
P H Y S I C A L R E V I E W V O L U M E 1 1 7 , N U M B E R 5 M A R C H 1 , 1 9 6 0 

Infrared Properties of Gold in Germanium*f 
L. JOHNSON! AND H. LEVINSTEIN 

Department of Physics, Syracuse University, Syracuse, New York 
(Received September 18, 1959) 

The fundamental parameters of gold in germanium have been investigated between 60-300°K by absorp­
tion, photoconductivity, and lifetime studies. 

Photoconductivity measurements reveal the following capture cross sections for electrons and holes at 
80°K (subscript refers to carrier being captured; superscript to charge state of gold center): o-/T—IX 10~13 

cm2, <re°—6X 10~14 cm2, (r^T—10~17 cm2. Lifetime studies on w-type samples show the existence of a 0.018-ev 
Coulomb barrier at singly charged sites and an indication that a thermal (phonon) mechanism is involved in 
the electron capture process. The lifetime also manifests itself in the noise spectrum. 

The photoconductive absorption cross section at 80°K of ^-type gold-doped germanium (0.15-ev level) is 
found to be 2X10 -16 cm2 at 1.8 microns. It is suggested that differences between the absorption and photo-
conductive spectra are due to departure from spherical symmetry of valence band contours away from k = 0. 

I. INTRODUCTION 

THE first report on gold-doped germanium by 
Dunlap1 proposed, on the basis of Hall effect and 

resistivity data, an energy level scheme consisting of two 
acceptor states per gold atom, at energy levels 0.20 ev 
below the conduction band and 0.15 ev above the 
valence band. Newman2 extended the investigation to a 
study of the infrared photoconductive response of gold-
doped germanium, obtaining results confirming Dunlap's 
model. Kaiser and Fan3 reported photoconductivity 
data essentially in agreement with Newman. Con­
ductivity measurements by Morton, Hahn, and Schultz4 

supported values of 0.18 ev above the valence band and 
0.24 ev below the conduction band, and, in addition, 
suggested the existence of a third acceptor level at 0.05 
ev above the valence band. Later investigations by 
Dunlap5 confirmed the existence of a 0.05-ev level, but 
identified it as a donor level. More recently, the exist­
ence of a third acceptor level has been reported,6 lying 
at 0.04 ev below the conduction band. With these 
modifications, Dunlap's \ original proposal for the be­
havior of gold in germanium might be described as 
follows: gold, with an electronic structure 5s25^>65dl06sl, 
is assumed to enter the lattice substitutionary and to 
have a valence of one in germanium. The 6s electron 
behaves as the 0.05-ev donor, i.e., the strength of 
bonding of this electron to an Au—Ge pair is less than 
the strength of bonding of an electron to a Ge— Ge pair 
by 0.05 ev. The three acceptor states represent the three 
unsaturated Au-Ge bonds. The first acceptor state is 

* Work supported by Wright Air Development Center. 
t This paper is abstracted from part of a thesis by L. Johnson 
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fulfillment of the requirements for the Ph.D. degree. 
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1 W. C. Dunlap, Jr., Phys. Rev. 91, 1282 (1953). 
2 R. Newman, Phys. Rev. 94, 278 (1954). 
3 W. Kaiser and H. Y. Fan, Phys. Rev. 93, 977 (1954). 
4 G. A. Morton, E. E. Hahn, and M. L. Schultz, Photoconductivity 

Conference, edited by R. J. Breckenridge et al. (John Wiley & Sons, 
Inc., New York, 1956), p. 556. 

fi W. C. Dunlap, Jr., Phys. Rev. 100, 1629 (1955). 
6 H. H. Woodbury and W. W. Tyler, Phys. Rev. 105, 84 (1957). 

determined by the energy required to remove an elec­
tron from a nearby Ge—Ge bond and to place it on a 
neutral gold atom, or, alternatively, the minimum 
energy (~0.15 ev) required to release a hole. The second 
acceptor state appears only through compensation, i.e., 
filling the 0.15-ev lower gold levels and part of the 
0.20-ev levels with electrons from added donor im­
purities. The upper level will then contribute ^-type 
conduction by excitation of these electrons to the con­
duction band. Similarly, the high-lying 0.04-ev level 
appears when both lower acceptor levels have been 
compensated. 

II. PREPARATION OF SAMPLES 

Germanium single crystals were grown by Mr. Alfred 
Mac Rae, using both the Kyropolous7 seed-in-melt 
method and a technique based on the zone refining 
process.8 For most crystals, successive purifications 
were made, prior to doping, until w-type material with 
less than 1014 carriers/cm3 was obtained. Hall mobilities 
varied between 3000 and 3500 cm2/volt-sec. 

Antimony was used when compensation of acceptor 
impurities was desired. Doping elements were Johnson, 
Matthey, and Company spectrographically standardized 
gold and antimony. 

jCrystals were first cut into slabs perpendicular to the 
axis of crystal growth, to maximize sample homogeneity, 
and then cut into samples of various sizes ranging from 
cubes 3X3X3 mm3 to bars 2X2X10 mm3 for Hall and 
resistivity measurements. Samples were etched in a 
70% HN03—30% HF chemically pure etch solution 
and washed in doubly distilled water. 

For photoconductivity measurements, ohmic contacts 
to ^-type samples were made with Johnson-Matthey 
indium, while tin or a composition of 63% Pb—35% Sn 
—2% Sb low melting point alloy was used for w-type 
samples. Samples were soldered to copper blocks to 
provide good thermal contact, and the assembly was 
mounted in the cavity of a demountable metal cryostat 

7 S. Kyropolous, Z. anorg. u. allgem. Chem. 154, 308 (1926). 
8 W. G. Pfann, J. Metals 4, 747 (1952). 
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FIG. 1. Spectral sensitivity of n- and ^-type Au-doped Ge. 

fitted with a AgCl window. A copper cylinder served as 
radiation shield. 

III. PHOTOCONDUCTIVE SPECTRA 

A comparison of the absolute spectral sensitivity of an 
w-type sample, SG-21, and a ^-type sample, SG-25, at 
78 °K, is shown in Fig. I.9 The response for the «-type 
sample extends to about 6 microns; the ^>-type response 
to about 9 microns. Three points are of particular 
interest: 

(1) the structure in the intrinsic region at 1.4 microns; 
(2) higher sensitivity for the Tz-type than the ^>-type 

sample in the intrinsic region 0.5-1.4 microns; 
(3) an apparent superposition of spectra in the w-type 

sample in the extrinsic region 1.8-2.8 microns. 

(1) The structure in the intrinsic region of a ^-type 
sample, SG-37, is shown more clearly on an expanded 
scale in Fig. 2. Included in the graph is the absorption 
spectrum10 of pure germanium at 77°K. The correlation 
between the photoconductive and absorption spectra is 
clearly evident. The structure at 1.4 microns (0.88 ev) 
has been interpreted by Dash and Newman as arising 
from the onset of direct transitions.11 At 77°K, the 
intrinsic edge for indirect transitions is seen to be at 1.72 
microns (0.72 ev) from the absorption data and at 1.8 
microns (0.69 ev) from the more sensitive photocon­
ductive spectrum. Since the photoconductive response 
intersects the absorption spectrum at an absorption 
constant of 10_1 cm"1, and since the relative intrinsic 
response extends more than a decade below its value at 
this point, the intrinsic photoconductive spectrum in 
this region of low absorption can be considered to be an 

9 The scale chosen for the ordinate is Noise Equivalent Power. 
This is essentially the energy flux necessary to produce a signal-to-
noise ratio of unity. 

10 W. C. Dash and R. Newman, Phys. Rev. 99, 1151 (1955). 
11 J. Bardeen, F. J. Blatt, and L. H. Hall, Photoconductivity Con­

ference, edited by R. J. Breckenridge et al. (John Wiley & Sons, 
Inc., New York, 1956), p. 146. 

extension of the absorption spectrum down to a value of 
8X10-3 cm-1. If the impurity response is subtracted 
from the total response, leaving the true intrinsic re­
sponse, then the absorption spectrum can be determined 
down to a value of 3X 10~3 cm-1 (this is shown in Fig. 2 
as the dotted extension of the intrinsic response). 
Extrapolating the impurity response into the true in­
trinsic response, the absorption coefficient for impurity 
photoconductivity has the value 8X10~3 cm-1 at 1.77 
microns for sample SG-37. 

(2) Regarding the greater sensitivity of n-type gold-
doped germanium in the intrinsic region, it is seen from 
the absorption spectrum that energy is very highly 
absorbed in this region. One hole-electron pair is pro­
duced per absorbed photon in the wavelength region 
1.0-1.7 microns.12 Thus pairs are generated primarily 
within a small thickness near the surface where recombi­
nation is high and lifetimes short. However, some 
carriers will diffuse a considerable distance into the 
interior, if their bulk lifetimes are sufficiently long. An 
approximate value for the diffusion distance L, before 
recombination, may be calculated from the relation: 

where D== diffusion coefficient, r==bulk lifetime. The 
diffusion coefficient is given by the Einstein relationship: 

D/n=kT/e, 

where fx is the mobility; &=Boltzmann's constant; 
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FIG. 2. Absorption and photoconductive spectra at 77°K. 

12 F. S. Goucher, Phys. Rev. 78, 816 (1950). 



INFRARED PROPERTIES OF Au IN Ge 1193 

T— absolute temperature. At 77°K, and for a mobility 
of 104 cm2/volt-sec for both electrons and holes, 

Dc^SO cm2/sec. 

For the ^-type sample, the electron lifetime r e = 150 jusec 
is dominant, while in the £-type sample both hole and 
electron lifetimes are less than 10~6 seconds. Hence, the 
diffusion distances Ln in the ^-type sample and Lv in the 
^-type sample are: 

Z/n^l mm, 

Lp<0.1 mm. 

For other samples differences in bulk lifetimes leading to 
different diffusion lengths satisfactorily account for 
variations in intrinsic sensitivity of both w-type and 
^>-type gold-doped germanium. 

(3) The third feature of the photoconductive behavior, 
the superposition of spectra in the extrinsic region of 
^-type gold-doped germanium, would be expected to 
arise from a combination of photoionization of electrons 
from*the valence band to the 0.20-ev gold level and from 
both gold levels to the conduction band. To determine 
which processes are dominant, a study of the dependence 
of time constant on wavelength was undertaken. In 
particular, the lifetime of an electron in the conduction 
band or a hole in the valence band should be dependent 
on whether the recombination center was a hole in the 
valence band, or a neutral, singly, or doubly charged 
gold atom. 

IV. LIFETIMES AND CAPTURE CROSS SECTIONS 
IN £-TYPE AU-DOPED GERMANIUM 

The experimental technique employed consisted of 
inserting a variable slit and variable speed square-wave 
chopper at the entrance port of a Perkin-Elmer mono-
chromator, in the path of a beam from a tungsten lamp 
or globar source coming to focus on the entrance slit. 
The emergent monochromatic beam was focused onto 
the sample, the response fed through a cathode follower 
to a model 450 A Hewlett Packard amplifier, and the 
rise-decay behavior displayed on a Tektronix Type 535 
Oscilloscope. For the observation of effects having a 
duration of several seconds, a 20 /xfd condenser coupled 
the signal to the cathode follower, and a Tektronix 
Type 53-B dc amplifier replaced the Hewlett Packard 
amplifier. The arrangement was limited to decay times 
greater than 4 microseconds, the onset time for the 
beam. The radiation intensity was kept sufficiently low 
so as to assure linearity between photo-signal amplitude 
and radiation intensity, at least in the regions of low 
absorption. In this range, one would expect an expo­
nential rise and decay for the case of a single mono-
molecular recombination process, with a time constant 
T=1/(JN, where 0=recombination coefficient, N=den­
sity of recombination centers. It should be mentioned 
that only rarely did the traces fit an exponential accu­
rately. Hence, for the purpose of discussion, the time 
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FIG. 3. Wavelength dependence of time constant for ^>-type 
Au-doped Ge. (Time base on oscilloscope tracings: 1 m sec per 
division; amplitude of tracings: 5 mv/div across 100 000-ohm 
load.) 

constant for the rise wilFbe defined as the time required 
to reach 63% of the final resistance value and for the 
decay, that required to reach 37% of the initial value. 

Oscilloscope traces of the^rise-decay behavior of a 
^-type sample as a function of wavelength are shown in 
Fig. 3. A summary of the dependence of time constant 
on wavelength is also shown in Fig. 3, with a logarithmic 
plot of relative spectral response superimposed to illus­
trate the correlation between the photoconductive and 
time constant spectra. Behavior in three separate wave­
length regions will be distinguished: 

(a) Extrinsic Region, beyond 2 Microns 

In the region of impurity photoionization the lifetime 
is shorter than the chopper onset time. Hence r was 
calculated by combining the relative spectral sensitivity 
curve, the measured signal from 500°K blackbody 
radiation, and the 80°K impurity absorption spectrum 
(see Sec. VI). In a simple series circuit consisting of 
battery, photoconductor, and load resistor, the voltage 
change (AF) appearing across the load resistor when 
low level illumination of appropriate wavelength falls on 
the sample is given by: 

AF= 
IRCRL GT 

RC~\-RL ^o 
(i) 

where / = current, Rc^ sample resistance, i?z,= load re­
sistance, no— "dark" free carrier concentration, G=rate 
of generation of carriers per unit volume, r = lifetime of 
liberated carrier. 

The generation rate for blackbody radiation is given 
by: 

G=N, a I CvcN{v)dv, (2) 

where Na— compensated acceptor concentration, av 
= absorption cross section of acceptors for photons of 
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frequency v, c—velocity of photon beam in medium, 
N(v) — density of photons of frequency v. 
5̂ From these two expressions we find lifetimes ranging 

from 2X10-9 to 4X10~7 sec. Variations of lifetimes are 
due to differences in density of recombination centers 
(negatively charged gold atoms resulting from the 
presence of donors). This may be seen in the expression 
for lifetime 

1 

NDVITV 
(3) 

where v=average thermal velocity of holes, ND—con­
centration of occupied 0.15-ev gold levels (Au~ atoms), 
and ah~:= capture cross section of an Au~ impurity for a 
hole. 

When donors are present in a ^-type semiconductor 
(as is always the case in practice), the following expres­
sion can be derived :13 

p(ND+p) Nc 
1 ___ = -e-&EJkT—A 
N-ND-p 2 

(4) 

where N= acceptor concentration, ^=free hole concen­
tration, Nc= 2 {2irni*kT/W)*=effective density of states 
in the valence band, m* = effective mass of a hole in 
valence band, AE= acceptor activation energy (0.15 ev), 
A = equilibrium constant. Below 150°K, P<£N—ND\ 
then: 

p=l{N-ND)/ND-]A. (5) 

ND is computed from (5) with N—ND, the uncompen­
sated acceptor concentration, given by a Hall measure­
ment; p is calculated from the resistivity and the 
mobility dependence &<* T-2-3 (^=3000 cm2/volt-sec at 
300°K); ^ = 1.87Xl08/cm3 at 80°K, using an effective 
mass,14 tn* = 0.3niQ (mo=free electron mass). ND for a 
variety of samples is found to cover a range 4X1012 to 
7X1014 atoms/cm3. This includes samples from in­
tentionally compensated crystals and crystals to which 
no donors were added. 

At 80°K the kinetic theory average thermal velocity 
in a Maxwellian velocity distribution is £= (8kT/irni*)* 
= 107 cm/sec. Inserting these values into (3) we find the 
capture cross section of an Au~ atom for a hole to be: 

(T,r= 1X10"13 cm2. 

This represents the average of the cross section com­
puted for some 50 samples, the total spread being about 
a factor of 2 on either side of this value. 

(b) Intrinsic Region, 1.7 Microns 

Referring again to Fig. 3, the wavelength interval, 
1.5-1.7 microns, is in the intrinsic region of photo-

13 See, for example, W. Shockley, Electrons and Holes in Semi­
conductors (D. Van Nostrand Company, Inc., Princeton, New 
Jersey, 1950), Chap. 16. 

14 Dresselhaus, Kip, and Kittel, Phys. Rev. 92, 827 (1953). 

ionization, although the absorption coefficient in this 
range is small (a<10 cm-1). Hence, the intrinsic ioniza­
tion and recombination processes are taking place 
largely in the bulk of the sample rather than at the 
surface. Now, the extrinsic process in ^>-type gold-doped 
germanium involves the excitation of an electron from 
the valence band to a 0.15-ev gold acceptor level (Fig. 
4). The lifetime of the hole freed by this process before 
capture by singly-charged gold atoms is 10~9 to 10~7 sec, 
depending on ND- In the 1.5-1.7 micron intrinsic region 
one might say that the recombination process involved 
the direct capture of an electron in the conduction band 
by vacant states in the valence band. But these states 
are few; furthermore, if such a mechanism were prob­
able, it should be independent of sample type. Since a 
time constant of less than 4 microseconds does not 
appear in ^-type behavior, one can conclude that this 
is not a dominant process. The intrinsic recombination 
process, then, for a generated hole-electron pair in p-
type gold-doped germanium must involve the capture 
of the hole by singly charged gold atoms and the elec­
tron by neutral gold atoms, both ground states lying at 
the 0.15-ev gold level, and both lifetimes being less than 
4 microseconds [Fig. 4(a)]. The calculation from (1) 
and (2) gives the value of 0.02 microsecond for a hole 
lifetime in this particular sample. No ^-type crystals 
were found to have electron or hole lifetimes, in the low 
absorption region, large enough to permit measurement 
by the above technique, i.e., greater than 4 microseconds. 
But a simple analysis of the photosignal in this region 
enables one to calculate the electron lifetime in ^-type 
material, from which one obtains o-e°, the capture cross 
section of neutral gold atoms for electrons: ae°= 6X 10~14 

cm2 (see Appendix). 

(c) Intrinsic Region, below 1.5 Microns 

Figure 3 shows that below 1.5 microns, the behavior 
consists of two distinctly different mechanisms, each 
contributing to the total signal amplitude an amount 
depending on wavelength. A fast component, r < 4 
microseconds, is present in both rise and decay at all 
wavelengths. However, the fraction of the total photo-
signal amplitude attributed to the fast component is 
smaller on the decay than on the rise. This is a region of 
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FIG. 4. Dominant electronic photoionization and recombination 
processes in ^>-type Au-doped Ge at 77 °K. 
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high absorption with all hole-electron pairs being gener­
ated in a narrow surface layer. The fast component 
presumably arises from the diffusion of holes and elec­
trons into the interior of the crystal, where they are 
rapidly captured by gold recombination centers. 

In addition, a slow component exists with a varying 
decay characteristic (^400-1200 microseconds) differing 
from a variable rise (-^100-1000 microseconds). The 
decay is also characterized by a delay in the initial decay 
rate. The slow component is most likely due to trapping 
of carriers in various surface states. After the light is 
removed these carriers contribute to the signal as they 
are released from the traps. The delay in the initial 
decay rate and the smaller percentage contribution of 
the fast component to the total decay amplitude than 
to the rise supports the argument. 

A brief comment should be made on the value ob­
tained for the capture cross section of an Au~ atom for a 
hole (o-/T= 1X10~13 cm2). Such an exceptionally large 
capture cross section for a single atom (~100 times an 
atomic dimension) might arouse some skepticism. How­
ever, suppose it is postulated that capture of a free hole 
by an attractive Coulomb potential occurs at that dis­
tance Ro such that the magnitude of the potential 
energy of interaction e2/eRo is equal to the kinetic energy 
of the free particle plus the binding energy E4=0.15 ev: 

(A) 

ISION 

y|0^. 4 SEC 
/ I 
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FIG. 5. Quench effect in n-type Au-doped Ge when exposed to 
2-micron radiation, (a) Oscilloscope tracing, (b) Composite 
drawing of rise-decay behavior. 

where e= 16=dielectric constant. Taking the kinetic 
energy to be the average thermal energy \¥T at 80°K, 
we find: 

(r=7r£o2^lXlO-14cm2. 

This approach yields a capture cross section a factor of 
10 too small. But the study of recombination radiation 
has shown that the radiative process is an improbable 
one in Au-doped germanium, i.e., capture is most likely 
accompanied by absorption or emission of phonons.15 

Let us suppose that capture is accompanied by emission 
of a phonon of energy Ep (or phonons of total energy 
Ep): 

(e2/eRo) = imv2+Ei-Ep, 

and compute the phonon energy required to agree with 
the experimental value of c/f. We find: 

Ep=0.1 ev. 

By coincidence, perhaps, this is the energy difference 
between 0.05- and 0.15-ev gold states, suggestive of an 
Auger-type process at the gold center (energy transfer 
by excitation of the atom to a higher state). 

V. LIFETIME MEASUREMENTS, n-TYPE 
AU-DOPED GERMANIUM 

A. Wavelength Dependence and Quenching 

The dependence of time constant on wavelength in 
^-type gold-doped germanium is more complex. In addi­
tion to the expected appearance of another time con­
stant in the superposition region, a quenching phe­
nomenon occurs.16 Quenching will be defined as a 
decrease in conductivity under illumination; a typical 
oscilloscope trace for 2 micron radiation is shown in 
Fig. 5(a). Figure 5(b) is a composite drawing which 
illustrates the rise-decay behavior in the quench region, 
including both the shape of the initial response and the 
quench. The conductivity at first rises sharply under 
illumination, then decreases slowly ( r ^ 1 sec) to a value 
lower than before the radiation was turned on. When 
light is removed, the conductivity initially decreases 
sharply, then increases slowly to the level set by 300 °K 
background radiation. The wavelength region of quench 
is shown in Fig. 6, where we define 

% quench= 
initial peak—steady state 

background level of conductivity 

The onset of quench occurs at about 2.4 microns 
(0.52 ev), rises sharply to a peak at 1.85 microns 

15 H. Gummel and M. Lax, Ann. Phys. (N. Y.) 2, 28 (1957); 
M. Lax, J. Phys. Chem. Solids 8, 66 (1959). 

16 Quenching effects in w-type gold-doped germanium have been 
investigated extensively by R. Newman, Phys. Rev. 94,278 (1954). 
Certain unexplainable phenomena associated with quenching pre­
vented his specifying a mechanism in detail and, in particular, one 
which involved gold centers. Some of the effects reported by 
Newman were not found in our samples, and this has led to our 
model for quenching which explicitly involves gold. 
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FIG. 6. Quench spectrum, w-type 
Au-doped Ge (sample SG-30). 

(0.67 ev) and then decreases sharply at the intrinsic 
edge. 

Oscilloscope traces of the rise-decay behavior as a 
function of wavelength for this sample are shown in 
Fig. 7. In the superposition region chopping speeds are 
such that quenching is not observed, and only the shape 
of the initial rise when light is turned on and decay when 
light is turned off is recorded. Beyond 2.4 microns, rise 
and decay are identical and are characterized by a time 
constant of about 20 microseconds. This is the region of 
photoionization of electrons from the upper gold level to 
the conduction band (0.20 ev), with recombination to 
singly-charged gold atoms [Fig. 8(a)] . Time constants 
in the region beyond 2.4 microns have been found to 
range from 10-1000 microseconds for different samples. 

Below 2.4 microns a slow component, of the order of 10 
milliseconds, contributes more and more to the total 
photosignal as the intrinsic peak is approached. Rise and 
decay traces are symmetrical down to 1.5 microns. In 
this region one expects to observe transitions: 

(a) from the valence band to empty states in the 
upper level, and 

(b) from the lower acceptor states, which are now 
rilled with electrons, to the conduction band. 

These ionization and recombination processes are shown 
in Fig. 8 (b). Figures 6 and 7 show that the onset of the 
slow component occurs at-the same wavelength as that 
for quenching. Analysis of the various recombination 
possibilities reveals that only the process of ionization 
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FIG. 7. Wavelength dependence of time constant before quench­
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from the valance band to the upper gold level can lead 
to quenching. The model proposed for quenching con­
sists of a three-step process of exciting an electron from 
the valence band to a vacant upper state, capture of a 
freed hole by an electron in the lower gold state (Au~~ 
atom) and then recombination of a conduction band 
electron with the hole in the lower state (Fig. 9). The 
net result has been the trapping of a conduction band 
electron in an upper gold state (equilibrium will not be 
restored until this electron is reexcited to the conduction 
band by 300°K background radiation after light has 
been removed). It is to be remembered that two other 
processes are taking place simultaneously: excitation 
from both the lower and upper levels to the conduction 
band. From the data on ^-type samples, hole capture by 
Au~ atoms is very rapid (~10~9—10~6 second). Thus, 
the initial spike when light is turned on is due to the 
rapid rate of capture of holes in lower gold states (step 2 
in Fig. 9) and the rapid rate at which equilibrium with 
the radiation is established between the upper level and 
the conduction band. Thus, the two processes of hole 
capture by Au~ atoms and excitation from the lower 
level to the conduction band are creating electron 
vacancies in the lower gold states. If the first process 
were not occurring, then the latter would have a chance 

to come to equilibrium with the radiation field. In other 
words, if there were no holes being created in the valence 
band to be subsequently captured by Au~ atoms, then 
under low-level illumination the trace pattern should be 
represented by two response times, characterizing excita­
tion from and recombination to the lower and upper 
level respectively. Furthermore, the process involving 
the lower state would be expected to be much slower, 
since only those vacancies created by light can take part 
in recombination. And indeed, it can be seen from 
Fig. 6(b) that following the initial increase in conduc­
tivity (^microseconds) there is a slow increase in con­
ductivity (~ milliseconds) before quenching sets in. If 
quenching were not to follow, the time associated with 
this slower component would be characteristic of the 
rate of approach to equilibrium for the process of 
electron generation from the 0.15-ev state to the con­
duction band. 

However, two "times" do not characterize the total 
response pattern in the "light on" stage and we must 
have a third time, i.e., a "quench time." This comes 
about as a result of the disturbance created by hole 
capture in the lower level. Thus, while electron excitation 
from and recombination to the lower and upper levels are 
processes which, by themselves, can come to equilibrium 
with the radiation Held, the process from the valence band 
to the upper level followed by hole capture in the lower level 
is one which can never come to equilibrium with the 
radiation Held. Hence, the background level of con­
ductivity must shift to achieve a balance, i.e., conduc­
tion band electrons will be required to fill the vacancies 
created by hole capture in the lower gold states. The net 
result will be a reduction or a "quenching" of the "dark 
carrier" electron concentration in the conduction band 
during the "light on" cycle. 

From the difference in conductivities before and after 
quenching the density of electrons quenched can be 
determined (4X106 cm-3 for Fig. 5(a)). This also reveals 
the density of centers rendered capable of quenching by 
the incident radiation. With the observed quench time 
of 0.5 sec, and a thermal velocity of about 107 cm/sec, 
one finds the capture cross section of these centers to be 
5X10~14 cm2. In the Appendix it is shown that this 
agrees with the capture cross section of neutral gold 

FIG. 8. Dominant electronic 
photoionization and recombi­
nation processes in w-type Au-
doped Ge at 77°K. 
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X 

FIG. 9. Model of the quench­
ing process in w-type Au-
doped Ge. 

atoms for electrons, as expected according to the 
quenching model. 

When the 2 micron radiation is removed, return to 
equilibrium occurs in about 1.5 sec [Fig. 5(a)] . The rate 
equation for equilibrium between background radiation 
and electrons in the 0.2-ev level shows the generation 
rate per doubly charged gold atom to be 0.4 sec -1 for the 
background level on the sample of Fig. 5(a). This means 
a transition time of 2.5 sec for electrons trapped in the 
0.2-ev level (net result of quenching), in reasonable 
agreement with the observed 1.5 sec. 

B. Temperature Dependence of Lifetime and 
Capture Cross Section in n-Type 

Gold-Doped Germanium 

The behavior of time constant with temperature in 
7z-type Au-doped germanium has been observed over the 
temperature range 60-120°K. Measurements were con­
fined to an investigation of the upper gold level, by 
recording oscilloscope traces of the decay for low in­
tensity 3 micron radiation. The results on four samples 
are plotted in Fig. 10 in the form logr vs 1/T. Two 
regions of behavior of the form T=roeAEIkT are clearly 
indicated: a rapidly changing function of temperature 
above 100°K, and a more slowly varying function below 
100°K. The processes involved are more clearly seen 
when the resistance of a typical sample is plotted in the 
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FIG. 10. The variation of time constant (solid lines) and 
resistance (dotted line) with temperature for various n-type Au-
doped Ge samples. 

same manner as the time constant (Fig. 10). I t can be 
seen that above 100 °K the time constant approaches the 
slope of the resistance curve, indicating that a thermal 
mechanism governs the behavior of the time constant. 
Below about 90°K the dark carrier concentration is 
invariant with temperature, due to the level of back­
ground radiation; the resistance decreases due to an 
increase in mobility. However, the time constant con­
tinues to increase with decreasing temperature but with 
a new value of AE((AE}=0.018 ev). In this region the 
time constant should be given by: 

(6) 
(N-ND+no)ae-v 

where N—ND = density of vacant upper gold states at 
absolute zero (recombination centers), ae~— capture 
cross section of Au~ atoms for an electron, v=average 
thermal velocity. Since N, ND, and no are invariant and 
t is only weakly temperature-dependent, the capture 
cross section must be of the form: 

-=fTnP-^EIkT = croe~ (7) 

CONDUCTION 
BAND 

3H 

FIG. 11. Model showing the repulsive Coulomb screen in the 
vicinity of a negatively charged Au ion. 

To get a physical picture of such behavior it will be 
recalled that the vacant upper gold recombination 
states are all singly charged gold atoms due to filling of 
the lower 0.15-ev level. Hence, while a neutral gold atom 
acts like an unscreened potential well for the capture of 
electrons, a singly charged Au atom possesses a repulsive 
Coulomb screen for electrons which raises the lip of the 
well by about 0.018 ev (Fig. 11). 

At 90°K we find from (6) that a T - l O " 1 7 cm2. I t 
seems unreasonable to say that by converting a neutral 
gold atom to a singly charged gold atom the cross section 
for electron capture is reduced from 6X10"14 cm2 to 
~ 1 0 - 1 7 cm2, a reduction by a factor ~6000. However, 
since the effectiveness of the Coulomb screen depends on 
the thermal energies of the free carriers it may be 
possible that at 90°K its influence is very significant. On 
the other hand, at thermal energies sufficiently high that 
kT^>AE, one would expect that the Coulomb screen 
will have lost its effectiveness and the cross section for 
electron capture should approach that of a neutral gold 
atom: 

ae- = ae°e-*EtkT, 

where ae°= electron capture cross section of Au° atoms, 
AE=0.018 ev. However, at 90°K, we find: 

( 7 e - = i W ^ 6 X l O - 1 5 cm2. 



I N F R A R E D PROPERTIES OF Au IN Ge 1199 

Hence, the Coulomb screen cannot account for the large 
reduction in capture cross section which is indicated. 
But we can see from Fig. 10 that a more drastic mecha­
nism governs the lifetime at higher temperatures, for 
the lifetime departs from a 0.018-ev slope at about 
100°K. We note from Fig. 10 that this is also the tem­
perature at which the resistance starts to approach its 
characteristic 0.20-ev slope. Yet this is not a region 
where no is sufficiently large to reduce the lifetime in 
Eq. (6) (m is still much smaller than N—ND)- Hence, 
the variation in lifetime must again reflect the tempera­
ture dependence of the capture cross section, and a 
thermal (or at least a strongly temperature-dependent) 
process must be involved in the actual act of capture 
itself15 (in distinction to the role that temperature plays 
in determining the density of recombination centers). 
The time constant appears to have the same slope as the 
resistance. This is not completely certain since the time 
constant becomes very short within a small temperature 
range. But it appears that above 100°K the process 
involved in thermal ionization, i.e., interaction between 
gold atoms and lattice vibrations (phonons), is also the 
mechanism by which electrons are captured at Au~~ 
sites. Below 100°K capture is influenced by Coulomb 
repulsion at the center. 

With this interpretation let us consider again the 
significance of the constant ao in (7). With ae^ 10~17 cm2 

at 90°K, we find cr0~ 10~16 cm2, i.e., of the order of an 
atomic dimension. The form of (7) states that <TQ is the 
value of electron capture cross section of Au" atoms at 
temperatures sufficiently high that kT^>AE, i.e., when 
the Coulomb screen is no longer effective. We observed 
that this would make the Au~~ atom appear neutral to 
the incoming electron, but we find that the capture 
cross section thus obtained (~10~16 cm2) is much 
smaller than the value found for the electron capture 
cross section of Au° atoms in ^>-type germanium. It is 
believed that no discrepancy exists because there is a 
fundamental difference between these two situations: 
depth of the ground state. ^-Type capture proceeds to 
the 0.20-ev state; ^-type, to the deeper 0.15-ev state. 
Tighter binding implies components of higher mo­
mentum in the bound state wave function. When it is 
remembered that phonons have high momenta but low 
energy, we see that the probability for transfer of energy 
between electrons and lattice vibrations may be 
governed primarily by the selection rule on exchange of 
momentum. The wider the spread in the distribution of 
momenta in the ground state wave function the greater 
the probability that high-momentum phonons may par­
ticipate in capture, and the larger the capture cross 
section. 

As a final point of interest, we may use the value 
AE= 0.018 ev at a singly charged gold atom to deter­
mine the magnitude of the scattering potential at any 
multiply charged impurity site. The work of Tyler and 
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FIG. 12. Noise and photosignal spectra of a characteristic n-type 
Au-doped Ge sample. 

Woodbury17 on mobility in germanium with multiply 
charged impurities has shown that the scattering cross 
section follows a Z2 dependence for Z= 1, 2, or 3 (Z is 
the charge on the impurity center). Hence, the magni­
tude of the screening potential at a doubly charged gold 
atom would be about 0.07 ev, and 0.16 ev at a triply 
charged site. 

C. Noise Spectra 

In evaluating the photosensitivity of n- and ^-type 
gold-doped germanium it was observed that while 
photoconductive signals from n-type specimens were 
invariably greater than from ^-type, noise levels were 
also greater. Signal levels are higher primarily because 
of a longer lifetime before recombination at gold centers, 
so one asks if there is a factor contributing to noise 
which arises from fluctuations in the generation-recom­
bination rates at gold centers. If so, then it should have 
a characteristic time identical with the photoconductive 
decay time. 

In the previous section it was shown that the lifetime 
in ^-type Au-doped germanium depends rather strongly 
on temperature. Hence, a noise component associated 
with gold levels should manifest itself by a shift with 
temperature in the same manner as the lifetime. The 
noise voltage spectra of a representative n-type sample 
at two temperatures are shown in Fig. 12. The photo-
signal characteristics are also included for comparison. 
The noise spectra can be represented by two com-

17 W. W. Tyler and H. H. Woodbury, Phys. Rev. 102, 647 
(1956); H. H. Woodbury and W. W. Tyler, Phys. Rev. 105, 84 
(1957). 
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FIG. 13. Noise spectrum of a typical ^>-type Au-doped Ge sample. 

ponents such that: 

fKx
2 

Fcxf + 
\ / 1 + « W ' 

(8) 

where /=CO/2T=measuring frequency, and i£x and K% 
are parameters which are independent of frequency. 
The first term is the familiar 1/f contribution to noise 
power; the second represents the frequency dependence 
of a generation-recombination (g-r) component having 
characteristic time r. 

The solid lines in the noise spectra of Fig. 12 were 
obtained by inserting the photoconductive time con­
stant (measured by decay to 3-micron radiation) into 
(8) and weighting the parameters Ku K2 to obtain the 
best fit to the experimental points. It is seen that the 
choice of photoconductive lifetime for the characteristic 
time in the g-r component gives a good fit to the data. 
Furthermore, the required characteristic time follows 
the same variation with temperature as the lifetime, 
clearly identifying this component with generation-
recombination fluctuations for the 0.20-ev gold level. 

The parameter Ki has been shown by van Vliet18 to 
be given by: 

#22=(4/2A*o)r, 

where / = d c current, and no= total number of free 
carriers in sample. This may be compared with experi­
ment by computing the amplitude of the g-r noise 
component from the measured total noise voltage and 
the weighted curve which best fits the data (making 
appropriate corrections for bandwidth and load re­
sistor). K% as determined from van Vliet's expression is 
found to be about a factor of 2-3 larger than the experi­
mental value. 

Noise spectra for ^-type samples are shown in Fig. 13. 

18 K. M. van Vliet, Proc. Inst. Radio Engrs. 46, 1004 (1958). 

Since photoconductive lifetimes are in the range 10 9 to 
10~6 sec, the knee of a g-r component would occur in the 
0.1-100 Mc region (cor^l). The flat portion, therefore, 
represents the g-r component in the range o>r<<Cl. 

VI. OPTICAL ABSORPTION IN j^-TYPE 
AU-DOPED GERMANIUM 

A. Absorption Measurements 

The experimental arrangement for transmission meas­
urements is as follows: radiation dispersed by a spec­
trometer equipped with CaF2 or NaCl prism is collected 
and focused onto the sample; the transmitted energy is 
then collected and monitored by a thermocouple. Both 
continuous recording and sample in—sample out tech­
niques were used. For measurements at liquid nitrogen 
temperature, samples were mounted in a Dewar equipped 
with AgCl windows. Window corrections were made by 
comparing room temperature sample transmissions with 
and without windows. This was found necessary due to 
somewhat nonuniform transmission of the AgCl. 

The expression for the energy transmitted by a plate 
with parallel faces at normal incidence, taking into 
account multiple internal reflections is given by :19 

/ (l~R)2e~<*x 

T=-=— , 
h l-R2e~2aX 

where la and / are the incident and transmitted in­
tensities, respectively; R is the reflectivity,20 a= absorp­
tion coefficient (cm-1), and X= sample thickness (cm). 
Over a range for which a X « l , T=t(l-R)/(1+R)2 
= 0.47. Thin specimens of pure germanium were found 

WAVELENGTH IN MICRONS 

^*^ 

P-TYPE GOLD-DOPED GERMANIUM 
NORMAL P-TYPE GERMANIUM, AFTER BRIGGS 
A*ND FLETCHER (DATA MULTIPLIED BY 1.9) 

0.2 0.3 0.4 0.5 0 . 6 
PHOTON ENERGY IN ELECTRON VOLTS 

FIG. 14. Absorption cross section of Au-doped Ge and normal 
p-type Ge at 295°K. 

19 R. B. Barnes and M. Czerny, Phys. Rev. 38,338 (1931); H. Y. 
Fan and M. Becker, Semiconducting Materials (Butterworth's 
Scientific Publications, London, 1951), p. 132. 

20 Over the range investigated, R~[_(n—l)/(n+l)]2 where 
n — index of refraction=4. 
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to exhibit about 47% transmission in regions of low 
absorption (3-11 microns), but thick samples frequently 
did not. This occurred when faces were not perfectly 
parallel following polishing operations. The necessity of 
using a small area thermocouple resulted in a portion of 
the internally reflected energy not being focused onto 
the thermocouple, the effect being magnified in thick 
specimens. To eliminate this difficulty, samples were 
oriented a few degrees from normal incidence so that 
internally reflected energy was not recorded by the 
thermocouple. Under these conditions the transmission 
is given by: 

T=(l-R¥e-«x, 

where aX<&l, transmissions of 41-42% were observed 
for pure specimens. A value of 41% should be obtained 
for a reflectivity R=0.36. 

Transmission measurements were made on several 
samples, differing in thickness and gold concentration. 
Results from measurements on a 1-cm thick ^-type 
Au-doped germanium sample at 80°K and 295°K are 
shown in Figs. 14 and 15. 

B. Discussion 

The sample contains about 2X1015 gold acceptor 
atoms per cm3. At 295 °K these holes are free and give 
rise to the well-known absorption associated with 
valence band interband transitions.21 A comparison of 
the absorption spectra of Au-doped germanium and 
"normal" ^-type germanium22 at 295 °K is shown in 
Fig. 14. Lattice absorption has been subtracted,23 and 
the absorption coefficient a has been divided by the free 
hole concentration to obtain a cross section. The magni­
tude of the absorption cross section is in closer agree­
ment with the data of Kaiser, Collins, and Fan while the 
shape more nearly resembles that of Briggs and Fletcher. 
Hence, to illustrate the difference in absorption between 
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FIG. 15. Absorption cross section of p-type Au-doped Ge at 85°K. 

21 H. B. Briggs and R. C. Fletcher, Phys. Rev. 87, 1130 (1952); 
91, 1342 (1953); W. Kaiser, R. J. Collins, and H. Y. Fan, Phys. 
Rev. 91, 1380 (1953). 

22 "Normal" refers to group III acceptors. 
23 W. F. Simeral, thesis, Michigan, 1953 (unpublished). 
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FIG. 16. (A) Absorption in excess of normal free hole absorption 
at 295°K. (B) Excess absorption at 85°K. 

Au-doped and normal ^-type germanium at 295 °K, the 
data of Briggs and Fletcher was used, multiplied by a 
factor of 1.9. The spectra are seen to be quite similar 
except in the region above 0.4 ev. Interband transitions 
account for absorption bands at 0.26 ev, 0.4 ev, and the 
broad band below 0.2 ev. However, Au-doped germanium 
exhibits an additional absorption at 295 °K which over­
laps the band at 0.4 ev and extends to the main absorp­
tion edge at 0.65 ev. 

At 85 °K the sample exhibits photoconductivity to 
about 9 microns. Most of the holes arising from the 
2X1015 gold atoms per cm3 are trapped on gold ac­
ceptors 0.15 ev from the valence band, leaving only 
^1010 free holes per cm3 in the valence band. Thus 
interband transitions will not be observed. The absorp­
tion spectrum at 85°K is shown in Fig. 15. The ab­
sorption coefficient a has been divided by the gold 
concentration N to obtain an absorption cross section <y 
per gold atom (a=N<r). 

There exist, then, two aspects of the absorption 
spectra which require closer examination: the absorp­
tion at 85 °K not observed in photoconductivity, and the 
absorption above 0.35 ev at 295°K in excess of the 
absorption characteristic of normal ^-type germanium. 
These two features are illustrated more clearly when the 
absorption predominating in photoconductivity has 
been subtracted from the 85°K spectrum (Fig. 15). The 
results are shown in Fig. 16. It is seen that the bands of 
excess absorption at 85 °K and 295 °K differ both in 
threshold and sharpness at the knee. The absorption at 
295 °K is believed to arise from hole transitions to the 
heavy mass band from the gold acceptor state 0.20 ev 
from the conduction band. At this temperature holes are 
liberated from the 0.15-ev acceptor states and undergo 
the interband transitions of normal ^-type germanium. 
Holes are still bound to an acceptor state above the 
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middle of the forbidden band, however, and may under­
go transitions to the valence band. Taking the minimum 
separation between valence and conduction bands at 
0.62 ev at 300°K,10 the threshold for these transitions 
should lie at 0.42 ev. This is considered to be in fair 
agreement with curve (A) of Fig. 16 in view of the fact 
that this absorption overlaps the 0.4-ev interband ab­
sorption. Electron transitions from the 0.15-ev levels to 
the conduction band are also possible at 295 °K, be­
ginning at 0.47 ev, and this may tend to obscure any 
plateau region in curve (A) of Fig. 16. In this connec­
tion, it should be pointed out that the comparison with 
the 300 °K data of Kaiser, Collins, and Fan21 indicated 
more clearly the presence of two overlapping bands. 

At 85 °K it is believed that the mechanism suggested 
for the excess absorption at 295 °K does not apply 
(electron transitions from valence band to 0.20-ev level). 
Three reasons are given for this. First, at 85 °K the lower 
0.15-ev acceptors are now empty (of electrons), and the 
0.20-ev state probably does not exist under this condi­
tion; i.e., the upper state appears only when the lower 
state is occupied.24 Second, if transitions between valence 
band and 0.20-ev states were possible, it would be 
difficult to account for a shift in threshold to lower 
energy (curve B, Fig. 16). At this temperature holes are 
bound to 0.15-ev acceptors and intuitively one would 
expect this to depress the 0.20-ev state rather than shift 
it closer to the valence band. Thirdly, an increase in the 
intrinsic energy gap with decrease in temperature would 
also work in the opposite direction.25 Furthermore, the 
process should contribute to photoconductivity, al­
though the lifetime may be too short to be significant. 
Thus the explanation proposed is that the excess ab­
sorption at 85 °K arises from vertical hole transitions 
from 0.15-ev acceptors to valence band states which are 
far removed from the center of the Brillouin zone at 
k=0. That such is possible is indicated by the following: 
a hole bound to a deep acceptor implies a greater spread 
in k space than a hole bound to a shallow group III 
acceptor. For example, localizing a hole on a 0.15-ev 
gold acceptor to a radius appropriate to an absorption 
cross section of 2X10-16 cm2 (Fig. 14)26 requires mo­
mentum components in the bound hole wave function 
extending to ~108 cm-1 in k space, i.e., all the way to 
the zone boundary. The excess absorption at 85 °K would 
represent then the shape of a valence band energy 
surface (probably the heavy mass band) between points 
well removed from k=0 and the zone boundary. The 

24 The situation is as follows: a neutral gold atom presents three 
acceptor states which are triply degenerate at 0.15 ev from the 
valence band. A doubly degenerate 0.20-ev state appears when an 
electron occupies one of the 0.15-ev levels. Similarly, the high 
0.04-ev level appears when a 0.20-ev state is occupied. 

25 Incidentally, it has been pointed out that as the energy gap 
increases the 0.15-ev level remains fixed relative to the valence 
band: W. Kaiser and H. Y. Fan, Phys. Rev. 93, 977 (1954). 

26 Obtained from Fig. 15 by extrapolating to the intrinsic thresh­
old at 1.8 /x that portion of the absorption spectrum observed in 
photoconductivity. This value was also used to calculate time 
constants from photoconductivity data (see Sec. IV). 

transitions are shown schematically in Fig. 17. They are 
in contrast to those allowed for indium acceptors, where 
bound holes possess wave vector components extending 
only to ~ 107 cm-1. If complete knowledge of the bound 
hole wave function were known (say from spin reso­
nance experiments) then, in principle, the valence band 
contour could be determined. According to this inter­
pretation there should be a correlation between the low-
temperature photoconductive and absorption spectra of 
Au acceptors and the spectra for other deep-level ac­
ceptor impurities. Photoconductivity of deep levels has 
been studied extensively27 but absorption has been 
measured only for Cu (0.04 ev),3 Zn (0.03 ev),28 and 
Ni.27 Cu exhibits an absorption excess somewhat similar 
to Au, but Ni apparently does not. Thus one is not yet 
certain whether the excess absorption at low tempera­
ture in ̂ >-type Au-doped germanium is a reflection of the 

(OOO) „ ^ HONE EDGE 

FIG. 17. Bound hole absorption in Ge. 

contour of a valence band energy surface or represents 
behavior specifically identified with Au impurity. 

VII. APPENDIX 

The following method was used to determine o-e°, the 
capture cross section of neutral gold atoms for electrons. 
As mentioned previously, when hole-electron pairs are 
generated in ^-type Au-doped germanium, holes are 
captured by Au~ atoms and electrons by Au° atoms. In 
the vicinity of the intrinsic absorption threshold the 
total photoresponse (S) is given by: 

where at=intrinsic absorption coefficient, a=impurity 

27 See, for example, R. Newman and W. W. Tyler in Solid State 
Physics, edited by F. Seitz and D. Turnbull (Academic Press, Inc., 
New York, 1959), Vol. 9, p. 49. 

28 Burstein, Picus, and Sclar, Photoconductivity Conference, 
edited by R. J. Breckenridge et al. (John Wiley & Sons, Inc., New 
York, 1956), p. 253. 
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absorption coefficient, re°, TJT are electron and hole 
lifetimes. 

Suppose we have a sample in which Te
0<^TfT, which 

implies N—ND^>ND, where N—ND=the concentration 
of uncompensated (neutral) gold atoms. If we now 
compare the intrinsic photoresponse curve of this sample 
with one for which N—ND/ND<1, we can determine 
Te° (see Fig. 18); that is: 

•Si (a»+ai)rAi+af»rei 

6*2 (ai+a2)Th2 

-•N~ND=l.2xKD'yCM3; ND= 4 x I0 l4/CM3 

-o N - ND= 7 x I0,4/CM3; ND= 1.2 x I0l3/CM3 

L5 2J0 2J5 
A (MICRONS) 

FIG. 18. Influence of electron lifetime on intrinsic response in 
p-type Au-doped Ge. 

where ai and a2 are impurity absorption coefficients of 
samples 1 and 2. For sample 2, re2

0<<CrA2"". 

•TABLE I. Estimated capture cross sections in Au-doped Ge. 

<re°~6X 10~14 cm2 Electron capture by Au° 
o-r^lO - 1 7 cm2, 90°K Electron capture by Au~ 
criT~1X10~18 cm2 Hole capture by Au~ 
CTH >10_13cm2 Hole capture by Au 

Using Th values calculated from (1) and (2), and the 
observed ratio S1/S2 (on the low absorption side of the 
threshold), we find rei°= 1.1X10-8 sec for the sample in 
which (N—ND)/Ne<l- The electron capture cross 
section of Au° atoms is found to be: 

1 
^0= ~6X10-14 cm2, 

TMN-ND) 

where v, the average thermal velocity at 80 °K is given 
by29: 

v \ / ( — ) = L 4 x 1 ( ) 7 c m / s e c -

Using this cross section, we find re2°=0.2Xl0~8 sec in 
the sample for which (N—ND)/ND2>1, compared with 
the calculated hole lifetime T % ~ = 1 5 X 1 0 ~ 8 sec. Hence, 
for this sample, the condition re

0<^Th~ is fulfilled. 
We find, then, that the capture cross section of a 

singly-charged gold atom for a hole is about a factor of 
2 larger than the capture cross section of a neutral gold 
atom for an electron. Electron capture by singly 
charged atoms has been discussed in Sec. V(B). A table 
summarizing the estimates of capture cross sections in 
Au-doped germanium is presented in Table I. 

29 The electron effective mass was taken to be nte* = 0.16m 
[R. N. Dexter, H. J. Zeiger, and B. Lax, Phys. Rev. 104, 637 
(1956)]. 
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FIG. 3. Wavelength dependence of time constant for />-type 
Au-doped Ge. (Time base on oscilloscope tracings: 1 m sec per 
division; amplitude of tracings: 5 mv/div across 100 000-ohm 
load.) 
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FIG. 5. Quench effect in w-type Au-doped Ge when exposed to 
2-micron radiation, (a) Oscilloscope tracing, (b) Composite 
drawing of rise-decay behavior. 
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FIG. 7. Wavelength dependence of time constant before quench­
ing for n-type Au-doped Ge (time base for oscilloscope tracings: 
2 milliseconds per division; amplitude 2 mv/div across 1-megohm 
load). 


