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Abstract-Considerable noise effects in excess of shot noise and oscillations found in commercially 
available, gold-doped germanium photodiodes have been investigated. The noise and oscillation 
effects occur in the photocurrent of reversely biased diodes at temperatures below about 100°K. 
The dependence of the observed phenomena on external parameters, such as voltage, current, 
illumination level and temperature has been studied. The excess noise is attributed to a modulation 
of the voltage across the junction due to generation-recombination fluctuations of the large bulk- 
resistance. The voltage across the junction modulates the current through the device, since the 
differential resistance of the junction is not infinite. There is reasonable agreement between the 
experiments and a simple theoretical model. The oscillations, which are not directly connected with 
the excess noise, are believed to arise owing to the presence of the gold levels, and might be associated 
with the recombination instability described by Bench-Bruevich and Kalashnikov. In order to 
arrive at more definite conclusions better defined structures should be investigated. 

R&urn&-Les effets considCrables de bruit en excCdent du bruit shot et des oscillations obtenues 
dans les photodiodes en germanium B dope d’or en usage commercial ont et6 examin&. Les effets 
de bruit et d’oscillation se produisent dans le courant photoClectrique des diodes g polarisation 
inverse & des temperatures infbrieures & environ 100°K. La dCpendance des phCnom&nes observes en 
fonction des paramhtres externes tels que la tension, le courant, le niveau d’illumination et la tem- 
perature a CtC Ctudiee. Le bruit excCdent est attribuC g une modulation de la tension entre la jonction 
causCe par les fluctuations g&Cration-recombinaison de la haute tension de masse. La tension entre 
la jonction module le courant ?+ travers le dispositif puisque la rCsistance diffkrentielle de la jonction 
n’est pas infinie. 11 existe un bon accord entre les experiences et le modkle theorique simple. Les 
oscillations qui ne sont pas directement associees avec le bruit excCdent sont probablement produites 
par la prCsence de niveaux d’or et peuvent &tre assoc%es a l’instabilitt! de recombinaison d&rite par 
Bench-Bruevich et Kalashnikov. Pour arriver P des conclusions plus exactes, de meilleures structures 
d&inies devraient &tre examinCes. 

Zusammenfassung-Betr%chtliche Rauscheffekte, die in kommerziellen golddotierten Ger- 
maniumfotodioden zus%tzlich zum Schrotrauschen und Oszillationen auftreten, wurden untersucht. 
Das Rauschen und Oszillationen in Fotostrom von riickwPrts gepolten Dioden kommen bei Tem- 
peraturen unterhalb etwa 100°K vor. Die Abhlngigkeit der beobachteten Erscheinungen von 
gusseren Parametern wie Spannung, Strom, Beleuchtungsstlrke und Temperatur wurden auf- 
genommen. Das zus%tzliche Rauschen wird einer Modulation der Spannung am pn-ubergang 
zugeschrieben, welche infolge Fluktuationen der Generations- und Rekombinationsprozesse und 
der damit verbundenen Widerstandsiindenmgen zustande kommen. Die Spannung am pn- 
ifbergang moduliert den Strom, weil der differentielle Widerstand nicht unendlich gross ist. 
Zwischen Experimenten und einem einfachen theoretischen Model1 besteht hinreichende Uberein- 
stimmung. Die Oszillationen, welche keine direkte Verbindung mit dem zusatzlichen Rauschen 
zeigen, verdanken ihre Entstehung vermutlich dem Vorhandensein der Goldniveaus und kiinnen 
vielleicht mit der von Bench-Bruevich und Kalashnikov beschriebenen Rekombinationsinstabilitat 
in Zusammenhang gebracht werden. Urn genauere Schlussfolgerungen ziehen zu kijnnen sollten 
einfachere Strukturen untersucht werden. 
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NOTATION 

d onor concentration 
trap concentration 
intrinsic carrier concentration 
equilibrium concentration of free electrons and 
holes 
concentration of free electrons and holes when 
the Fermi level coincides with the trapping level 
lifetime of electrons and holes 
lifetime for holes in highly n-type material 
lifetime for electrons in highly p-type material 
electron and hole capture cross-section 

I. INTRODUCTION 

Is AN investigation of the noise behaviour of p-11 
junction photodiodes at low temperatures we 
observed noise in excess of shot noise as well as 
oscillations in the photocurrent in reversely biased, 
commercially available, gold-doped Ge diodes. 

The noise in the current of reversely biased 
diodes generally satisfies the well-known shot noise 
formula.(l) Some additional low-frequency noise 
of the l/ftype may be present due to surface states 
or due to contact noise. For low-injection levels 
the noise may be less than full shot noise because 
of traps in the transition region.“) Noise in excess 
of shot noise may be associated with avalanche 
noise or micro plasma fluctuations.(2-4) HYDE(~) 

has found noise above shot noise with spectra of 
the form const./( 1+ ~~7”) in diodes under reverse 
bias conditions at room temperature. The source 
of the noise remained unknown. The strong in- 
crease above the shot noise level we observed 
appears in the photocurrent below a critical tem- 
perature of about 100°K. The noise density falls 
at frequencies near 100 kc/s. This noise could be 
attributed to a modulation of the voltage across the 
junction due to generation-recombination noise of 
the high resistivity bulk material of the diode. The 
voltage across the junction modulated the current 
through the device, since the differential resistance 
of the junction was found to be finite. 

Below the critical temperature we observed also 
sinusoidal oscillations in the photocurrent. Oscilla- 
tion frequencies were in the range from 1 kc/s up 
to 1 MC/S. Instabilities in semiconductors have 
been described by several authors.‘6-1s) Many of 
these instabilities occur only when a magnetic 
field is applied(6) or are related to the well-known 
Gunn-effect or are due to transit-time effects.(7) 
The frequencies of these oscillations are usually in 

p,,, pB mobility of electrons and holes 
L,, L, diffusion length of electrons and holes 
D,, D, diffusion coefficient of electrons and holes 
z’ velocity of the carriers 
EP energy of Fermi level 
Et energy of trapping level 
V x,oltage across the junction 
1 current through the device 
R bulk resistance 
Ri differential resistance of the junctio:l 

the microwave region. The oscillations in the 
frequency range below about 10 MC/S, which are 
of interest to us, are associated with several effects. 
A negative differential conductivity due to double- 
injection,‘**g’ or due to field dependence of capture 
rate may play a part. (l”*il) Furthermore impurity 
breakdown(12) and piezo-electric effect413 mav 
give rise to instabilities. In many cases the origin 
of the oscillations is unknown or ascribed to 
contact properties.(14-18’ 

We investigated in detail the dependence cf the 
observed oscillations on many external parameters. 
The information gained from these measurements 
was limited because of the complexitv of our 
device. We believe that the oscillations arise in the 
bulk of the gold-doped p-region of the diode, and 
that the gold levels play an essential part. 
The oscillations might be related to the pheno- 
mena described by BONCH-BRUEVICII and 
KALASII~~;IKOV.(~~~~~) 

In Section 2 a short description of the device 
and the experimental techniques are given. The 
experimental results are described in Section 3. 
Some attention was given to measurements above 
the critical temperature from which information 
could be gained on the presence of gold impurities 
and their concentration. The behaviour of photo- 
current, noise and oscillations is described in 
detail as well as the search for the influence of 
ambient gas or surface treatment on the effects. 
In Section 4 we show the evidence of the presence 
of gold impurities, analyse the noise behaviour, and 
discuss the properties of the oscillation phenomena. 

2. DEVICE AND EXPERIMENTAL TECHNIQUES 

The diodes investigated are commercially 
available germanium photodiodes, obtained from 
Standard Telephones and Cables Limited, type 
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PG 50A. On request we have received the follow- 
ing information from the manufacturer*: In 
n-type, As doped, material of resistivity between 
5 and 15 Q-cm, a p-region is obtained by gold 
doping giving a junction 60 p from the end of the 
bar. Information on the gold concentration was 
not available. At the other end a n+ layer of 
approximately 22 p is obtained by diffusion of 
gold/antimony. The contacts are first nickel- 
coated, then golded and soldered. The dimensions 
of the face of the diode are 1.5 x 0.5 mm2, and the 
depth of the diode is O-75 mm. The photo- 
sensitive area was given as 1.5 x 0.1 mm2 and the 
cut-off wavelength as 18 CL. The maximum 
reverse voltage permitted is 100 V. The reverse 
dark current at room temperature is smaller than 
250 PA. The diodes are delivered encapsulated in 
a metal mount with a glass window. We mounted 
the diodes in a copper box which could be partly 
immersed in liquid nitrogen. The temperature of 
the sample was varied by controlling the height of 
the nitrogen level. The temperature of the diode 
was measured with a constantan-manganine 
thermocouple attached to the metal mount of the 
diode. During the measurements the temperature 
could be kept constant within 0*5”K. The copper 
box contained a glass window, which made it 
possible to irradiate the diode during cooling. 
A normal incandescent lamp was used to irradiate 
the diode. In addition, the ambient gas of the 
diode can be varied by means of a gas inlet. In such 
experiments the glass window was removed from 
the metal mount. The effects to be described in 
this paper were also found when the diode was 
immersed directly in liquid nitrogen, both with 
and without mount. In some experiments the 
diode was etched in 15% H202 at 70°C. After 
etching the diode was washed in pure alcohol, and 
cleaned with dry nitrogen. 

The noise measurements were performed in the 
frequency range from 1 kc/s to 1 MC/S by means 
of a heterodyne noise analyser developed at our 
laboratory by VAN BURIK and WESSELS.(~~) In most 
cases the load resistance of the p-n diode was 
20 kQ. For calibration purposes a noise diode of 
the type K81A was used, showing full shot noise 
in the frequency range under investigation. The 

* We are indebted to the Standard Telephones and 
Cables Limited for giving us this information. 

spectral noise densities S,(f) were expressed in 
terms of equivalent saturated diode current I,, 
defined by S,(f) = 2eIe,. The oscillations were 
analysed with the above mentioned analyser or 
measured directly with an a.c. meter and 
oscilloscope. 

3. EXPERIMENTAL RESULTS 
We investigated 16 samples. An increase of 

noise as well as oscillations were found in the 
reverse photocurrent at low temperatures between 
77 and 100°K in 11 samples. One sample exhibited 
an increase of noise only and one sample exhibited 
oscillations only. There was also one sample in 
which the oscillation and enhanced noise were 
quenched by U.V. radiation. The last one will be 
dealt with in the Appendix. 

uqtil 
DISTANCE (cm) 

FIG. 1. Local photoresponse curves for various voltages 
and I-V characteristics at room temperature. 

(a) Behaviuw above the critical temperature 
The I-V characteristics of the reversely biased 

diode show a small linear increase of current with 
increasingvoltageat room temperature, correspond- 
ing to a differential resistance of the order of 
magnitude of l-10 Ma. Light-spot measurements 
performed after the method of GOUCHER(~~) with 
a light strip 15-p wide, revealed a photosensitive 
area of 1.5 x 0.3 mm2. Typical examples of I-V 
characteristics and photoresponse curves are 
shown in Fig. 1. The increase of sensitive area with 
increasing voltage can be related to the increase of 
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photocurrent at integral illumination (see the inset 
of Fig. 1). Unsaturated I-V characteristics may be 
caused by an inversion layer on the diode’23’ and 
by a drift current contribution to the total current. 
The latter possibility is the most likely, in our case, 
since the I-V characteristics, as shown in Fig. 1, 
were not affected after the surface had been etched. 
Note, in addition, that the resistivity of the n-region 
of the diode is rather high. A more detailed in- 
vestigation regarding this point will be given 
elsewhere.(24) 

The spectral noise density of the noise in the 
reverse current was found to be shot noise in the 
frequency range from 1 kc/s to 1 MC/S. At lower 
frequencies the noise appeared to be I/f noise. 
The shot noise formula is obeyed for voltages up 
to 100 V, which implies that the voltage-dependent 
part of the reverse current is not caused by leakage 
currents.(24n25) Some diodes showed noise densities 
which were somewhat lower than full shot noise, 
which might be caused by partly filled traps in the 
junction space charge region.(i) 

When the temperature was lowered no sur- 
prising temperature dependence occurred down 
to a certain temperature, which was characteristic 
for the sample under investigation. This critical 
temperature lies between 90 and 1lO”K. 

The dark current decreases with decreas- 
ing temperature according to an exponential 
law. The activation energy found decreases 
from AE = 067+0.02 eV above 320°K to 
AE = 0.50+0.02 eV below 250°K at voltages 
below 1 V. In the temperature range below 250°K 
the activation energy decreases with increasing 
voltage above 1 V. The photocurrent decreases 
slightly with decreasing temperature. The depen- 
dence of the photocurrent on temperature is not 
easy to predict, since there are several competing 
factors, which contribute to this dependence (e.g. 
variation in bandgap, minority carrier lifetime and 
diffusion coefficient with temperature). 

The I-V characteristics do not change essen- 
tially with temperature; only the linear increase of 
current with increasing voltage becomes somewhat 
smaller at low temperatures. The noise density 
remains at or near the shot noise level in the 
temperature range down to about 100°K. 

(6) Behaviour belozv the critical temperature 

Below the critical temperature the I-V 

[-- 
SAMPLE NO. 1 

FIXED ILLUMINATION LEVEL 

FIG. 2. I-V characteristics at high fixed illumination 
level and at various temperatures. 

characteristics change, the noise in the photocurrent 
increases strongly, and one or more coherent 
oscillations appear in the photocurrent. We will 
now describe the dependence of these quantities on 
several parameters, such as voltage, current, 
illumination level and temperature. 

(i) Photocurrent. A typical example of the static 
I-V characteristics is shown in Fig. 2 at a high 
fixed illumination level and for different tem- 
peratures. The increase of the current with voltage 
at the highest voltages and at the lowest tempera- 
tures was sometimes stronger than shown in Fig. 2, 
but it could then be removed by etching of the 
diode. Figure 3 shows a typical example of the 
characteristics at lower illuminatian levels. The 
temperature in this Figure was fixed and the 

FIG. 3. I-V characteristics at fixed temperature and for 
various low illumination levels. 
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FIG. 4. A dynamic I-V characteristic at a temperature T = 77°K 
showing the oscillations in the photocurrent and hysteresis (sample 

no. 9). 

150 kc/s 

90 kc/s 

45 kc/s 

BIAS VOLTAGE 7*5V 
PHOTO CURRENT 2.5pA 

T= 85” K 

T=83* 5’K 

T=81*5”K 

FIG. 9. The sinusoidal oscillations in the photocurrent at various temperatures. 
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830 kc/s 

BIAS VOLTAGE 53 V 
TEMPERATURE 86 OK 

I= t8pA 

I = 35j.tA 

I=90 A 
r 

__ 

A 
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I I 

Prc. 18. Negative rcsistancc region of the I-V characteristic at positive 
bias voltages with and without illumimtion (sample no. 1). 
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’ lb-t--” 
ILLUMINATION LE\;OEL 

10’ 

(omtrary units) 

FIG. 5. The photocurrent as a function of illumination 
level for various voltages and at two temperatures. 

illumination level was varied. We found that either 
lowering the temperature or increasing the 
illumination level affect the characteristics in a 
similar way. A dynamic current-voltage charac- 
teristic is shown in Fig. 4. Note the oscillations in 
the photocurrent and the hysteresis of the curve. 

The photocurrent as a function of illumination 
level has been plotted in Fig. 5. The illumination 
level has been varied by means of attenuation 

SAMPLE NO., I 
FIXED ILLUMlNATlON LEVEL 

BIAS VOLTAGE 50”? 

I= 30 pA 
1 

1 10’ 

FIG. 6. Normalized noise density as a function of 
frequency at various temperatures. 

plates. The current first increases linearly with the 
illumination level, then nearly saturates, which 
means that it increases slightly with illumination 
level. At lower voltages the current saturates at 
lower illumination levels. These effects are more 
pronounced at lower temperatures. 

10 T=77 ‘K v=sov k-%+ 

ARBITRARY ILLUMINATION LEVEL 

o SAMPLE NO.1 I=10 pA 

l SAMPLE NO. 5 I=30 pA 

1 

. SAMPLE NO.6 I =30 WA 
1 , I 1 
1 L 

FkOEQ”ENC? (kc/s) 
10' 

FIG. 7. Normalized noise density as a function of 
frequency for various samples. 

(ii) Noise. The normalized spectral noise density 
at varying temperatures has been plotted in Fig. 6 
at fixed illumination level and at fixed bias voltage. 
The noise density increases with decreasing tem- 
perature at all frequencies investigated. Some noise 
spectra of different samples are shown in Fig. 7. 
The cut-off frequency of the noise density is about 
100 kc/s. The noise spectra in Figs. 6 and 7 contain 
several peaks, which show up as sinusoidal oscilla- 
tions on the oscilloscope screen. Their appearance 
makes a detailed study of the noise behaviour some- 
what complicated. In general the noise density 
increases strongly with current and illumination 
level, with powers between 2 and 6, and the noise 
density increases with voltage too. Breakdown 
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10’ r 
” Z3Si” 

v ZZO’, 

” i i 0 ‘“1 

T = @5’K 

f = 50 ix:s 

FIG. 8. Sormalized spectral noise density as a function 
of photocurrent for various voltages. 

phenomena occur at very high illumination levels, 
in particular when the voltage is near 100 V and 
the temperature is low (N 77°K). The noise in the 
photocurrent of sample no. 8 could be investigated 
in more detail since in this sample no oscillations 
appear. Figure 8 shows the normalized spectral 
noise density as a function of current at different 
voltages. The current was varied by controlling the 
illumination level. The related I-V characteristics 
are those shown in Fig. 5. 

(i;i) Osdutions. The frequency of the sinusoidal 
oscillation lies in the range from 1 kc/s to 1 MC/S. 

, 

The frequency is strongly dependent on the tem- 
perature, which is illustrated in Fig. 9. This 
photograph also shows the sinusoidal shape of the 
oscillation. Some measurements on frequency 
versus temperature have been plotted in Fig. 10. 
From these curves two different activation energies 
have been determined. These are AE = 0.25 _I 
0.03 eV and AE = 0.15 + 0.02 eV. The activation 
energy is not dependent on voltage or illumination 
level, unless surface effects are clearly present (see 
below). Sample no. 1 revealed an activation energy 
of about 0.25 eV in the first stages of the experi- 
ment. After the diode had been etched, the activa- 
tion energy was 0.15 eV. 

When the temperature was changed, the fre- 
quency of oscillation sometimes jumped to another 
value whereas the activation energy remained the 
same (see Fig. 10). 

The frequency of oscillation increases with in- 
creasing illumination level as is shown in Fig. 11 for 
various fixed voltages and for two temperatures. 
The increase of frequency with illumination level 
is less at higher temperatures, whereas at tem- 
peratures near the critical temperature sometimes 
a small decrease is found. When the illumination 
level is changed an existing oscillation is some- 
times replaced with an oscillation of a different 

SAMPLE NO.1 .v=sv 

1 0 “=50” 

2 d V.20” 

3 0 ” =50 ” 

4 . v.5ov 

ARBITRARY ILLUMINATION LEVEL 

J 
11 ?2 

1000/T (‘K)“ ’ 
13 

FIG. 10. The oscillation frequency as a function of temper- 
ature for various samples at arbitrary illumination levels. 
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SAMPLE NO. 1 I 

0 v. 5v. ___ T = 92’K 
. V=lOV 
. v=2ov _ T=77’K 

1 v=4ov 
q V=8OV 

I I I I I , 

ILL”dONATION $“EL 
lo3 

(arbitrary units) 

FIG. 11. The oscillation frequency as a function of 
illumination level for various voltages and at two 

temperatures. 

frequency. This behaviour is also illustrated in 
Fig. 12, where the bias voltage and the tempera- 
ture are fixed. These oscillations depend on the 
temperature as well as on the bias voltage in the 
same way. The oscillation frequency is approxi- 
mately constant with changing bias voltage, an 
example of which is shown in Fig. 13. In this case 
the oscillations shown were present in the photo- 
current simultaneously. Between 10 and 20 V 

SAMPLE NO. 1 

FIXED ILLUMINATION LEVEL 

T=77 ‘K 

FIG. 13. The oscillation frequency as a function of bias 
voltage for fxed illumination level and at fixed 

temperature. 

there was no oscillation detectable, which was 
often the case in this voltage range at the lowest 
temperatures. Below 10 V the frequency of 
oscillation was observed to increase with decreasing 
voltage. 

The frequency of oscillation was found to be 
independent of the wavelength of the light from 
0.7 to 1.5 p, leaving the photocurrent fixed. The 
shape of the oscillation is not always sinusoidal, 
especially so at higher illumination levels, in which 
cases higher harmonics may be detected too. The 
frequency as well as the shape of the oscillation is 
independent of external circuit parameters. 

The amplitude of the oscillation is a more com- 
plicated function of the different parameters. We 
describe the general rules in the following. 

The oscillation amplitude increases with in- 
creasing bias voltage as well as with increasing 
illumination level. With varying illumination level 
the oscillation amplitude behaves as la, where cx 
is between 2 and 3 for low illumination levels and 
cc N 1 for high illumination levels, independent of 
the bias voltage in first approximation. For voltages 
below 10 V the oscillation amplitude behaves as 
V”, where a is between 2 and 3, the higher the 
illumination level, the larger is E. Above 20 V the 
oscillation amplitude increases only slightly with 
increasing voltage. 

The dependence on temperature of the oscilla- 
tion amplitude may be described in general as 
increasing with decreasing temperature at low 
illumination levels and decreasing with decreasing 
temperature at very high illumination levels. The 
modulation depth of the photocurrent was always 
in the range of 0.01 to 1 per cent. 

We did not find a specific relation between the 
appearance of the oscillation and the dependence 
of photocurrent on voltage or illumination level. 

In one sample (no. 3) there existed an oscilla- 
tion, whereas the noise remained near the shot 
noise level. The normalized spectral noise density 
is shown in Fig. 14 at arbitrary illumination level 
and at fixed voltage and temperature. There 
appears to be a very small increase of noise above 
the shot noise level. The frequency of oscillation 
was found to be slightly dependent on bias voltage 
and photocurrent in a, way as described above. 
The frequency dependence on temperature reveals 
an activation energy equal to AE = 0.15 + 0.02 eV 
(see Fig. 10). The form of the current-voltage 
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FIG. 14. The normalized noise density as a function of 
frequency and I-V characteristics at various tem- 

peratures of sample no. 3 (see text). 

characteristics remains almost unchanged when 
the temperature is lowered as is shown in the 
inset of Fig. 14. 

(iv) Injluence of ambient gas and surface treatment 
on the behaviour. We have attempted to determine 
the possible role cf the ambient gas and surface 
treatment in the noise and oscillation effects 
described. 

After removal of the glass window the noise and 
oscillations also appeared. In the ambient gases, 
nitrogen, oxygen and hydrogen, no variations due 
to the gases occurred. After chemical etching of 
the diode the effects sometimes increased, some- 
times decreased. The current-voltage characteris- 
tics may have a form that is different from that 
shown in Figs. 3 and 4, e.g. currents increasing 
with the voltage to values that exceed the satura- 
tion current. This may be the case for instance, 
when wet air is let in. After the diode has been 
etched the curves are again of the type as shown in 
Figs. 3 and 4. The behaviour of the noise before 
etching is comparable with that after etching. The 
dependence of oscillation frequency on voltage and 
illumination level is also similar before and after 
etching. The dependence of oscillation frequency 
on temperature was found to be sensitive to etching 
of the diode, if the I-V characteristics were 
different from those in Figs. 3 and 4. These effects 
were not reproducible. 

From these experiments we conclude that the 
surface treatment may influence the effects des- 
cribed, but that it is not a crucial factor in their 
origin. 

4. DISCUSSION 

(a) Evidence of the presence of gold impurity levels 
in th.e diode 

The presence of gold in the diodes seemed to be 
an important factor in the effects described. We 
therefore measured the local photo-response 
curves and the temperature dependence of the dark 
current, which gave evidence to the presence of 
gold and from which the gold concentration could 
be estimated. 

FIG. 15. Energy level scheme of gold-doped germanium. 

The properties of gold-doped germanium have 
been described by many authors(26-28) and it is 
well known that impurity centres of gold in 
germanium can have four energy levels in the for- 
bidden band. Between 77 and 300°K we have to 
deal with two energy levels only (see Fig. 15). The 
lowest level is an acceptor level 0.15 eV above the 
valence band, which is formed by neutral gold 
atoms. The upper level is an acceptor level 0.20 eV 
below the conduction band, which is formed by 
singly charged negative gold ions. 

The p-region of our diode has been obtained by 
gold doping of n-type germanium. When carrier 
generation and recombination in the transition 
region, as given by SHOCKLEY and READ’~~) is taken 
into account, we will understand the observed 
reverse dark current dependence on temperature 
with the activation energy of about 0.50 eV.(30) 
Calculations show that this generation-recombina- 
tion current is, indeed, large compared to the 
diffusion current at low temperatures. 
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We may learn more about the concentration of 
gold atoms by comparing the lifetime of the 
electrons in the P-region, which can be deter- 
mined from the photoresponse curves (see Fig. l), 
with the lifetime which can be calculated from the 
Shockley-Read recombination theory.(2g) The 
difhrsion length L, of the electrons in the p-region 
is determined from Fig. 1 to be about 5 x 10e3 cm 
(we consider one dimensional transport only). By 
using L, = (~/D,T,) and D, 2: 100 cm2/sec we 
calculate then: T,, E 2.5 x lo-’ sec. 

At room temperature most of the Au centres 
are occupied by electrons. The occupied AU 

centres form the empty Au- centres. When hole- 
electron pairs are generated by illumination from 
band to band, electrons are captured from the 
conduction band by the empty Au- centres, rather 
than holes from the valence band by the occupied 
Au centres, since cn- B u~O.(~~) Then the 
occupied Au- centres capture holes from the 
valence band (up- B a,O). The electron-hole 
recombination therefore takes place mainly through 
the Au- centres. The Shockley-Read theory(2g) 
gives for the electron lifetime in the case of an 
arbitrary density of traps and not too high an 
illumination leve1(32) 

~po(~o+~,)+?JPo+Pl+Nt(l+Po/Pl)-ll 
Tn= 

no +po +X(1 +PolPl)-l(l +P,/Po)-l 

(1) 

where the usual symbols have been used, which 
have already been listed. 

The lifetimes T,~ cc (Ntu,-v)-l and +rp,, 

x (NC% - u) -’ and since un- < up- is T,~ 3 Tag. 

The Fermi level lies below the recombination level 
involved such, that no < n,. Since Nt > Nd N 1Ol4 
cme3* it is likely that p, > 1014 cme3 and with 
PO%?0 = ?Zi2 where IZ~ -2.4 x 1013 cms3 follows 
no < p,. The expression for the lifetime T, may 
then be simplified in T, 2: ~~~(1+p~/p~). 
And since p, N p, becomes T, N 2~~~’ so that 
7, 21 2(jVp,-v)-l. With en-z’ N 2x 10mg cm3 
set-1(33) and 7, II 2.5 x 10m7 set from the photo- 
response curves we find Nt E 4 x 1Ol5 cmm3. The 
solubility of gold in germanium is limited to about 
3x 1Ol5 cm-3.(26) Our result indicates that a 

* The resistivity of the n-material is 5-l 5 Q-cm. This 
means that Nd Y l-5 x 1 01* cm - s. 

concentration of this order of magnitude is present 
in the P-region of the diode. 

From the foregoing discussion we have obtained 
evidence that the diodes are gold-doped indeed, 
and we have gained some information on the gold 
concentration. 

(b) Behaviour at temperatures below the critical 
temperature 

(i) Photocurrent. I-V characteristics as shown 
in Figs. 2 and 3 may be explained by assuming a 
large resistance in series with the junction, even 
under conditions of high illumination. This 
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FIG. 16. Bulk resistance vs. temperature for various 
voltages. 

resistance causes a large voltage drop, with the 
consequence that the junction voltage is lowered, 
or even becomes zero. In the latter case we expect 
a linear I-V characteristic with a slope deter- 
mined by the value of the resistance. The increase 
of current at higher voltages (see Fig. 2) may be 
associated with surface effects, as mentioned 
already. From the current versus illumination level 
curves it is evident that such a large series resist- 
ance play a part, indeed. Figure 5 shows that the 
current saturates at a certain illumination level 
which is dependent on the bias voltage. From the 
“saturation point” in these curves we can calculate 
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the value of the series resistance. Moreover, 
we can determine this resistance as a function of 
the temperature. The results obtained by assuming 
that Ohm’s law holds at the “saturation point” are 
plotted in Fig. 16. In the temperature range below 
the critical temperature the order of magnitude of 
the resistance turns out to be 105-lo7 0, increasing 
with decreasing temperature (we have corrected 
for the load resistance of 20 k!ZJ). The activation 
energies which may be estimated from Fig. 16 
lies between 0.10 and 0.20 eV, and increases with 
decreasing temperature. This behaviour is what 
we should expect if the series resistance is deter- 
mined by the bulk of the p-region of the diode. 
The steady state concentration of thermally 
generated free holes at low temperature is thcu 
given by 

PO z (K-NJ exp[(G -4’t)lkTl, (3) 
where (EF-Et) is the energy difference between 
the Fermi level and the 0.15 eV gold acceptor 
level. Here optically generated holes have been 
neglected. The results plotted indicate that this is 
justified in first approximation. Note that in order 
to reach saturation a higher illumination level is 
required at higher voltages and that the resistance 
determined from this saturation is somewhat 
smaller at high voltages at the lowest temperatures 
only. 

However, one would expect that optically 
generated holes contribute considerably to the 
conductivity of the p-region at the moderate 
illumination levels used. We will now show that 
the foregoing discussion, where we have neglected 
the optically generated holes remains still valid, if 
we take into account the different diffusion lengths 
of the minority carriers in the p- and n-region. 

We know that 

LJL, = (Dp~p,lDn~n)1'2. (4) 
At 100°K is D, II D,. Since the p-region is gold- 
doped the lifetime of the electrons in the p-region 
will be much smaller than the lifetime of the holes 
in the n-region: T, < rP. So L, B L,.* 

* The numerical values of L, and L, may be estimated. 
From Fig. 1 7P 2: 10 -& set at 300°K. If we neglect a 
small temperature dependence of r,, we find that 
L,(lOO”K) 2! 0.5 mm. A calculation of 7, at low tem- 
perature is rather complicated, since we have to deal 
with a four-level system. With the estimate 7, < 10-s 
set we find L, (100°K) 2 0.15 mm. 

I IU 
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FIG. 17. A cross-section of the diode perpendicular to 
the 9-n junction approximately on scale for temperatures 
below the critical temperature. The shadowed p-region 

is called the “dark” p-region. 

We can now easily understand the behaviour of 
the photocurrent described. A cross section of the 
diode perpendicular to the p-n junction has been 
sketched approxinately on scale in Fig. 17. A large 
portion of the photocurrent consists of holes 
which are injected from the n-region into the high- 
resistivity lower part, the “dark part” of the 
p-region. This current will saturate also if the 

‘OS= 
c A v=2ov 

FIG. 19. 1,,/1” vs. (R+&) for various voltages (see text). 
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“light” part of the p-region has a low resistance. 
The observed small linear increase of photocurrent 
with illumination level after the saturation point 
may then be attributed to the contribution of the 
upper part of the diode. The assumption of the 
large series resistance was found to be supported 
also by the behaviour below the critical tempera- 
ture at positive bias voltages. The I-V characteris- 
tics exhibit after an ohmic part a region with a 
negative resistance (see Fig. 18), which may arise 
owing to double injection.(34*35) In this negative 
resistance region of the characteristics we observed 
oscillations in the current which are dependent on 
the external circuit parameters. 

(ii) Noise. The noise behaviour of the diode may 
also be understood when the large bulk resistance 
is taken into account. We will show this by means 
of the following model.* Consider a p-n junction 
with a series resistance R, which show fluctuations 
AR. Let R be the resistance of the p-region, and 
let V be the voltage across the junction. The 
voltage across the junction plus the series resistance 
is the fixed applied voltage. 

The variation of current I flowing through this 
device is 

AI = AI,+(dI/dV)AI/‘, (5) 

where AI0 is the current fluctuation, when the 
voltage across the transition region is constant, i.e. 
AI0 accounts for the shot noise. Assuming R 
independent of I we have 

AV = -I-AR- R-AI. (6) 

Substituting equation (6) into (5) yields 

AI = (R,*AI,, -I*AR)/(R, + R), (7) 

where R, = dV/dI. 
Since AI0 and AR are independent we find for 

the mean square fluctuation 

AI2 = AIo2R,2/(R, + R)2+AR212/(Ri + R)2. (8) 

The quantity AR2 represents the fluctuations in 
the resistance of the p-region caused by fluctua- 
tions in the number of free holes. We know: 

AR2 = R2AP2/Po2, (9) 

where PO is the average total number of free 

* For this analysis we are indebted to Dr. R. J. J. 
Zijlstra of our Laboratory. 

holes in the p-region. Making a Fourier-analysis 
we find from equations (8) and (9) the spectral 
density S,(f), of the current fluctuations 

s,(f) = S,,[(RJ(Rz + WI2 
+ ~,(f>(~“/Po2WV(Rt + W12. (1’3 

The spectral density S,(f) of the fluctuations 
AP in P is(l) 

S,(f) = 4AP27,/( 1 + WATTS), (11) 

where or is the average lifetime of the holes. We 
have 

s,(f) = %[R,I(R, +.@I2 
+ 412(AP2/Po2)[~,/( 1 + W2Tp2)] 

x [RI(Ri + R)12. (12) 
Now we come to the calculation of AP2 and Tp. 

To this end we assume a single trapping level deep 
in the forbidden band, which is interacting with the 
valence band only. We also assume a shallow donor 
level, from which all electrons have been trapped. 
Then the calculation of AP2 and Tp can easily be 
performed, using a method developed by 
BuRGEss.(~~~~) Assuming that pc < N,, Nd the 
result is 

Tp II (Nbcrp~)-l, (13) 

and 
AP2 = gTp Z PO, (14) 

where Nd is the concentration of donors 
up is the hole capture cross-section 
w is the velocity of the holes 

and g is the generation rate of free holes. 

The spectral density, S,(f), of the current fluctua- 
tions becomes then: 

S*(f) = %[R*I(Ri + R)12 
+ [412/g( 1 + ~“T~‘)][R/(R, + R)12. 

(15) 
We note that for an ideal p-n junction, in which 
there is a diEusion current only, R, -+ CO for 
reverse bias conditions and equation (15) reduces 
to s*(fi = S,,. The spectral noise density then is 
equal to shot noise. In practice, however, the 
reverse current depends on the voltage making 
R, finite. By cooling the device R increases and the 
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contribution to S,(f) of the second term in 
equation (15) increases too. 

Let in our case the p-rr junction and the dark 
p-region be represented by the described model. 
Then the hole lifetime 7p 21 (N,a,Ov)-I, where 

O’p O is the cross-section for the capture of a 
hole by a singly ionized gold atom. Using 
Nd E 3 x 1Ol4 cmm3 0,” N 3 x lo-lo cm2 (31) and 
zI = Uth 21 1.8 x lo7 cm/set the hole lifetime at 
80°K becomes rP 21 lop4 sec. IIcre vtn is the ther- 
mal velocity. The drift velocity of the holes in the 
p-region is calculated to be as large as lo* cm/set 
at high voltages (N 100 V). Then 7P z 10v5 sec. 

The value of the quantity AP” N PO can be 
determined from 

PO = 12/eppR, (16) 

where 1 is the length of the p-region, 1~~ is the hole 
mobility and R is the resistance of the dark 
p-region. 

With R N 105-106Q , pp 1: lo4 cm2/V-set and 
1 21 60~ we find PO 21 103-lo*. The generation 
rate g is then g = 107-log. 

From equation (15) we can show that this results 
in a high noise density. Assuming Ri < R the 
ratio between the noise density and the shot noise 
is at low frequencies ( w7r < 1): 

si(“)/sio 2: Ileg, 

which may be as large as 106-10s. 

(17) 

Even when Ri 9 R, which is likely to be the 
case, the noise density may exceed shot noise level 
e.g. for R, 2: 107Q, R zz 105Q and I N 10 PA is 
S,(0)/SIO 1: (R/R,)21/eg 1: 102. Then it is clear 
why the noise density increases very strongly with 
decreasing temperature, since both R and g-l 
increases exponentially with decreasing tem- 
perature with the activation energy of about 
0.15 eV. 

The increase of noise density with increasing 
frequency which is often observed in a certain 
frequency range (see Figs. 6 and 7) can be ex- 
plained by assuming that the differential resistance 
2, of the junction is complex. When 2, consists of 
R, and C, parallel it can be shown easily that 

%(f)/%, = (RIR,)2Gl +4rf2C12R12)/eg, (18) 

if R < R, and 2?rfC,R, N 1. 
Equation (18) shows that the noise density 

increases with frequency in the frequency range, 

where 2xfC,R, N 1. With Ri E 1O’Q and 
Ci 21 lo-100 pF we find 2nf 2~ 103-lo4 c/s, which 
is the order of magnitude as observed. 

The reciprocal hole lifetime should correspond 
to the cut-off frequency of the noise spectrum. 
The described model yields -rp E 10-4-10-5 set, 
whereas the measurements give 7P E 10e5 sec. 
The agreement is satisfactory when we realize 
that the model is much simpler than the reality. 
Factors, which may affect the noise behaviour are, 
for instance, transport processes and local space 
charges,(36) contact properties and also the fact 
that there is a gradual transition from “dark” region 
to “light” region coupled with a gradual decrease 
of R and Tp. Nevertheless, the model explains 
much of the observations. As mentioned before, a 
detailed study of the noise behaviour was difficult 
due to the presence of oscillations. 

Fortunately there was one sample in which no 
oscillations occurred. Let us apply the model to 
the noise measurement of this sample, which has 
been plotted in Fig. 8. This shows the normalized 
noise density 1JI vs. the photocurrent I, where 
the voltage was fixed and the photocurrent was 
varied via the illumination level. The deviation 
from the predicted quadratic dependence of the 
noise on the photocurrent may now be attributed 
to a decrease of R,, assuming R to be constant 
[see equation (15)]. This follows from Fig. 19, 
where we have plotted Ie4/12 against (R, + R). The 
quantity (R, + R) has been deduced from the I-V 
characteristics of Fig. 3, where it is simply equal to 
the slope of these curves. Figure 19 shows that in 
first approximation IJI” oc (R,+R)-2, which 
supports our simple model. The increase of noise 
with increasing voltage might be related to an 
increase of R owing to a drift effect. 

The behaviour of sample no. 3 in which en- 
hanced noise did not appear can be understood by 
assuming that the bulk resistance R was too small 
compared with R, in the temperature range in- 
volved. This is in agreement with the I-V 
characteristics, which also do not show up a large 
bulk resistance (see Fig. 14). 

(iii) Oscillations. The dependence of the photo- 
current on voltage and illumination level as well 
as on the noise behaviour of the diode are deter- 
mined mainly by the high-resistivity “dark” 
p-region, as was shown already. We did not find 
any relation between the appearance of the 
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oscillations and the macroscopic behaviour of the 
diode. Therefore we assume that the oscillations 
arise in the upper part of the diode. This assump- 
tion is supported by the observation that the 
frequency of the oscillation is dependent on the 
photocurrent when the current is varied via the 
illumination level (Fig. 11) and independent of the 
photocurrent, when the current is varied via the 
voltage for large voltages (Fig. 13). It should be 
borne in mind that in both cases the hole injection 
into the “dark”p-region varies, whereas the carrier 
density in the “light” p-region varies only by 
changing the illumination level and does not vary 
by changing the voltage. Note also the behaviour 
of sample no. 3, in which an oscillation appears 
without the presence in the diode of a high- 
resistivity “dark” p-region (see Fig. 14). The 
dependence of the frequency on voltage at the 
lowest voltages may be related to the finite re- 
sistance of the “light” p-region. This resistance is 
determined by the illumination level, and may be 
of the order of magnitude lo’-lo4 R. Variations 
in applied voltage in this voltage range cause a 
change in photocurrent as well as a change in 
voltage across the resistance. 

The behaviour of the frequency observed as a 
function of the applied voltage at the higher 
voltages should be considered carefully, since the 
voltage across the “light” p-region remains 
approximately constant. Therefore, if the “light” 
p-region is in an “oscillatory” state, it will be so 
in the whole range of applied voltages. The dy- 
namic I-V characteristic of Fig. 4 shows clearly 
such a “bistable” state of the “light” p-region, 
though it would be more pronounced if the “dark” 
p-region did not predominate. 

From Fig. 10 we know that in a given sample the 
temperature is the crucial parameter in determin- 
ing the frequency of oscillation. One of the values 
of the activation energy found (AE = 0.15 eV) 
indicates that the lowest acceptor level of gold 
sometimes plays an important part. This level 
controls the number of thermally generated holes 
in the valence band. The temperature determines 
the rate at which these holes are generated. The 
activation energy of 0.25 eV might be due to a 
surface state or to other impurity centres (Cu for 
instance). 

Such a temperature dependence of the oscilla- 
tian frequency is expected in the so-called 

“recombination instability” described by BONCH- 
BRUEVICH and KALASHNII(OV(~~*~~), and possibly 
observed by KUROVA and KALASHNIKOV.(~~) These 
authors have shown that in a semiconductor, 
which contains two different types of impurity 
centres oscillations in the number of free carriers 
may arise. One type of impurity centres should 
have a capture rate, which increases with the 
energy of carriers. This property may result in a 
negative differential conductivity. The other type 
of impurity centres is assumed to tend to restore 
the system to a state of equilibrium. The rate of 
capture of electrons by negatively charged im- 
purity centres increases with electric field, which 
was predicted by RIDLEY and WATKINS(~~~~~) and 
confirmed experimentally for gold centres in 
n-type germanium at 20”K.(11*33~3g~40) In our case 
the negatively charged Au- centres might play 
such a part. The other type of impurity centres 
assumed to be present for the appearance of the 
recombination instability(1g*20) then are the Au 
centres, giving the temperature dependence 
found. Since in our case both electrons and holes 
determine the conductivity of the “light”p-region, 
it is not an objection that the two types of centres 
are interacting with different bands. 

Our actual situation is much more complicated 
than assumed in the derivation of the recombina- 
tion instability. For instance, it is not easy to 
understand how the illumination and the presence 
of the junction affect the phenomena. Both are 
essential, since with forward bias voltage or 
without illumination these oscillations are not 
observed. Furthermore, there is in fact a gradual 
transition from “light” p-region (containing both 
free electrons and holes) to “dark” p-region 
(containing free holes only). In addition, we do 
not know the properties of the contacts. There are 
several oscillation phenomena,(15J8) which were 
assumed to be associated with the properties 
of the contacts. In order to be more definite, it 
will be necessary to investigate better defined 
configurations. 
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APPENDIX 

Quenching of the oscillatious 

In one sample (no. 4) we found effects, which might 
inform us more about the origin of the described 
phenomena. Sample no. 4 exhibited an increase of noise 
and oscillations in the photocurrent, just as described 
before. The dependence of the oscillation frequency on 
temperature is plotted in Fig. 10. If the sample was 
irradiated with U.V. radiation in addition to the illumina- 
tion, which gives the noise and oscillations, then the 
oscillations are quenched. The quenching is faster as 
the intensity of the u.v. radiation is higher. Quench- 
times are from less than 0.1 set up to several minutes. 
The active wavelength of the U.V. radiation is from 
0.34 to 0.40 CL, with a maximum at 0.37 p. After quench- 
ing the noise density is decreased somewhat, but it still 
is much above the shot noise level. The only way to get 
again the noise and oscillation is to heat the sample up 
to at least 2O”C, and to lower the temperature again 
below the critical temperature. Heating temperatures of 
30 and 40°C results after cooling in more pronounced 
oscillations. 

The dark current at room temperature was about one 
order of magnitude larger than the normal dark current 
and increased with voltage. The dependence on tem- 
perature yielded an activation energy of about 0.55 eV 
at voltages below 1 V. The decrease of activation energy 
with increasing voltage was stronger than that of other 
samples. 

The photocurrent was independent of temperature 
from room temperature down to 170”K, after which it 
decreases. Ultra-violet radiation did not affect the 
photocurrent above 170°K. Below this temperature U.V. 
radiation did increase the photocurrent to the value above 
the temperature within a few minutes. The photocurrent 
does not change again after blocking the U.V. radiation. 

The dark current was also affected by the U.V. radia- 
tion, but in a rather complicated way. 

It is evident that surface effects are responsible for 
these phenomena. It is known’41’ that at a germanium 
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surface an oxide layer and slow adsorption states may 
be present. BRAY and CUNNINGHAM have made sur- 
face studies on gold-doped germanium at 85’K. They 
found a strong surface photoconductivity with radiation 
between 0.32 and 0.45 p wavelength, peaking near 
0.37 ~1, which they associated with the slow adsorption 
states outside the oxide layer. 

We note that this wavelength range is just the quench- 
ing radiation in our case. Electrons generated by this 
radiation may pass the oxide barrier and may be trapped 

in the outer adsorption states. Then a compensating 
space charge layer is formed by free holes. From the 
observed quenching of the oscillation we may assume 
that the condition required for the occurrence of the 
oscillation is not fulfilled then. When the sample is 
heated the trapped electrons become free, the accumula- 
tion layer is removed and the oscillations can appear 
again. The observations on this sample are again an 
indication that the oscillations take place in the upper 
part of the diode. 


