 
(1) both "saturation" currents increase with increasing illuminance (eq. (4.42) 

or (4.43)); 
(2) the characteristics at any fixed voltage become steeper with increasing 

illuminance (eq. (4.46)); 
(3) the voltage Vo of the point of inflection is independent of illuminance 

(eq. (4.58)). 

Fig. 6.5. Experimental current- voltage characteristics for one sample at various illuminances; 
faint curve: dark characteristic; hor. scale: 0·1 Vfgross div. : vert. scale : SOf.lA/gross div. 

*)This sample (K13) belongs to the same group as Kl4 and K15, i.e. they were made from 
identical starting materials. 
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Apart from the above-mentioned general properties of the light-characteris
tics, fig. 6.5 also exhibits some special properties resulting from the fact that 

for these characteristics the intensity of the illuminating lamp was varied with 

the aid of grey filters, which leave the spectral distribution of the light invariable. 
Thus the generation of electron-hole pairs and the two resulting photocurrents 

/phl and /ph2 are expected to vary linearly with the transmittance of the grey 
filters (as is the case for an arbitrary single diode). This implies that the ratio 
lph 1/lvhz is independent of illuminance, i.e. eq. (4.69) is valid. Under this 
condition several properties of the I-V characteristics have been derived at 

the end of sec. 4.1.2. These special properties are also confirmed by fig. 6.5: 

(4) there is one common point of intersection of all characteristics (eqs (4.70)-

(4 7''•\\ 0 

. . Ljj ' 

(5) /ph and / 0 both vary linearly with the transmittance of the grey filters, as 
can be seen from the plot of fig. 6.6 (eqs (4.74) and (4.75)) ; 

(6) when for each characteristic of fig. 6.5 the intersection with the horizontal 
axis is plotted vs the intersection with the vertical axis, the curve of fig. 6.7 

is obtained*), whose shape is as predicted: a t very low illuminances there 

is a linear relation between Vph and /ph (eq. (4.55)), whereas Vph saturates 
already for moderate illuminances to a constant value Vph sat (eq. (4.76)); 

(7) the voltage Vc of the common point of intersection of the various charac

teristics equals Vph sa t (eq. (4.77); compare fig. 6.5 with 6.7). 

The value of Vph sa t is nearly an order of magnitude smaller than the barrier 
heights £ 1 and £ 2 (columns 5 and 7 of table 6-1) . This can be understood from 
substituting the expressions for f s1 and / 8 2 from eq. (4.2) in eq. (4.76) while 
taking account of eq. (4.69) ; the result is that - since A 1/Az and /phl/ lph 2 

do not differ orders of magnitude- Vph sat is only of the order of LJE0/q. 

It may thus be concluded that the double-Schottky-diode model yields an 

adequate description . of a limited interval of the experimental d .c. charac
teristics under illumination. The more complica ted interpretation , given by 
Yawata and Anderson42) , in which hole trapping in the notch in the valence 

band near the interface plays an essential role, cannot explain the experimental 
phenomena satisfactorily. 

6.2. Small-signal a.c. characteristics 

In this section the dependence of R ae and C on frequency, d .c. bias voltage 
and illuminance will be treated successively. 

In contrast with samples Kl4 and Kl5, samples Kll and Kl2 show a 

considerable potential drop over the series resistance Rs at room temperature, 

•) In fact , to obtain sufficient accuracy, for this purpose the fractions of the characteristics 
in the third quadrant of fig. 6.5 were recorded on an enlarged scale. Moreover, this was 
done a t two additional, lower illuminances. 
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Fig. 6.7. Open-circuit voltage vs short-circuit current. 

as was found from the inflection point on the 1- V characteristics (fig. 6.4). 
The higher values of Rs, together wi th the lower values of R 1 and Rz, invalidate 
eqs (4.79) and (4.80) for samples Kll and Kl2. As these equations form the 
basis of the analysis performed in sec. 4.2, the results cannot be applied to 
measurements done at samples Kll and Kl2. For this reason the a.c. c!larac
teristics of these samples will not be discussed. 

In the following the a.c. characteristics of sample Kl5 will be treated; those 
of Kl4 are analogous. 

6.2.1. Frequency dependence 

Figure 6.8 for one sample presents the results of measurements of Rae and C 
vs frequency at zero bias voltage in a double-logarithmic diagram. The ex-
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Fig. 6.8. Capacitance and differential resistance vs frequency at zero bias voltage. 

perimental curves show the shapes expected from the calculations made for 
the dynamic equivalent circuit with a series resistance of fig. 4.9. 

Furthermore the dependence of Con frequency, measured at different bias 
voltages, is presented in the semi-logarithmic plot of fig. 6.9a-b *) . We leave 
it here at noticing that the behaviour is in qualitative agreement with the 
calculations of sec. 4.2. More detailed, quantitative examination of these 
curves is postponed to a later section. 

6.2.2. Dependence on d.c. bias voltage 

The dependence of Rae on V will be treated very shortly; the C-V curves are 
more interesting and will be treated more extensively. 

6.2.2.1. Differential resistance 

Figure 6.10 gives Rae vs bias voltage V (Ge pos.) measured at two different 
frequencies. 

The lower frequency, 10 kcjs, lies near to the asymptotic region where Rae 
is independent of w (cf. fig. 6.8). In the latter region Rae equals the steady-state 
differential resistance (eq. ( 4.91 )), i.e. the reciprocal of the first derivative of 
an I-V characteristic like that of fig. 6.l. Thus the minimum in the low
frequency Rae- V curve lies practically at Vo. 

The curve for 5 Mcjs has no direct simple significance as the low-frequency 
curve has. 

*)The choice of two different temperatures, viz. 14·5 and 33 °C, in figs 6.8-6.11 is purely arbi
trary and is not essential to the discussion . 
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6.2.2.2. Differential capacitance 

The results of the measurements of the dependence of C on V for one 
sample are presented in figs 6.lla- b. The shapes of these curves are in good 
agreement with the predictions from sec. 4.2. 

The most striking phenomena in these diagrams are the occurrence and the 
coincidence of sharp minima in tbe low- and intermediate-frequency C-V 
curves, as was predicted by our analysis (cf. figs 4.10 and 4.11). The minimum 
of C, given by eq. (4.112), is very distinct here because C1 and C2 near this 
minimum only differ by a factor of roughly two . 

The low-frequency capacitance minimum has not been reported hitherto by 
other authors. Instead, one broad maximum was found similar to that at high 
frequencies5· 41- 43). This may be due to the ratio C1jC2 differing strongly from 
unity, which leads to a very shallow minimum . Another probable reason is 
that the d .c. bias-voltage steps used were too large : from fig. 6.11 it can be 
concluded that if these steps exceed a few tenths of a volt, one might com
pletely miss a well-pronounced minimum actually present. 

At high frequencies, where C equals the series capacitance of C1 and Cz 
(eq. (4.94)), instead of a minimum a much broader maximum appears, as 
expected ( cf. fig. 4.10b ). 
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Equation (4.126) presented a relation between the difference Vmin- Vmax 

and the ratio of the doping concentrations of the Si and Ge for the case that 
both concentrations are homogeneous. Because of the inhomogeneity of the 
doping of the Ge in the actual samples, this expression does not apply here. 
Nevertheless, the fact Vmin > Vma.x (as seen from the experimental curves) 
is still in qualitative agreement with eq. ( 4.126) recognizing that in this voltage 
region VDl C12 > VD2 C22 (cf. figs 6.11b and 4.12a). 

Substitution of the experimentally found position of the low-frequency 
capacitance minimum Vm;n in eq. (4.119) yields the third method of evaluating 
LlEc. In this equation the ratio A 2/A 1 is known from the I-V characteristics 
(see sec. 6.1.1), while the ratio of the capacitances of the component diodes 
near the minimum follows from this section. The value of LlEc thus found equals 
0·155 eV, which is in good agreement with the two values determined before 
with the aid of other methods, as can be seen from columns 8-10 of table 6-I. 

The barrier heights £ 1 and £ 2, and LlEc may weakly depend on temperature T. 
Inspection of the evaluation methods which have led to the figures listed in 
columns 6, 9 and 10 of table 6-I shows that these are the values of £1 and LlEc 
at room temperature approximately. The figures in columns 5, 7 and 8, however, 
are the values of £ 1, £ 2 and LlEc at T=O °K, provided these quantities depend 
linearly on T. Comparison shows that the differences between the zero- and 
room-temperature values of the three quantities are smaller than the in
accuracies of our measuring results. 

A well-known method of evaluating (the spatial vanatwn of) the doping 
concentration N(x) of a single Schottky diode from C-V measurements makes 
use of the following equations44 .45): 

and 

I qeS2d(l) 
N(x) = -2- dV C2 (6.1) 

(6.2) 

In these equations x is the distance from the metal-semiconductor interface, 
and V is taken positive for reverse voltages. If the doping concentration is 
homogeneous, a ljC2-V plot thus yields a straight line (cf. eqs (4.114) and 
(4.115)). This method will be extended here to the double Schottky diode, the 
problem being how to deduce the l jCLV plots of the two component diodes 
separately from the experimental C- V curve of the sample. 

According to eqs (4.116) and (4.120) both CL and CH approach the reverse
diode capacitance Crev for high enough voltages of both polarities. Further, 
in these high-voltage limits practically the total applied voltage is across the 
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reverse diode (eq. (4.130)). Thus a 1/C2_V plot measured at any arbitrary fre
quency, for high lVI always approximates the 1 /Crcv2_ Vrev curve. 

Nevertheless the specific value of the measuring frequency is very important : 
from eq. ( 4.113) or fig. 4.11 it is seen that C L already practically equals C 1 

for V<Vo-5kT/q and C2 for V > Vo+5kTfq; Cn, on the other hand, 
approximates C 1 or C2 only at much higher values of lVI . Therefore, low-fre
quency capacitance measurements are highly preferable for the deduction of 
the C-V relations of the two component Schottky diodes separately*). 

First the 1/CI2_V1 curve, corresponding with the Si Schottky diode, wiU 
be deduced. For this purpose we have to consider the case of negatively biased 
Ge. From eqs (4.6)-(4.9) it follows that for this polarity the voltage drop V2 
over the forward Ge diode can even be neglected from V=O Von (see also 
fig . 4.lc). Thus the plot of 1/CL2 vs V forGe negative, presented in fig. 6.12, 
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Fig. 6.12. (Low-frequency capacitance)-2 vs bias voltage for V < 0 (Ge neg.); this plot is 
almost identical with a I /C 1 2 vs V1 plot, describing the behaviour of the component Si Schottky 
diode separately. 

*) In the literature dealing with this subject46 •47 ) this important point was not brought to 
light. The reason for this was that the authors did not pay attention to the frequency 
dependence of the double-Schottky-diode capacitance, which they set equal to Cu without 
further comment. 

Actually, in ref. 46 Goodman treated the high-frequency capacitance of a system of 
two series-connected rectifying metal contacts on one piece of semiconductor material. 
Since the basic equations (4.2)-(4.4) of the double-Schottky-diode model also apply to this 
system, all results of our calculations of chapter 4 are also valid for such a system . 

In practice the afore-mentioned case occurs if one wants to determine the doping 
concentration of a given semiconductor from the C- V curve of a Schottky diode made 
by depositing a metal layer on it , while it is impossible to establish a second, ohmic contact. 
A rectifying second contact is also usable: one can deduce the C-V relation of one of the 
two Schottky diodes reliably from the e"Xperimentallow-frequency C-V curve of the two 
diodes in series. This application of our analysis has been made by Lakatos and Roberts48 ). 
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will be almost identical with a l/C1
2-V1 plot over its whole voltage range. The 

plot yields a straight line. From the slope of the straight line and the junction 
area (S=0·65 mm2) one finds a constant doping concentration for the Si which 
equals 2·85 . 1015fcm3. This value agrees well with that of the starting material, 
viz. 2·7 .1015fcm3 (see columns 2 and 3 of table 6-I). The diffusion voltage 
Vm, obtained by adding kT/q to the intersection of the extrapolated 
straight line with the horizontal axis44) , equals 0·47 V. The distance between 
the Fermi level and the conduction band in the field-free Si region outside the 
space-charge region is calculated from the doping to be 0·19 eV. This leads to 
a barrier height £ 1=0·47+0·19=0·66 eV (cf. fig. 4.l a) . This agrees well with 
the value of 0·67 eV, derived from the I - V characteristics (table 6-I, columns 
5 and 6). 

The doping profile in the Ge can be derived from the C-V curve for the 
other polarity, Ge positive. In contrast with the first case, Ge negative, the 
voltage drop over the forward diode (i.e. Si diode) is not negligible now. 
Therefore the division of a given applied voltage V over the two component 
diodes has to be calculated with the aid of eqs (4.6)-(4.9), where / 8 1 and / 8 z 
are known from Roo and /o respectively by using eqs (4.32) and (4.30). The value 
of Cz corresponding to the value of Vz thus calculated follows from CL or CH 
(measured at voltage V) using eq . ( 4.113) or ( 4. 94) respectively. The value of C 1 
to be substituted in these two equations was found from the extrapolation of 
the straight I/C1z_V1 line of fig. 6.12 to the forward voltage h calculated 
above. This extrapolation implies the reasonable assumption that the doping 
concentration in the Si is constant up to the interface. The deduction of C 2 
from CL is preferable to that from CH, since-as mentioned before-CL~ Cz 
for V> Vo+5 kTfq. 

The 1/Czz_Vz curves thus obtained from the C-V curves measured at 
10 kc/s and 5 Mc/s are presented in fig. 6. l3a. The agreement between the two 
curves is satisfactory. The deviations from straight lines point to a variation 
of the doping concentration in the Ge with changing distance to the interface. 
Application of eqs (6.1) and (6.2) to evaluate the doping profile from the 
l /Cz2- Vz curve measured at 10 kc/s yields fig. 6.13b, which shows that the 
concentration increases with increasing distance to the interface. Qualitatively 
this is indeed the kind of doping profile which should be expected after re
crystallization. Lack of knowledge of the kinetics of the dopant(s) in the 
liquid during the fast recrystallization impedes exact calculation of the profile 
to be expected and its comparison with experiment. 

Extrapolation of the I/Czz_V2 curves of fig . 6.13a to l /Cz2 =0 v-2 yields a 
reasonable rough value for Voz of 0·5 V. An accurate determination like that 
obtained for VDl is impossible here. 

In order to facilitate a qualitative comparison with the fictive case of constant 
doping concentrations in both the Si and Ge (fig. 4.12a), the experimental 
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concentration in the Ge vs distance to the interface, as derived from fig. (a). 

C-V curve and the C1-V1 and C2-V2 curves evaluated above forGe positively 
biased are represented semilogarithmically in fig. 6.14. 

The doping profiles in the Si and Ge being partially known now, a rough 
estimation can be made of the minimum number of interface states. Calculation 
of the total positive space charge per cm2 in the two equilibrium depletion layers 
yields Q/q=2·5.1011/cm 2. Since Q also equals the magnitude of the negative 
charge on the interface, the minimum number of interface states is 2·5 .10lljcm2. 
The actual number may be considerably higher. 

6.2.3. Influence of illumination 

6.2.3.1. Differential resistance 

The influence of illumination on Rae, measured at 50 kcjs, is shown in fig. 
6.15. Consultation of fig. 6.8 shows that this frequency lies far above the 
low-frequency range where the change of Rae with illumination is given by 
eq. (4.128). Nevertheless at low voltages fig. 6.15 still shows roughly a parallel 
vertical shift of log Rae, as expressed by eq. (4.128). 

6.2.3.2. Differential capacitance 

The influence of light on C (see figs 6.16a-b) is also in agreement with the 
predictions of sec. 4.2.3: C under illumination exceeds C in the dark at all 
bias voltages, the absolute difference decreasing for increasing bias voltages of 
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both polarities. As expected, the voltage of the capacitance minimum has not 

changed noticeably with illumination . Thus the behaviour of C under illumina

tion can satisfactorily be explained by the double-Schottky-diode model. The 

more complicated interpretation given by Yawata and Anderson42) in terms of 

hole trapping cannot explain the above-mentioned phenomena quantitatively. 

The a.c. characteristics of sample K 14 in the dark and under illumination 

are analogous to those of K15 and will not be discussed here . The values of the 

doping concentration in the Si, of the barrier height E 1 and of Ll Ec as evaluated 

from these characteristics, are presented in columns 3, 6 and 10 of table 6-I. 

6.3. Photoresponse 

From the foregoing part of this chapter it can be concluded that in a l;mited 

voltage region there is good agreement between the experiments and the double

Schottky-diode model, both for measurements in the dark and under illumina

tion. In the analysis of this model presented in chapter 4 the photocurrents 

l pnl and lpnz have been introduced purely formally, i.e. without localization 

and/or specification of the character of the contributing excitation processes. 

Thus the analysis is valid for arbitrary spectral composition and spatial in

tensity distribution of the illuminating light. On the other hand, if additional 

measurements are done of the dependence of the photoresponse on the wave

length of monochromatic light and if scanning experiments are done, information 

concerning the excitation processes can be obtained . These experiments will be 

treated in the following sections. 

6.3.1. Dependence on photon energy 

Figure 6.17 shows curves of the photoresponse per photon vs photon energy 

hv for three of the four selected samples. With the aid of filters, consisting of 

polished Si or Ge plates, it was checked that stray-light effects were absent. 

In this respect special care was devoted to the lower positive peak (:). In the 

left column of fig. 6.17 the equilibrium energy-band diagrams of the samples, 

as derived in the foregoing sections, are presented. 

A quantitative interpretation of the curves of fig . 6.17 would require a very 

difficult quantitative disentanglement of the different contributing excitation 

mechanisms. Many parameters would have to be introduced whose exact 

values are unknown41). Therefore in the following only a semiquantitative 

interpretation is given. 

For any given excitation mechanism there is a minimum-threshold photon 

energy. Thus we shall start the analysis of the spectral-photoresponse curves 

at the side of the low photon energies, so that with increasing energy the 

ditlerent contributions will show up one by one successively. 
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Fig. 6.1 7. Spectral-photoresponse measurements. Right column : photoresponse vs photon 
energy for three samples; in the response peaks (I, H, III) the polarity of the Ge side is 
indicated. Left column : equilibrium energy-band diagrams as derived in sees 6.1 and 6.2. 
The various excitation processes A- D contributing to the photoresponse are indicated in 
both diagrams of sample Kl l; in the list of excitations in the right column the associated Ge 
polarities are also indicated. 
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(A) The first observable response is found at or somewhat above the photon 
energy corresponding to the barrier height £1. For this reason we attribute 
peak I to excitation of electrons from the interface states near the Fermi level 
to the Si conduction band (process A). A similar kind of excitation mechanism 
was first proposed by Van Ruyven et al. 30 ·31) to explain the spectral photo
response of GaP-Ge n- n heterojunctions. This type of emission is analogous 
to the photo-emission of electrons from the surface states on a free semi
conductor surface into vacuum , the so-called "surface-states emission" 49-51). 

Because of this close analogy we shall call the emission from the interface 
states "interface-states emission" . 

It is very probable that there is analogous interface-states emission of elec
trons to the Ge conduction band. Thus one would expect a negative response 
to start already at lower photon energies. This negative peak is not observed 
for the following reason . 

[t is plausible to assume that the maxima of the interface-states-emission 
fluxes to the Si and Ge, i.e. the corresponding maxima of /phl and /ph 2, are 
very roughly equal. Remembering that l s1 ~ l s2 it is seen then from eq. 
(4.54) that the measured photoresponse at the maximum of /ph2 will be 
very much smaller than at the maximum of lphl· As interface-states emission 
- just like surface-states emission -is a relatively weak effect, only the emission 
to the Si is observable. This explanation is simpler than that proposed by Van 
Ruyven et al.30 .31) for the analogous phenomenon in their GaP-Ge n-n 
heterojunctions. 

The foregoing statement can be extended as follows to other excitation 
mechanisms: analogous excitation processes at the Ge and Si sides yield much 
smaller negative then positive response peaks. At a given photon energy the 
response is negative only if the excitations are so strongly asymmetric in favour 
of the Ge diode that eq. (4.52) is fulfilled. 
Summarizing: the component Schottky diode with the smaller saturation 
current (usually the diode with the higher energy barrier, corresponding to 
the wide-gap material) has a strong tendency, a "built-in bias", to dominate 
the double-Schottky-diode photoresponse. 

(B) Excitations of electrons from the valence band(s) to the conduction 
band(s) of the same material (band-gap transitions) are expected to be the 
strongest excitations. The lowest threshold for excitations of this type correlates 
with Ge indirect band-gap transitions (process B, threshold 0·67 eV). These 
lead to .an interval where eq. (4.52.) is fullfill ed, yielding a negative peak (II). 

A contradictory property of this peak is that in most samples its maximum 
lies very near to the threshold of Ge direct band-gap transitions (0·80 eV): instead 
of a decrease of the negative response one would rather expect here a stronger 
increase to s_tart. Moreover, even a change of polarity to a positive response 
(UI) shows up before the Si indirect band-gap transitions start. The same 
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phenomenon has been observed by Donnelly and Milnes41) in their Si-Ge n-n 
junctions. Their interpretation is, however, unsatisfactory: they assume that 
the interface-states emission, which gives rise to peak I , increases strongly 
with increasing photon energy so that it again dominates in the low-energy 
region of peak III. The authors have no further arguments to support this 
highly improbable assumption . We shall give under (C) a more acceptable 
explanation for the second positive peak (H£) to start already for hv < Eg 1 

( = 1·12 eY). 
(C) The analogue, mentioned under (A), between surface and interface

states emissions can be extended to emissions of a second type: the analogue 
of the emission of electrons from the valence band of a free Ge surface into 
vacuum will be found in the emission of electrons from the Ge valence band 
through the interface to the Si conduction band (process C). The valence-band 
emission into vacuum is more than an order of magnitude stronger than surface
states emission50.51.53). Thus we may also expect a strong "interface valence
band emission" in our samples. This fact and the mentioned tendency of the 
Si diode to dominate the photoresponse explain how the interface valence-band 
emission can dominate over the Ge band-gap transitions. From the energy
band diagram (fig. 4.1 a) it is seen that the threshold hvvat for this new type of 
excitation should lie at 

(6.3) 

As for all samples investigated Ll£c= 0·15 eY (table 6- i), this threshold in
variably lies at 0 ·67+0·15 = 0·82 eV. This value agrees satisfactorily with the 
maximum of peak li for the various samples. 

It may seem contradictory that the electrons participating in the process of 
interface valence-band emission would traverse the interface, whereas from 
the applicability of the double-Schottky-diode model we had to conclude 
that most thermally emitted electrons are captured by the interface states. The 
photo-electrons, however, have considerably higher kinetic energy ("hot 
electrons"), which entails a smaller capture cross-section of the interface 
states for these electrons. 

(D) Although for hv > 1·12 eY indirect band-gap transitions in Si also con
tribute to peak h :, no sudden rise of the photoresponse is observed at 1·12 eV. 
An explanation for this fact will be given in the next section. 

In order to check the foregoing interpretation of the spectral-photoresponse 
curves it would be necessary to disentangle experimentally the contributions 
of the two component-diode photoresponses at all photon energies. One 
means of achieving this is to measure the spectral photoresponse curves at a 
sufficiently large d .c. bias voltage. In this condition the reverse diode is highly 
dominant in the overall a.c . photoresponse at all photon energies. Application 
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of either bias polarity in succession would thus yield the disentanglement 
desired. This method failed, however, since the noise introduced by the bias 
voltage was too large to measure the relatively weak photoresponses accurately 
enough . 

In the following section a more successful method will be discussed. 

6.3.2. Scanning a•ith line-of-light 

Scanning with the monochromatic line-of-light yields photoresponse vs 
distance curves as presented in fig. 6.18 for one sample at three different photon 
energies. Like in the preceding section we start the discussion with the low 
photon energies. For each particular photon energy used for scanning, the 
excitation mechanisms contributing to the photoresponse can be found from 
the table of processes (A-D) presented in fig. 6.17a. 

(a) Line-of-light excitation with photon energies hv in the spectral region 
of peak I of fig. 6.17 turned out to produce photoresponses too small to be 
measured. Therefore, in the interpretation of the three curves obtained by 
scanning with photons of higher energy the contribution of interface-states 
emission will be neglected. 

(b) Scanning with a line-of-light of hv=0·76 eV yields the response presented 
in fig. 6.18b, which is negative for illumination both of the Si and of the Ge. 
This response is caused by direct band-gap transitions in the Ge. With in
creasing distance to the interface the response at the Ge side falls off to zero 
roughly exponentially, as would be expected . The response at the Si side, 
however, remains at a quasi-constant level. This can be understood as follows. 
In contrast with Ge, Si is transparent to the 0·76-eV radiation. Thus a con
siderable fraction of the light which has penetrated into the Si keeps travelling 
around by multiple internal reflections at the Si-air surfaces, so that it is enclosed 
within the Si until it reaches the interface ; the fraction reaching the interface 
will only weakly depend on the distance between the interface and the line-of
light. The light which has reached the interface is absorbed*) by the Ge and 
yields a negative response . 

(c) The result of scanning with light having a photon energy of l ·Ol eV is 
presented in fig . 6.18c. At the Si side an extremely slow fall-off of the response 
with increasing distance to the interface is observed, similar to that under (b). 
The quasi-constancy is again explained by transparency combined with 
multiple internal reflections, and can be considered as a characteristic feature 
of radiation that is exclusively absorbed at or near the interface. The 1·01-eV 
radiation arriving at the interface from the Si side yields interface valence
band emission and Ge band-gap transitions. As the former dominates, the 

*) An analogous case well-known in the field of acoustics is that of acoustical energy enclosed 
in a room having reflecting walls with an open door (the "interface") in one of them. 
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Fig. 6.18. Scanning experiments: photoresponse vs distance between interface and narrow 
line-of-light. The three curves relate to one sample scanned with light of three different 
photon energies hv. From the various excitation processes (A-D) indicated along the h1' 
axis in fig. 6.17a it can be seen that the Ill' value used in scanning (b) may give rise to processes 
A and B, scanning (c) to A, Band C, and scanning (d) to A,B, C and D. Scanning (a) , leading 
to process A only, produced unobservable photoresponses. In the peaks the polarity of the 
Ge side is indicated . The vertical scales in the three scanning diagrams are different : actuaUy, 
from (b) to (d) the absolute peak heights strongly increase. 

photoresponse at the Si side is positive now. At the Ge side, where the radiation 
is strongly absorbed by the band-gap transitions, there is still an interval of 
negative response. 

Such a sign reversal in a photoresponse scanning curve has not been reported 
elsewhere in the literature on isotype heterojunctions (the line-of-light used in 
ref. 5 was probably too broad to produce this phenomenon). This sign reversal 
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is the most direct proof for the presence of oppositely directed built-in electric 
fields on either side of the interface. 

The reversal of sign is not as abrupt as would be expected from the width 
of the line-of-light. This is caused by the large angle of aperture of the incident 
light even after the considerable refraction at the outer surface of the sample; 
the angle is about 30° in the materials. When this angle is decreased using 
the aperture diaphragm of the microscope the slope between the two extrema 
increases, but the response becomes too weak for accurate measurements. 

(d) The monochromatic scanning of fig. 6.18dwas done with light of hv= 1·13 
eV. The same excitations occur as for the 1·01-eV radiation, with additional 
indirect band-gap transitions in the Si. As a consequence of these transitions, 
at hv= 1·13 eV the absorption length in the bulk Si is of the order of the 
dimensions of the Si wafer52). Because of this absorption the positive peak 
narrows; as the absorption is moderate, there is still a long tail in the response 
for increasing distances to the interface. At the Ge side there remains an interval 
of negative response. 

For still higher values of hv the increasing absorption narrows the positive 
peak further; instead of a quasi-constant tail, there is an exponential fall-off 
to zero like that at the Ge side. From these exponential fall-offs the diffusion 
lengths in the Si and the Ge turn out to be of the order of a few tens of microns, 
corresponding to hole lifetimes between I0-7 and I0-6 s. These low values are 
due to the presence of strain. 

From the foregoing interpretation of the photoresponse vs distance curves 
it becomes clear why no sudden increase of the photoresponse is observed in 
fig. 6.17 for hv passing the Si indirect energy gap. In these experiments the 
whole cross-section was illuminated. Thus the photoresponse at any fixed 
value of hv in fig. 6.17 may be considered as the integral of a scanning curve, 
i.e. the area under a curve analogous to those presented in fig. 6.18. Although 
with hv increasing beyond Eg 1 the height of the positive peak in the scanning 
diagrams increases, the area under the curve does not increase abruptly, since 
the width of the peak decreases at the same time (compare fig. 6.18c with 
6.18d). 

The excitation processes observed in our samples are summarized in fig. 6.19. 
The open-circuit condition was chosen merely to be specific and is further 
non-essential here. The interface-states emission (A) and the interface valence
band emission (C) give rise to electron fluxes (FeA and Fee). The band-gap 
transitions (Band D) lead to hole diffusion fluxes towards the interface states 
(FhB and Fhu). In order to compensate the resulting currents in the Si and in 
the Ge, either diode develops a forward voltage (Vphl and Vphz) leading to 
the electron fluxes Fe1 ( = FeA +Fee+ FhD) and Fez ( = FhB). 
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Fig. 6.19. Schematic representation of the various excitation processes and the resulting fluxes 
observed in our samples (open-circuit condition) ; (A) interface-states emission to the Si , 
(B) band-gap excitation in the Ge, (C) interface valence-band emission from the Ge to the Si , 
(D) band-gap excitation in the Si . The resultingparticle fluxes, viz. the electron field fluxes Fe A, 

Fee and the hole diffusion fluxes FhB, F,,D are indicated in the diagram . The photovoltages 
Vphl and Vp ll 2 will adjust themselves in such a way that the resulting electron fluxes Fe1 and 
Fez exactly cancel the electric currents coupled with the photo-excited fluxes . 

The only other isotype heterojunctions for which sign reversals in the spectral
photoresponse curves have been reported are the GaP- Ge n- n junctions 
investigated by Van Ruyven et aJ.30 .31) . In the following section we shall show 
that the assumption of the occurrence of interface valence-ba nd emission in 
these junctions provides a plausible interpretation, differing from that given 
by the authors . 

6.4. GaP-Ge n-n heterojunctions 

Figure 6.20 presents a curve of photoresponse vs photon energy for a 
GaP-Ge n-n junction after Van Ruyven31). 

Qualitatively the equilibrium energy-band diagram assumed is similar to 
that of our Si-Ge n- n junctions, GaP taking the place of the Si . The negative 
peak is here also due to Ge band-gap transitions. The fact that positive photo
responses are found for hv < Eg GaP ( =2·3 eV) is attributed by the author to 
interface-states emission of electrons to the GaP conduction band*). There is 

*) The photon energy hvo at the point of sign reversal lies for all samples between 1·1 and 
1·3 eV. The author states that hvo is the threshold for the interface-states emission and 
thus concludes that in all samples the Fermi level at the interface lies 1·2 ± 0·1 eV below 
the GaP conduction band. However, the threshold of the positive excitation processes is 
more likely to be near the maximum of the negative response peak . This maximum has 
only been published for one sample, viz. that of fig . 6.20, for which it roughly equals 1·0 eV. 
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Fig. 6.20. Photoresponse vs photon energy for a GaP-Ge n-n heterojunction after Van 
Ruyven31) . In the response peaks the polarity of the Ge side is indicated . The direction of 
incidence of light was analogous to that for the Si-Ge junctions investigated in this work 
(see fig. 5.4). 

a severe objection to this explanation: the photoresponse for hY < Eu GaP 

reaches values comparable to those for hY 'i:,Eg GaP, which would imply that 
the interface-states emission reaches the order of magnitude of the indirect 
band-gap transitions. 

Just as for our junctions, it is more plausible that the much stronger interface 
valence-band emission (i.e. the emission or electrons from the Ge valence 
band to the GaP conduction band) causes the la rge positive photoresponse 

for hv < Eu c,~p. 
Since for these junctions no equilibrium energy-band diagrams have been 

evaluated from I - V characteristics, it is difficult to decide whether the threshold 
of the interface valence-band emission lies at the maximum of the negative 
peak or at a higher hY value. In the la tter case, at the maximum the threshold 
would lie of interface-states emission, which might still be relatively important 
in the regions of low photoresponses. 

The author has drawn the conclusion that the Fermi-level position at the 
interface is invariable for various samples. This conclusion would have been 
justified only if it had been shown that the maxima of the negative peaks in 
the various samples had the same value a nd that at these maxima the threshold 
lies of interface-states emission. If, however, at these maxima the threshold 
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lies of interface valence-band emission, an invariance of the position of the 
maxima would not point to an invariable Fermi-level position at the interface; 
instead it would point to the invariance of LlEc, quite analogous to that of 
Si-Ge n-n heterojunctions. 
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7. CONCLUSIONS AND REMARKS 

Our investigations lead to the following conclusions and remarks. 

For alloyed heterojunctions between moderately doped n-type Si and n-type 
Ge, the d .c. and a .c. characteristics in the interval between the two quasi
saturation regions are adequately described by the model of two Schottky 
diodes back-to-back, both in the dark and under illumination. The dense 
layer of interface states present in the actual heterojunctions is formally 
represented in this model by a fictitious metal interlayer. In order to explain 
the properties of the characteristics, no use need be made of the additional 
assumptions made by several other investigators. 

Our analysis of this model has provided new methods by which to evaluate 
the barrier heights £1 and Ez and the discontinuity LlEc from the above
mentioned interval. 

The fact that the values of £1 and Ez thus evaluated vary among the samples 
investigated implies that the ionization energies of the interface states vary 
between these samples. This means that Van Ruyven's model, in which the 
ionization energies of the interface states always equal the invariable ionization 
energies of the surface states on the corresponding free surfaces of the two 
semiconductors, does not apply to these junctions. 

In spite of our efforts to avoid differences in the preparation procedure, 
£ 1 and Ez vary considerably even for identical starting materials. This points 
to a sensitive dependence of the ionization energies of the interface states on 
minute details of the preparation procedure. 

The values of LlEc found for our samples, like the value reported by Oldham 
for a vapour-grown sample, all lie in the narrow range of 0·15 ± 0·01 e V. Thus, 
in contrast with E 1 and E z, LlEc is practically invariant, i.e. it is independent 
of the ionization energies of the interface states, the doping concentrations 
and the preparation procedure of the samples. An invariance of LlEc means 
that the specific value of 0·15 e V is an intrinsic property of the combination 
n-Si-n-Ge. 

Anderson assumes that LlEc generally equals the invariable difference of 
affinities xz- Xl· From photo-emission experiments it is found that xz- X1 
for Ge and Si lies between 0·1 and 0·2 eV 53- 55). Thus the experimentally 
observed value of LlEc is as yet fully compatible with Anderson's assumption. 
Theoretically, strict equality of LlEc and xz- X1 is not to be expected . Con
cluding, one may say that for Si-Ge n- n heterojunctions the assumption 
LlEc= xz- X1 is reasonable as a first approximation. 

Further research might solve the question whether the invariance of LID 
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(and consequently of LlEv) extends to Si-Ge p-p and anisotype heterojunctions 
and-with other specific values of LlEc and LlEv-to heterojunctions between 
other pairs of semiconductors. A serious difficulty is, however, that for aniso
type heterojunctions no such reliable methods are as yet available for accurate 
determination of LlEc and LlEv as those developed here for double-saturating 
isotype heteroj unctions. 

In the quasi-saturation regions of the n-n junctions there is a tendency to 
current saturation, followed by "very soft breakdown". The deviations from 
strict saturations are probably part1y due to a decrease of the electron-capture 
efficiency of the interface states for increasing voltage. This decrease is in 
accordance with the relative reduction of the recombination via these states ob
served in the high-current regime of certain anisotype heterojunctions. Further 
investigations are needed to estimate quantitatively the relative contributions 
of various mechanisms to the deviations from perfect double current saturation. 

Our Si- Ge p- p heterojunctions, as well as those of Anderson56) and of 
Brownson5i), all of which were made by alloying, are invariably ohmic. The 
p-p junctions made by Oldham and Milnes4 ·5) using a vapour-growth technique 
to grow Ge on Si show double quasi-saturation similar to that exhibited by 
the n-n junctions. This indicates that the double-Schottky-diode model also 
applies to the vapour-grown p-p junctions, the interface states acting now as 
donors, so that the space charge in the two depletion layers is negative. The 
cause of the ohmicity which alloyed Si- Ge p-p junctions show in contrast 
with the other Si-Ge isotype heterojunctions is as yet unknown. 

It was shown that the excitation mechanisms contributing to the photo
response of the n- n junctions can be divided into bulk and interfacial excitation 
processes. The former are band-to-band excitations in both materials (internal 
photo-effects). The latter are analogous to photo-emission processes from a 
free semiconductor surface (external photo-effects) and hence are twofold : 
interface-states emission and-introduced in this work-interface valence-band 
emission. In principle, it is probable that emission of electrons takes 
place from the interface states tn the conduction bands of Ge and Si, from the 
Ge valence to the Si conduction band and from the Si valence to the Ge 
conduction band. However, only the emissions to the Si conduction band are 
observed experimentally. This is a direct consequence of the double-Schottky
diode model, for which it has been shown here that excitations in or emissions 
to the narrow-gap material generally yield much lower photoresponses than 
do analogous excitations in or emissions to the wide-gap material. 

The concept of interface valence-band emission also provides a plausible 
alternative interpretation of certain peculiarities of t he spectral-photoresponse 
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curves observed by other investigators on Si-Ge and GaP-Ge n-n hetero
junctions. 

Calculations similar to those presented in this thesis for the d.c. and a.c. 
characteristics of two Schottky diodes back-to-back may be made for a model 
of two Schottky diodes head-to-tail, i.e. two diodes in series with the same 
direction offorward current. Such a model is expected to apply to the low-voltage 
region of anisotype heterojunctions between moderately doped semiconductors 
with large lattice mismatches (cf. Dolega's model, fig. 3. 7). Especially for the 
interpretation of the capacitance behaviour of anisotype heterojunctions, the 
head-to-tail model might be very useful. 
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List of symbols 

c 
CL 
eM 
Cs 
Cmin 

Cmax 

Crev 

C1, Cz 

D 
D 

Eg,, Egz 
£1, Ez 
LlEc 

f 

hv 

I 

ls1, ls2 

lo 

lc 

adjustable parameters m the Richardson-type equation ( 4.2) for 
Schottky diode 1 and 2 

heterojunction a.c. differential capacitance 
=C(w~ wz) 

=C(co2~W~W3) 

=C(w~w3) 

value of Cat the minimum in the CL-V and CM-V curves 
value of C at the maximum in the Cs- V curve 
depletion-layer capacitance of the reverse-biased Schottky diode 
depletion-layer capacitance of Schottky diode 1 and 2 

diffusion constant of mobile charge carriers 
dielectric displacement 

forbidden energygap of semiconductor 1 and 2 
barrier height for Schottky diode 1 and 2 (see fig. 4.1a) 

=£1-£2 

=Rz/R1=(/8l/ls2) exp (q VjkT) 

photon energy 

junction current 
saturation current 
saturation current of Schottky diode 1 and 2 
heterojunction current at the point of inflection 
heterojunction current at the common point of intersection of the 
I-V characteristics for different illuminances 

/ph short-circuit heterojunction photocurrent 
/pb 1, lph 2 photocurrent of Schottky diode 1 and 2 

~I =ls1 +lsz+/ph1 +/ph2 

k 

N1, Nz 

ocv 

-q 

R 

Ro 

Roo 

Boltzmann constant 

doping concentration in semiconductor 1 and 2 

abbreviation for "open-circuit voltage" 

electronic charge 

reciprocal of the first derivative of static /- V characteristic, or 
heterojunction steady-state differential resistance 
value of R at point of inflection 
value of R at the origin 



Rae 

RL 

RM 
RH 
R1, Rz 
R1o, Rzo 
Rs 

s 
sec 

T 

v 
Vo 
Ve 

Vmin 

Vmax 

Vpb 

Vpb low 

Vph high 

Vph sat 

V1, Vz 
V1o, Vzo 
Vrev 

Vn1, Vnz 
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heterojunction a.c. differential resistance 

=Rae (w~ w1) 

=Rae(W!~W~Wz) 

=Rae (w ~ wz) 
steady-state differential resistance of Schottky diode l and 2 
value of R1 and Rz at point of inflection 
series resistance 

junction area 
abbreviation for "short-circuit current" 

absolute temperature 

voltage applied over heterojunction 
value of Vat point of inflection 

value of Vat the common point of intersection of the I-V charac

teristics for different illuminances 
value of Vat the minimum in the CL-V and CM- V curves 

value of Vat the maximum in the CH- V curve 
open-circuit heterojunction photovoltage 

= Vph for /phl ~ 181 and /ph2~ lsz 

= Vph for /phl ~/Sl and /ph2 ~lsz 
constant value of Vph high for the case that /ph 1/lph2=<X=constant 
drop of the applied voltage V over Schottky diode 1 and 2 
value of V1 and Vz at the point of inflection 
drop of the applied voltage V over the reverse Schottky diode 
built-in or diffusion voltage of Schottky diode I and 2 

V1oo =lim V1 for v~oo 
Vz oo =lim Vz for v~ - oo 
V1sc, Vzsc voltage drop over Schottky diode I and 2 under illumination, in 

short-circuit condition of the heterojunction 

Vphl, Vphzphotovoltage of Schottky diode 1 and 2 

c:x =lphl/lph2 for the case that this ratio is constant 

e1, ez dielectric constant of semiconductor 1 and 2 

A. wavelength of monochromatic light 

v frequency 

~ = L, l /(1 + f)lsz 

rp1, rpz work function of semiconductor l and 2 
rp1°, rpz0 "flat-band work function" of semiconductor 1 and 2 
C/J macroscopic electrostatic potential 
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electron affinity of semiconductor 1 and 2 

w angular frequency ( =2 n v) 
w 1, w 2, w 3 characteristic frequencies , defined by eqs (4.81), (4.82) and (4.83) 
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Summary 

In this thesis a study is made of the electric and photo-electric properties of 
alloyed n-n heterojunctions between moderately doped Si and Ge. These 
junctions show a tendency to current saturation for both polarities of applied 
voltage. This peculiar feature arises from the influence of interface states: 
electrons traversing the interface between the two semiconductors are captured 
and re-emitted by these states, the rate of re-emission being limited . 

Oldham and Milnes indicated that double current saturation can be described 
formally with the model of two metal-semiconductor or Schottky diodes 
back-to-back. These authors restricted themselves to the aspect of the double 
saturation. In this thesis an extensive analysis is made of the d.c. and a.c. 
characteristics of this model, in the dark and under illumination. 

One result of this analysis is the prediction of a hitherto unobserved sharp 
minimum in the capacitance-voltage curves. The position of this minimum 
can be used to evaluate an important parameter, viz. the discontinuity LlEc of 
the conduction-band edge at the interface, from experimental curves. The 
value of LlEc can also be found from the voltage at the point of inflection on 
the current-voltage characteristic. It is shown that this voltage is independent 
of illumination. This fact makes the method useful for evaluating LlEc in those 
samples which do not exhibit a distinct inflection point in the dark but which 
do so under illumination. A third method of evaluating LlEc makes use of 
the fact that LlEc equals the difference between the barrier heights of the two 
Schottky diodes. It is well known that the barrier heights equal the activation 
energies of the two saturation currents. From our analysis it follows that the 
barrier heights also equal the activation energies of the derivatives of the 
current-voltage characteristic at the origin and at the point of inflection 
respectively. 

For the Si- Ge n-n heterojunctions, the experimental characteristics in the 
interval between the two saturation regions agree very well with the charac
teristics calculated, this being shown by, among other things, the observed 
capacitance minimum. Outside this interval deviations occur: there is often only 
a weak tendency to double current saturation. As the evaluation methods for 
the determination of LlEc developed in this study make use of the above
mentioned interval only, the need to resort to the experimentally badly defined 
saturation currents has now been eliminated. 

The three aforesaid methods all yield L1Ec = 0·15 ± 0·01 eV for all samples 
measured, irrespective of the doping concentrations of the starting materials. 
On the other hand, the corresponding barrier heights of the various samples, 
including even those samples which have been made of identical starting 
materials, vary considerably. This points to a sensitive dependence of the 
ionization energies of the interface states on details of the preparation procedure. 
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The invariance of L1Ec, however, favours Anderson's assumption that LlEc 
always equals the constant difference between the affinities of the two semi
conductors. 

A new measuring technique is the geometrical scanning of the photoresponse 
with an extremely narrow monochromatic line-of-light, I fJ. wide. With this 
technique we succeeded in establishing that the photoresponse has opposite 
polarities on either side of the interface. This result is a direct verification of 
the presence of oppositely directed built-in fields on either side of the interface, 
which is one of the essentials of the double-Schottky-diode model. 

In the experimental curves of the photoresponse vs photon energy, two 
reversals of sign occur. Such a sign reversal is a consequence of the fact that 
with increasing photon energy a new excitation mechanism starts to dominate 
the mechanism dominating before, the two mechanisms acting on opposite 
sides of the interface. The peculiar position of the second sign reversal leads 
to the introduction of the concept of "interface valence-band emission", i.e. 
the emission of electrons from the Ge valence band through the interface to 
the Si conduction band . A similar mechanism also yields an alternative explana
tion for the photoresponse data reported by other investigators for GaP- Ge 
n-n heterojunctions. 
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Samenvatting 

In de onderhavige studie worden de elektrische en photo-elektrische eigen
schappen onderzocht van gelegeerde n- n hetero-overgangen tussen Si en Ge 
met matige doteringsconcentraties. Deze overgangen vertonen een neiging 
tot verzadiging van de stroomsterkte voor beide polariteiten van de aan
gelegde spanning. Dit bijzondere gedrag wordt veroorzaakt door "tussen
vlak-toestanden" (interface states): elektronen welke oversteken van de ene 
halfgeleider naar de andere worden op het tussenvlak door deze toestanden 
ingevangen en vervolgens weer uitgezonden, waarbij de sterkte van de her
uitzending beperkt is. 

Oldham en Milnes hebben erop gewezen dat dubbele verzadiging formeel 
beschreven kan worden door het model van twee metaal- halfgeleider of 
Schottky diodes ruggelings in serie. Deze auteurs beperkten zich tot het aspect 
van de dubbele verzadiging. In dit proefschrift wordt een uitgebreide analyse 
gegeven van de gelijk- en wisselspanningskarakteristieken van het model, met 
en zonder belichting. 

Een resultaat van deze analyse is de voorspelling van een tot nu toe nog 
niet waargenomen scherp minimum in de capaciteit-spanningskrommen. De 
positie van dit minimum kan gebruikt worden om uit experimentele krommen 
de grootte te bepalen van een belangrijke parameter, nl. de discontinulteit 
LIEc van de geleidingsbandkant bij het tussenvlak. De waarde van LIEc kan 
eveneens worden gevonden uit de spanning bij het buigpunt in de stroom
spanningskarakteristiek. Deze spanning is onafhankelijk van belichting. Bier
door is deze methode geschikt om LIEc te bepalen van overgangen welke in 
het donker niet, maar onder belichting wei een duidelijk buigpunt vertonen. 
Een derde methode om LIEc te bepalen maakt gebruik van het feit dat L1Ec 
gelijk is aan het verschil der barriere-hoogtes van de twee Schottky diodes. 
Zoals bekend zijn de barriere-hoogtes gelij k aan de activeringsenergieen van 
de twee verzadigingsstromen. Onze analyse toont aan dat zij ook gelijk zijn 
aan de activeringsenergieen van de afgeleiden van de stroom-spanningskarak
teristiek in de oorsprong en in het buigpunt. 

Voor de Si- Ge n- n hetero-overgangen is er in het interval tussen de beide 
verzadigingsgebieden goede overeenstemming tussen de experimentele en be
rekende karakteristieken, hetgeen o.a. blijkt uit het waargenomen capaciteits
minimum. Buiten dit interval treden er afwijkingen op: er is vaak slechts een 
zwakke neiging tot dubbele verzadiging. Daar de door ons ontwikkelde methodes 
ter bepaling van LIEc uitsluitend gebruik maken van het genoemde interval , 
behoeft men nu zij n toevlucht niet meer te nemen tot de experimenteel slech t 
gedefinieerde verzadigingsstromen. 

De drie vermelde methodes leiden aile tot LIEc=0·15 ±0·01 eV voot aile 
onderzochte overgangen, onafhankelijk van de doteringsconcentraties der 
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uitgangsmaterialen. Anderszijds varieren de overeenkomstige barrierehoog
tes der verschillende overgangen aanzienhjk, zelfs wanneer deze van dezelfde 
uitgangsmaterialen zij n gemaakt. Dit duid t erop dat de ionisatie-energieen der 

tussenvlak-toestanden op gevoelige wijze afhangen van details van de bereidings
wijze der overgangen. De invariantie van LlEc echter spreekt ten voordele van 

Anderson's veronderstelling dat LIEc altijd gelijk is aan het constante verschil 
der affiniteiten van de twee halfgeleiders. 

Een nieuwe meettechniek is het geometrisch aftasten van de photoresponsie 
met een zeer smalle monochromatische lichttijn, I fL breed. De met behulp 
van deze techniek uitgevoerde experimenten tonen aan dat de photoresponsie 

een tegengesteld teken vertoont aan weerszijden van het tussenvlak . Dit 
resultaat vormt een rechtstreekse verificatie van de tegengestelde polariteit der 
ingebouwde velden aan weerszijden van het tussenvlak, hetgeen een essentieel 
kenmerk van het model van de dubbele Schottky diode vormt. 

in de experimentele krommen van de photoresponsie vs photon-energie 

treden twee tekenomkeringen op. Een dergelijke tekenomkering is een gevolg 
van het feit dat met toenemende photon-energie een nieuw excitatiemechanisme 

het tevoren dominerende mechanisme, dat aan de tegenovergestelde zij de van 
het tussenvlak plaatsvond, gaat overheersen. De bijzondere positie van de 
tweede tekenomkering wordt hier verklaard door het nieuw ingevoerde begrip 
"tussenvlak-valentiebandemissie", i.e. emissie van elektronen uit de valentie

band van het Ge door het tussenvlak heen naar de geleidingsband van het Si. 
Een derge!Uk mechanisme biedt eveoeens een alternatieve verklaring voor de 
tekenomkering in de photoresponsie zoals deze door andere onderzoekers bij 

GaP- Ge n-n hetero-overgangen is gevonden. 
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