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ABSTRACT

Metal-semiconductor (gold contacts to moderately-doped n-type
germanium) photodetectors with a P junction, which is induced by the
inversion layer beneath the metal electrcde, have been fabricated.
Experimental studies provide evidence that the dark currents in these
devices are due predominantly to minority carrier tramsport in both
. forward and reverse bias. The devices are formally equivalent to con-
ventional germanium P+N junction photodetectors (the latter prepared
with diffused or ion-implanted junctions) but avoid defects due to
high-temperature fabrication processes, and do not require high dopant

concentrations in the surface region. This unique structure has been

found to be advantageous for the investigation of the recombination
mechanisms responsible for the minority carrier lifetime. This para-
meter also impacts the performance of photodetectors for fiberoptic
communications.

Measurements of open-circuit voltage decay following the
application of both a dark forward current pulse and a photocurrent
pulse have been made on these induced pn junction devices. Minority-
carrier lifetime has been measured over a wlde temperature range, as
well as over a wide range of injection level. All of the results {dark
current pulse) are accurately explained by the SRH model with a single
acceptorlike trap level at an energy 0.128 * 0.008 ev below the conduc-
tion band edge, i.e. above the equilibrium Fermi level 1in the n-type
material. The dependence of the hole capture cross gsection on tempera-
ture 1s further quantitatively explained by the theory for Coulombic
capture of Rose, without adjustable parameters. Other dependences on

intensity of illumination and wavelength have also been measured by



: Il
photo excitation and the results are qualitatively comsistent with

theory with complications in the decay process and multidimensional
surface recombination.

The 1limitations of Shockley-Read-Hall (SRH) statistics have
been further identified by adding the optical emission rate through the
defect centers to the excess carrier recombination arising from the
optical excitation. In spite of the smaller photo-ionization cross
section as compared to the thermal cross sectionms, the incident inten-
sity plays the major role in deciding the applicability of the tradi-
tional SRH model. This consideration also focuses attention on the

photon energy, for a threshold value is found in order to avoid hot
electron effects and increase the photo-ionization energy, temperature,

total volume concentration of centers and the energy location in the

energy gap of the semiconductor.
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CHAPTER 1

INTRODUCTION

1.1 Historical Outline

At the beginning of the last two decades of our century, we
find ourselves in a state of rapid flux in technological innovations.
The adventure of technology is usually the result of igcremental
"developments that move the existing state of the art forward in rela-
tively small steps. Major breakthroughs and new 1deas offer the
preferred way of doing things and provide a basis for qualitatively new
products to serve society's needs. Often they are the result of scien-
tific discoveries that open the way to previously unforeseen applica-
tions. Following the advent of the laser in 1960, there has not only
been astounding progress in the understanding of optical phenomena, but
there has also been the creation of many new useful tools in‘a variety
of areas. Among these complex and multidimensional applications,opto-
electronics technology for communications, especially fiber optic
communications, stands out.

Communications using 1light began a century ago; Alexander
Graham Bell was the first to send speech over visible light beams and
his photophone was capable of transmitting speech information over
distances of several hundred meters. Later on, in the middle of the
19th century, such well-known scientisté as James Clark Maxwell,
Michael Faraday, Heinrich Hertz and Guglielmo Marconi subsequently
discovered the applications to signal transmission of electromagnetic
theory and developed much of the necessary equipment. Despite the

discovery of microwave communications, the necessity for higher fre-
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quencies approaching the optical region were not seriously developed
until the laser was invented. Since then, an intense research effort
has been launched concerned with the discovery and development of new

laser devices, light-emitting diodes, and nonlinear optical materials.

This effort provided the basis for the new optoelectronic technology

and brought lightwave communications within reach.
The theoretical development of an effective optical trans-

mission medium and the prediction of acceptable losses were first made

(1)

in 1966 by Kao. The practical realization of low-loss in glass

fibers was not achieved until 1970 and the record of losses at that
time was 20 dB/km.(z) Within the next couple of years, new production
schemes for fibers led to losses of 1 dB/km and below.(3) In the same
time, the achievement of semiconductor lasers also brought with it the
reality of high-speed, high-bandwidth and low attenuation information
transmission systems-optical fiber communications. Laboratory tests
have now demonstrated the feasibility of operating single-mode systems
at data rates in excess of 1 GHZ over distances greater than 100 km

4) (5-6)

without repeaters.( Improvements in fabrication, system
design(7) and measurement techniques(S) have allowed researchers to
observe and classify key optical properties such as loss mechanisms and
bandwidth—qontrolling parameters. These advances, coupled with the
installation and implementation of automated process—control systems,
now make it possible to consistently produce high performance
fibers.(g)

The general trend in the evolution of optical fiber systems

has been towards long wavelength operation. By operating at longer

wavelengths, one can take advantage of the inherent low losses associ-
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ated with Rayleigh scattering in optical fibers, and high bandwidth
which arises from low dispersion. The specific operating wavelengths
for second-generation optical fibers are 1.3 and 1.5 um where the

(10 The possibility of producing ultrahigh

losses can reach 0.2 dB/km.
bandwidth single-mode fibers has been recognized since the beginning of
optical fiber research. By operating the fiber at the reglon of zero-
chromatic-dispersion, bandwidths of several hundred GHZ~km are theore-
tically(é) possible and this wavelength typically occurs in the 1300 to
1600 nm wavelength regionm. The investigation of durable (at room
temperature) semiconductor lasers has been successfully developed for
(11-12)

the requirement of long-wavelength communications. Although the

Si photodetector has existed for a long time, its cut-off wavelength at
1.1 uym has prohibited this device from being a potential candidate for

long wavelength communications.

At present, the most promising materials for long wavelength
photodectors are from the InGaAs?(13) alloy system, which is epitaxi-
ally grown from the constituent elements of In, Ga, As and P on bulk
' InP substrates. The atomic fractions are varied to control the band-
gaps that range continuously from 1.35 ev (InP) to 0.73 ev (In0'53
As). The InGaAsP alloy system is advantageous for three main

20,47
reasons. First, a broad spectral sensititivity is obtainable from the

wide choice of alloys. Second, the optically-absorbing alloy may be

grown on InP substrates of relatively high quality with lattice~matched

compositions for near-perfect epitaxial growth. This will reduce the
crystalline imperfections that are introduced by mismatches in spacing

between atoms in the epitaxial layers and in the substrate. Third, the

InP substrates are transparent to long wavelength radiation, absorbing
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at wavelengths below 0.95 ym. This will minimize losses from surface
recombination of photo-generated carriers. Nevertﬁeless, the disadvan-
tages of this alloy system are lack of cost-effectiveness and repro-
ducibility in commercial production.

Oon the contrary, Ge photodetectors<14-16) have long been
available with a reliable and mature technology. In Japan, the Ge
avalanche photodetector (APD) has undergone considerable development in
spite of its disadvantages associated with high dark current, relative-
ly low quantum efficiency and large avalanche excess noise. Commercial
Ge devices usually employ a diffused or ion~-implanted p-n junction
structure; metal contact (Schottky Barrier) Ge photodetectors have also
been found to be potentially useful. A novel photodetector device
fabricated from gold contacts to moderately doped n type germanium will
be introduced in this study with its attractive characteristics for

long-wavelength photodetectors in optical fiber communication systems.

1.2 Research Objectives

Due to low fiber loss obtained in the 1.3-1.6 m wavelength
region, long-wavelength photodetectors(14-16) have been extensively
studied recently in order to continue the evolutionary improvement of
optical fiber transmission systems. Conventionally, the p-n junction
structure has been adopted for reasons of fabrication ease in an estab-
lished technology. The optoelectronic properties of metal-germanium
induced~junction photodetectors have been found in the present study to
be not only comparable to p-m junctions (diffused or ion-implanted) but
.with the added advantages of the absence of high impurity (acceptor)

concentrations 1in the surface region and the elimination of high-
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temperature fabrication processes with reduced dgfect concentrations.
In addition, the transport mechanism is dominated by minority carrier
injection, which has been recognized to be one of the most important
factors governing device operation. Therefore, the purpose of this
research has been the development of a photodetector device with mini-
mal defect introduction which reduces dark currents controlled by
minority carrier lifetime.

This has been substantiated by experimental evidence obtained
on gold (Au) contacts to moderately-doped n-type germanium which we
show exhibits an exception to the conventional pattern of thermionic-
emission transport 1in Schottky barriers. The results show that
minority carrier transport is dominant in either forward-blas or
reverse-bias due to the extreme band bending associated with the large
barrier height (> 0.60 ev). Our further investigations concentrate on
the fundamental (optoelectronic) properties of this device in order to
develop a theoretical model of importance in noise reduction caused by
the dark saturation current. This has been achieved by characterizing
experimentally the physical mechanisms for recombination of minority
carriers in germanium. The results show that guantitative agreement
with SRH recombination statistics for electrical excitation (dark
current) and qualitative agreement for optical excitation (photo-
current). We then focus attention on the limitations of the SRH model
which are usually ignored in conventional treatments. These factors
are together addressed in view of the ultimate goal-contributing towards
_the understanding and development of a low-noise, high-speed long-

wavelength photodetector.



1.3 Outline of the Present Study

The state-of-the—art in optical fiber communication and the
historical development of long-wavelength photodetectors comprise the
introduction of this study in the first chapter. In order to experi-
mentally address the object of this research, a novel device with an
induced p-n junction has been fabriated and its distinctive tramsport
mechanisms have been corroborated by the experimental characterization.
This device is covered in the secon& chapter.

A review of the impact of carrier lifetime on the performance
of photodetectors 1is discussed in the third chapter, serving as a
bridge for the consideration of the mechanisms of minority carrier
lifetime as the key to the functioning of this device. 1In Chapter 4 we
present the investigation of carrier lifetime by two methods: Forward
Current Induced Voltage Decay (FCVD) and Photo-Induced Open-Circult
Voltage Decay (POVDS for the induced junction device. The lifetime,
which depends on the intensity of the optical 1lluminationm, the forward
current density, the operating wavelength and the temperature has been
characterized experimentally. The acknowledged inconsistency between
these two methods has been found to be attributable to their distine-
tive excitation techniques and the resultant compelxity of the optical
decay curves. The FCVD method is shown to provide reliable results.
Further investigations of the limitations of the SRH recombination
model are discussed in Chapter 5. Conclusions and suggestions from the

various chapters complete this thesis.
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CHAPTER 2
GERMANIUM PHOTODETECTORS WITH INDUCED PN JUNCTIONS -

*
PHYSICAL FABRICATION AND EXPERIMENTAL CHARACTERIZATION

An experimental investigation has been made of optoelectronic

carrler transport processes in Au-Ge contacts, and their dependence on
+

temperature, which shows that these devices behave as 'induced’ P N

junctions rather than as Schottky barriers. The dark currents are due

predominantly to minority carrier injection in forward bias, and to
generation in the quasi-neutral reglon in reverse bias. The devices
are formally equivalent to germanium P+N junction photodetectors with
diffused or ion-implanted junctions, but require neither high tempera-
ture fabrication processes nor high dopant concentrations in the sur-
face region.

This wunique characteristic provides further impetus to
investigate the potential of this device as a long~wavelength photo-
detector for fiberoptic applications (Chapter 3) due to the low
attendant values of dark current, which reduces the noise of the photo-
detector and increases its ultimate sensitivity. Furthermore, the
validity of the SRH recombination model has been examined by means of

this device (Chapter4) over a wide range of carrier injection level and

operating temperature.

*The contents of this chapter have been published as Y.K. Hsieh and
H.C. Card, "Germanium Photodetectors with Induced p-n Junctions"”, IEEE
Trnas. on Electron Devices, vol. ED-29, no. 9, pp. 1414-1420, September
"1982.



10
2.1 Historical Introduction

Germanium photodetectors are of interest in fiberoptic com-
munication systems operating at long wavelengths (1.3 ym to 1.7 um),
beyond the cutoff imposed by theoptical absorption edge in silicon. 1In
this region, they are an alternative to photodetectors based upon the
quaternary alloy semiconductors 1lnGaAsP. In previous publications(l_a),
they have reported on the optoelectronic properties of metal-germanium
Schottky barrier photodetectors using a variety of metals. For the
most part the characteristics of these devices conform to the
thermionic emission theory of Schottky barriers(s).

We have recently discovered that gold (Au) contacts to
moderately-doped N-type germanium exhibits an exception to this pat-
tern. The Schottky barrier height is in this case sufficlently large
(> 0.6 eV) that the thermionic emission of electrons provides a negli-
gible contribution to the total current in either forward or reverse
bias. Instead, the forward-blas current is due primarily to the injec-
tion of holes into the semiconductor, and the reverse-bias current to
the generation of holes which are collected by the metal. This device
therefore behaves as a P'N junction, with a strongly inverted hH
region which is 'induced' by the extreme band bending associated with
the large barrier height. The evidence for the PN junction mode of
behaviour is presented in this paper. A preliminary theoretical
analysis of these structures has been presented earlier(ﬁ). It is
suggested that the performance of the present device as a photodetector
may exceed that of a diffused or ion-implanted germanium PN junction in

some cases, due to the absence of the high dimpurity (acceptor)

concentrations in the surface region.
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2.2 Current Mechanisms in Metal Semiconductor Contacts

Fig. 2.1 shows the energy band diagrams of a rectifying
metal- semiconductor contact under dark conditions, for applied bias
voltages of V=0, V>0 and V <0 (V refers to voltage of metal
with respect to semiconductor). An N-type semliconductor of moderate
doping concentration is assumed. The mechanism corresponding to arrow
1 is thermionic emission of electrons from the semiconductor
conduction band into the metal (forward bias, V > 0) or from the metal
into the éemiconductor (reverse bias, V < 0) . These currents usually
dominate the characteristics of metal-semiconductor contacts, including

1,2,7
the case of most metals on germanium( e ). Mechanism 1 gives

* 2
Jo= AT exp(—¢b/VT)[exp(V/VT) -1} (1)

, - %
where J is current density (Acm 2) , A 1is the modified Richardson

1
5 .
constant( ), ¢b is the 'Schottky' barrier height (Fig. 1), V the
applied voltage and VT = kT/q.

Also shown in Fig. 2.1 is a component of the dark current due
to recombination (V > 0) or generation (V < 0) of electrons and
holes in the space-charge region. (process 2). This mechanism is

5
generally well approximated by< )

qn W

[exp(V/ZVT) - 1] (2)
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which again applies for either forward bias (V > 0) or reverse bias
(V < 0). W is the width of the space-charge region, and 71 1is the

carrier lifetime (recombination lifetime, V > 0, or generation life-

time, V < 0) in this region. n, is the intrinsic carrier concentra-

tion which may be written in the form

2wk 3/2_3/2, * % 3/4
n, = 2( hz) T “(mgm)”" exp(-E /2kT) (3)

* *
with m, o, My the density of states effective masses for the conduc-

tion, valence bands, respectively. The energy gap Eg refers to the
minimum (indirect) gap in semiconductors such as germanium, and may be

8
approximated by( )

2
aT

Eg(T) = Eg(O)"'-,I.-_E _ (4)
for a temperature T (°K) . a and b are constants (see Table 2-1).

In general the factor 2 1in the exponent of Eqn. (2) may be

replaced by a parameter n with 1 < n, < 2 dependent upon the

2 2
energy distribution of recombination and generation centers in the
9
space-charge region( ), but n, = 2 in most cases conforms closely to
(10)
previous studies of this mechanism .

The third mechanism in Fig. 2.1 (process 3) arises from
recombination (Vv > 0) or generation (V < 0) of holes in the quasi-
neutral region of the semiconductor. This is the dominant component of

(8>

- +
current in ideal P N Jjunctions, and is given by
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2
n, qkT u_ 1/2
. LB -
N Nd( o ) lexp(V/V,) 1] (5)

where up is the mobility of holes and <t is their lifetime in the
P

quasi-neutral region and N is the doping concentration (assumed

d
uniform) of the N-type semiconductor.

This component J3 is always present in rectifying metal-

semliconductor contacts, but is usually negligible as compared to J1 .

We will argue however that in the devices under study J3 is the domi-
nant component of dark current with secondary contributions from compo-

nent J2 . This arises because of the large value of @b in Eqn (1)

and the relatively large ni associated with the small E in
g

germanium.
The mobility of holes in N type germanium has been observed
to exhibit a dependence on temperature given by the - empirical

(11)

expression

8 -2l3
v = 91x10 T ' (6)

2 -1 -1
with up expressed in units of em V s .

Under illumination with photons having energy in excess of
Eg , photogeneration in the semiconductor gives rise to an additional
component of current in the direction of the reverse current (not shown
in Fig. 2.1). This component we may call J4 . For V=0, in the ab-

sence of large series resistances, the total current density J = J&’

since Eqns (1) to (3) reduce to zero in this case. If on the other
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hand we examine the conditions for zero total current, the voltage V =

voc , the open-circuit voltage. That is

4
J=XJ1(V)=0 for v =V

i=1 oc

or

4
L N0 = 0 &)

Provided the photons are absorbed sufficiently close to the
semiconductor surface, the optical absorption coefficient considerably

exceeds the inverse of the hole diffusion length Lp_= (kTu TP/q)“2 .

P

and the component J& representing the photocurrent will be

independent of voltage. Provided also that the currents Jl to J3
are not appreciably modified by the illumination, the total current is
simply the sum of the dark current and the short-circuit current J4 .

This is sometimes referred to as the superposition theorem for photo-

detectorsclz).

2.3 Device Fabrication and Experimental Results

The germanium wafers used in these studies were (111)

oriented N-type polished wafers obtained from General Diode Co., with

3

doping concentration Nd = 2.08 x 1015cm- , as determined from high-

frequency capacitance-voltage characteristics. The Au electrodes

were deposited by thermal evaporation at a base pressure of 10=6 torr

in an oll diffusion pumped vacuum chamber. Contact areas were 2 x

10_2cm2 and Au thicknesses were = 250A.
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Measurements of current-voltage characteristics were perform-
ed in a liquid-nitrogen cooled cryostat with a resistive heating ele-
ment which maintained the temperature within * 2°K over the range
100°K to 340°K  during the measurement. optical illumination was
provided by a GIE ELH Tungsten-Halogen lamp.

In Fig. 2.2 we show an example of the dependence of dark cur-
rent upon voltage under both forward and reverse bias conditions for
several values of temperature.

In Fig. 2.3 we give a typical example of the current-voltage
characteristics on a linear scale for various intensities of optical
illumination. Figs. 2.4 and 2.5 show the dependence of current upon
temperature for particular values of forward and reverse bias voltages,
respectively. The theoretical characteristics in these flgures are
discussed in the following section. Figs. 2.6 and 2.7 show the
observed dependence of open—-circuit voltage and short-circuit current
upon temperature for three values of optical illumination intensity.
Finally, in Fig. 2.8 is shown the dependence of short-circuit current
~upon open- circuit voltage for three values of temperature. For a
given temperature, these curves have been obtained by wvarying the
optical illumination intensity.

The data presented in Figs. 2.2 to 2.8 is representative of
that obtained in a variety of similar Au-N-type Ge structures. The
characteristics were observed to be stable against aging effects or
degradation over the period of several weeks during which measurements
were being taken. The errors coming from each experimental point have
-been measured and the standard deviation found to be less than 1%Z. No

accelerated life tests have yet been performed at elevated tempera-

tures.
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2.4 Discussion
The results of Fig. 2.2 have been interpreted both on the
basis of the Schottky barrier theory and P+N junction theory. The
parameters used in the theoretical calculations are listed in Table
2-1. 1In the case of Schottky barrier theory, Eqn. (1) is assumed to
describe the device behaviour, i.e. Jl is assumed to be the dominant
current. The adjustable parameter in the calculations in this case is
¢b , the Schottky barrier height. While the experimental results such
as Fig. 2.2 can be made approximately consistent with Eqn. (1) for a
single temperature, the predictions of Jl at other temperatures do
not agree with experiment. The thermal activation energy over the
temperature range of study predicted by Eqn. (1) is q(¢b— V), since Jl
~ exp[—q(¢b- V)/KT] except at extremely high temperatures where the T2
term enters in. Experimentally the activation energy is considerably
larger than this, as indicated in Table 2-2.
On the other hand, in interpreting results such as those of
Fig. 2.2 on the basis of P+N junction theory, Eqn. (5) 1s assumed to
apply. That is, in this case J3 is assumed to be the dominant compo-
nent of current. Here all parameters are known with reasonable accur-
acy except for the hole lifetime Tp , which is treated as an adjust-
able parameter. For this interpretation, the activation energy from
Eqn. (5) is approximately (Eg - gV) , with the Eg in the J3 ~
exp[—(Eg- qV) | dependence arising from the ni term in accordance with
Eqn. (3). Eqn. (5) is found to be in close agreement with experiment
as demonstrated in the comparison of activation energies in Table 2-2.
The correspondence of the data with the P+N junction theory of Eqn.

(5) is evident in TFig. 2.4. The predictions of Schottky barrier



17

theory, Eqn. (1), do not agree with experiment, since the magnitude of

the slope in Fig. 2.4 is in this case too low. The vertical displace-
ment in Fig. 2.4 between .the predictions for the Schottky barrier
theory and the experimental results is a consequence of determining éb
at a low temperature (200°K). The two curves will cross at a current

magnitude which is well below those shown on this figure.

Agreement between the PN junction theory and experiment is
preserved for the bias voltage dependence of the current and the acti-
vation energy, provided a contribution to the total current from space-
charge recombination is included. Since this component J2 , described
by Eqn. (2), has a weaker voltage dependence than J1 . (exp(V/ZVT) as
opposed to exp(V/VT)), its contribution under forward bias is import-

ant only at low voltages. Rhoderick(S)

has shown that the sum of
exp(V/VT) and exp(V/ZVT) components can be approximated over an exten-
sive range of current by an exp(V/nVT) dependence with 1 < n <2 . The
value of n depends upon the ratio of the pre—exponential factors in

Eqns. (1) and (2). For a given forward bias voltage V , the relative

importance of Jl and J2 also depends upon temperature since the activa-
E - gV

- g
tion energy for J, is (Eg qV) whereas that for J, is (———7-——J since

J2 ~ oy and not n, .

Considering the case of reverse bias, one can clearly identi-

fy two activation energies in Fig. 2.5. At high temperatures Ea~ Eg

whereas at low temperatures Ea ~ Eg/Z . This indicates that J3 is

dominant in reverse bias for high temperatures (T > 250°K in Fig. 2.5)
~and Jz is dominant at lower temperatures. The transition temperature
is not strongly dependent on the applied voltage since the

(exp(V/VT)-l) and (exp(V/ZVT)—l) dependences reduce to -1 for V <K 0 .
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There wlll be a weak dependence on V because of the term W ~ vi/2 in

' 8
the pre—exponential factor of Eqn. (2).( )

Under optical illumination a photocurrent (JA) is produced
which gives rise to characteristics such as those of Fig. 2.3. The

temperature dependence of the short-circuit current density of Fig. 2.6

(ISCéAJ with A the device area) may be understood in terms of the reduc-

4
tion in the energy gap with increasing temperature expressed by Eqn. (4)
and its attendant increase in the optical absortion coefficient at all

wavelengths A . According to the PN junction theory, the photo-

current density J, gives rise to an open—-circuit voltage determined by

4
J3(V c) + J4 = 0 , where Jl and J2 have been assumed to be negligible
o
in Eqn. (7). Substitution of Eqn. (5) for J3 leads to
J N
4 d p 172
Voo © vT fn} 2 { qkTy ) ]
i p
J, N T . E
kT 4 d P L7z g
= == fn| ( ) | +-= (8)
Nc Nv qkTup q
E (T)

- CT with C a positive

At sufficiently high temperatures, Voc =
quantity which is only weakly dependent upon temperature. The experi-
mental results of Fig 2.6 show that the extrapolation of this region to

T = 0°K gives an intercept of E (0)/q , in excellent agreement with the
8

known value for the 0°K gap in germanium( ) of 0.74 eV . This provides

additional verification for the treatment of these devices as induced

-P+N junctions, with currents obeying Eqn. (5). If the results of Fig.

2.6 were interpreted on the basis of the Schottky barrier theory, Eqn.
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(1) rather than Eqn. (5) would be used in arriving at the expression

for Voc . In this case the 0°K intercept should be equal to by »
which is clearly not the case.

The dependence of open-circuit wvoltage upon short-circuit
current observed in Fig. 2.8 1s also consistent with Eqn. (8), with

I = AJ, and «t1_ = 10”7 sec 1in agreement with the value obtained

sc 4 P
from the dark data. The slope of 2n Jscvs Voc in Fig. 2.8 is approxi-
mately 1.09, somewhat smaller than those of Fig. 2.2. This indicates
some influence of series éesistance effects in Fig. 2.2.

All of the data of Figs. 2.2 to 2.8 substantiate our claim
that these Au~N type Ge structures are in fact induced Pty junctions.
To attempt to interpret their behaviour in terms of the conventional
Schottky barrier model of thermionic emission of electrons leads to
several inconsistencies with experiment and to an underestimate of the
true 'Schottky' barrier height. The metal Fermi energy must lie comsi-
derably more than 0.6 eV below the germanium conduction band edge at
the surface.

it is expected that the induced Pty germanium devices of
this study will exhibit some advantages over conventional diffused or
ion-implanted PN  junctions in germanium in their applications as
photodetectors. The absence in our structures of the large acceptor
(P") 1iwmpurity concentrations of conventional devices will improve the
carrier 1ifetime in the surface region and will enhance the quantum
efficiency of strongly absorbed radiation (X < 1.5 um). It may also
result in a reduction of excess noise introduced by defects associated

with the large doping concentrations. Finally, one may speculate that

the absence of large doping concentrations may give rise to less energy
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gap narrowing because in these induced PN junction diodes only the

13)

effects of electrostatic interaction( will influence Eg in the P+

region.
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obtained experimentally for Au-N type Ge structures
under dark conditions. Three measurement tempera-
tures are indicated.
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TABLE ?-1 Parameters used in Theoretical Calculations

NOTATION

VALUES

A%

device area

modified Richardson constant

constants in Egn (4)
for energy gap

Energy gap at 0°K
Planck constant

Boltzmann constant

density of states
effective mass of electrons

density of states
effective mass of holes

donor doping concentration

diffusion coefficient for holes

mobility for holes

lifetime for holes

2 x 10" 2c¢mn?
50 Acm™ 2K "2

4.56 x 102

210°K
0.7412 eV
6.63 x 10_34J—sec

8.62 x 10~° ev/°K

0.55m_ = 5.0105 x 1073 kg

0.37m_ = 3.3707 x 1073 1gg

15 =3

2.08 x 10°° cm

47.238 cm®S L at 300°K

1826.68 cm 2y 1g7h

7

at 300°K
10" ‘s obtained by fitting
to experimental results for

v > 0
lifetime).

(recombination



TAﬂLE 2-2 Activation Energies

30

P™ Theory SB Theory These experiments
Eal(ev) 0.67 0.60 0.66
(Ref. Fig. 2.5)
Eaz(ev) 0.64 0.57 0.63
(Ref- Fig- 204)
Ea3(eV) 0.021 0.151 0.019
(Ref. Fig. 2.6) 0.026 0.146 0.026
0.041 0.091 0.038
Eg(O)(eV) 0.7412 0.60 0.744
(Ref. Fig. 2.7) 0.743
0.742
E it Activation energy calculated from I-1/T
at reverse bias voltage -2.0V
E ot Activation energy calculated from I-1/T
at forward bias voltage 0.08V
Ea3: Activation energy calcualted from
Isc - 1/T at three different optical intensities.
Eg(O): Energy gap for O0°K determined at three different

optical intensities from VOc ve T .
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CHAPTER 3
INFLUENCE OF MINORITY CARRIER LIFETIME ON

PERFORMANCE OF PHOTODETECTORS

The unique transport mechanism in a Au-n type germanium
induced-junction device under dark conditions has been introduced in
the previous chapter. This characteristic of the device has also been
cited as responsible for its potential as a long~wavelength photo—
detector, in addition to its inexpensive and nondestructive fabrication
processes which contrast with those of the quaternary compound semi-
conductor devices, for example.

A review of the effects of the minority carrier lifetime on
the performance of existing photodetectors will be presented in this
chapter. This will serve to underline its importance as a long-
wavelength photodetector in recently developed optical-fiber communica-

tion systems, and will provide motivation for the fundamental studies

of Chapters 4 and 5.

3.1 Physical Background

During the early years of semiconductor science, the physical
processes of charge carrier generation and recombination received a
great deal of attention because of their importance in the understand-
ing and characterization of semiconductor materials and devices.
Although much of the research direction has since shifted to other
" areas due to the improvement of material quality, the demands on device
performance and wafer quality are still increasing. Furthermore,

characteristic microdefects assoclated with a variety of semiconductor
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devices have been attributed to various production processes associated
mainly with the heating and doping steps in fabrication. This inherent
limitation has brought about renewed efforts in basic research on
material defects and increased attention to the subject of carrier
recombination lifetime.

The usual definition of carrier recombination lifetime is the
time required for the excess (monequilibrium) charge carriers to decay
to a factor l/e of its initial value(l), after the external stimulus is
removed. The physical defects which are inherent to devices provide
the major paths for charge decay or recombination, with the excess
energy being converted either to phonons or photons; these are referred
to as nonradiative and radiative recombination respectively. Depending
upon the regions (space-charge region or quasi-neutral region) where
the recombination occurs, the measured values of carrier lifetime in

(2)

-12
widely-known semiconductor devices varies from 10 to 10 sec.

While these defects can be reasonably controlled and largely eliminated
by using modern process technology, thelr effects on the electrical
parameters of the devices and their performance cannot generally be
neglected. We focus here on the understanding of the impact of carrier
lifetime on optoelectronic devices, especially photodetectors of the

induced-junction type, in which the dark current is due to minority

carriers as shown in the previous chapter. Discussion of the physical
mechanisms of carrier recombination and the characterization of carrier

lifetime will be deferred until the next chapter.

It 1s well-known that the recombination lifetime of the
excess charge carriers has a major impact on the characteristics of

most semiconductor devices. Depending on the applications, a variety
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of devices, such as solar cells, photoconductors and injection laser
diodes have been satisfactorily modelled by employing the appropriate
recombination statistics. It may be expected that the active layer in
these devices is in most cases sufficiently large that the diffusion
length (determined by 1lifetime) 1s of central importance, otherwise
(for narrow active reglons) surface or interface recombination becomes
dominant. Details of these considerations can be readily found in

(3-3) In this chapter, we explore some effects of

various textbooks.
excess charge carrier lifetime which are directly related to the
behaviour of avalanche or PIN photodetectors. Although a compromise

must be made between the speed of response and the gain of these

devices, it is assumed that the thickness of the active layer (reglon

of high electrical field) in photodetectors is in excéss of the diffu-
sion length, with which the significant effects of (volume) carrier

lifetime are concerned. Since these photodetectors operate under

reverse blas voltages, the excess carriers are created primarily from
the incident illumination intensity according to the form of the opti-

cal pulses. If we neglect the effects on carrier lifetime of the high

electric field and the pulses are assumed to be of sufficient duration,
we may discuss the consequences for performance of the carrier 1life-
time. This chapter therefore reviews the existing theory of recombina~

tion lifetime and applies these considerations to the understanding of

the behaviour of photodetectors.

" 3.2 Consequences of Lifetime for Photodetector Performance
The operation of photodetectors is based on the photoelectric

effect.(ﬁ) The performance of photodetectors will be determined by the
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following factors: (1) noise, (2) quantum efficiency, (3) photoresponse
time, and (4) gain. Each factor has its own distinguishing character-
istics which may be directly or indirectly related to the carrier life-
time. Based on the geometrical structure of avalanche and PIN photo-
detectors. We now address these factors in turn.

3.2.1 Noise

Semiconductor detectors are limited by the minimum radiant
power which they can detect due to the presence of noise. The noise
may arise in the detector itself, in the radiant energy to which the
detector responds, or in the electronic system following the detector.
Here, we are Iinterested in the noise internal to the detector. The
remainder of the nolse sources are not treated here; see Motchenbacher
and Fitchan(7}, Van Vliet(S) for details.

In addition to the thermal (Johnson) noise, there are three
bias-dependent excess noise mechanisms in most semiconductor devices.
These are generation-recombination noise, shot noise and flicker noise.
Regarding the PN junctions and Schottky barrier photodetectors, we
focus on shot noise, which arises from randomness in the diffusion and
drift of carriers due to the reverse bilas voltage. This is usually the
dominant noise source in these devices. Multiplication noise arising
from impact ionization in avalanche photodiodes will also be discussed
below.

(1) Shot Noise

9
In general the rms shot noise current is given by( )

1/2
Iy = [(2q1 + 4q1 DB | / (1)
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where B is the measurement bandwidth, I is diode current, Io is the
reverse bias saturation current and q is electron charge. Under suffi-

clent reverse bias, I = -Io and Eqn. (1) becomes

Iy = (quoB)”2 (2)

As mentioned in a previous chapter, the saturation current I 1is
o

related to carrier lifetime by

qN W
I0 = Ti in the space-charge region (3)
P
or
o2 (qkt u )M
Io = —E——————ll— in the neutral region (4)

d Tp

where Ni is intrinsic carrier concentration, W is the width of the
depletion region, q is electronic charge, Nd is the impurity doping
concentration, Tp is the minority carrier lifetime (for holes) and up
is the hole mobility. (Refer to Chapter 2)

§imilar results in PN junction diodes which show the reverse
saturation current to be carrier lifetime-dependent can be found in the
paper by Pell.(lo) Obviously, the noise current is inversely propor-
tional to (a fractional power of) the carrier lifetime. The signal-to-
noise power ratio (SNR) is directly proportional to the carrier life-
time. Usually at high temperature, the thermal noise 1s dominant;
nevertheless, the carrier lifetime plays a role in the noise current

since it also depends upon the temperature. This is discussed below.
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(2) Multiplication Noise

Multiplication noise arises from the mechanism of {mpact

ionization in the space—charge region of avalanche photodiodes under

the high electric field. Usually the transit times for the carriers

11

through the avalanche region are so short (typically 10 " sec)thatitis

reasonable to neglect recombination (carrier 1lifetime typically is
larger than 10—8 sec). Thus, there seems to be no direct effect of

carrier lifetime on multiplication noise regardless of the excitation

frequency (f > 10 MHZ) considered.(ll-ls)

3.2.2 Quantum Efficiency

In photodetectors, the quantum efficiency is defined as the

14)

number of electron-hole pairs generated by an incident photon:

“pyp
n = PG (5)

where I is the photogenerated current due to the absorption of inci-
P

dent optical power Pp at a wavelength X , which corresponds to a photon
energy hv = h %‘. Due to the reflectivity of the surface of the photo-
detector, the quantum efficiency 1s below 100%; anti-reflection coat-
ings appreciably reduce this loss of the incident power. Therefore, the
photogenerated current Ip is the factor which determines the quantum
efficiency.

In the PIN photodiode, under steady-state conditions, the

total current density Jtot (i.e. photogenerated current density)

14)

through the reverse-biased depletion layer is given by

Jiot = Jariee * Jaies (6
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in which

w w
-0x
Jarife = ~ 4 jo G(x)dx = -q fo 9, @ e dx

= q ¢0(1 - e-aw) (7)

where G(x) is the electron-hole photo generation rate, o is the optical

absorption coefficient and is a function of wavelength, W is the width

of the depletion layer and ¢ 1is the incident photon flux density.
0

1
Also,( “

3P
-

ox ‘x=W

Jaiee = "3 Dl

a L
! ¢0L1+cx Lp

Je W+ qp (ER) (18)
9 no Lp

where L = v¥T D is the diffusion length for minority carriers
P PP

(holes) through the bulk n-region. Dp is the diffusion coefficient for

holes and Pno is the equilibrium hole density. Thus,

e—aw EB
J -4 ¢o<1 - 1+uLp) tq Pno(Lp) )

tot

The quantum efficiency can be obtained from Eqnms. (9) and (5) under the

assumption of a negligible Pno

=-—....e_————= - e
"Climer, T TRy, 0
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For high quantum efficiency, a large minority carrier lifetime 1is
desirable for a fixed incident wavelength; however the minority carrier
lifetime makes no significant contribution to the quantum efficiency as
long as oW »> l. For example, for our Ge photodetectors with a (300°K)
= 4 x ].Oacm-.1 at a wavelength A = 15.5 m, Dp = 47.24 cm,zsec“1 with Tp
= 2.5 x 10—6 sec (see Chapter 4) and oW = 10, n = 1, neglecting reflec—-
tion losses. The same result can easily apply to a Si PIN photodiode.
Therefore in this case the minority carrier 1lifetime has little
influence on the quantum efficiency provided optimized conditions have
been reached between the transit time and the depletion width.
3.2.3 Photoresponse Time

The photoresponse time 1is defined as the time spent by the
minority carrier within the active region of the photodetector before
being collected. This determines the bandwidth for the photodiode.
Obviously the response time depends on the carrier saturation velocity

under high reverse blas. It can be shown that(15_16)

R

fth 0.44/td for PIN photodiodes (11)

[

éﬁdb 0.59/td for avalanche photodiodes (12)

where fde is the 3dB cut-off frequency (i.e. |FR| = 1/V2 , FR = Fre-

quency Response) and td = drift time.

The above two equations were obtained by solving the trans-

(15) {1) no trapp-

port equations assuming the following two conditions:
ing effects, (2) the transit time of the carriers across a junction is
much shorter than the bulk recombination Ilifetime. For the latter
" case, under an appropriate reverse-blas voltage and assuming modern

technology in device processing, these conditions are usually satis-

fied. For the former case, the mathematics are quite complicated. It
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is not clear whether the minority carrier lifetime provides any signi-
ficant contribution to the photoresponse time in general. The details
of these results will be presented for further investigation.
3.2.4 Gain

For broadband optical signal detection, avalanche photodiodes

with a built-in gain mechanism are useful in overcoming the thermal

noise. This galn can be obtained by multplying the optically generated

carriers via impact ionization. Since this process 1s random, addi-
tional noise 1s introduced and this multiplication noise has beén
(13)

previously discussed. As far as the gain is concerned, the multi-

plication factor M will be considered as the principal factor in deter-
mining the gain. Also, the multiplication factor M is dependant on the

impact ionization coefficients for electrons and holes in the high-field

region.
The mechanism of impact ionization can be simply regarded as

arising from a chain-reaction due to the accelerated primary carriers

which multiply to create secondary electron—hole pairs in the high
electric field region. The number of ionizing collisions per unit
length is termed the ionization coefficient a .

This coefficient 1s an averaged vlaue because of the random

nature of the process. Basically, o and ap can be measured from the

experimental data and have been found to be dependent on the applied

(17) (18) (19)

field, crystal orientation, temperature and the doping

20
profile( ) of the depletion region. The latter factor is actually

" interrelated to the electric field via the doping distribution. Both

21-23
o and ap can be approximated by( )
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a = exp(-An/|F|)d a3

o4 e, exp(-Ap/lF!)d (14)

where an , ap , An, A and d are obtained by fitting to experimental
o0 =] P

data. They are dependent on the material and d 1s approximately unity

for most photodetectors.(ls) F is the electric field and usually is in
the range of 104 - 107 volt/em. It is obvious that the ionization
coefficients will increase for increasing electric field. Regarding
the temperature—dependence, Grant(za) has found that the constants An
and Ap are linearly proportional to temperature with the resulF that
the ionization coefficients decrease when the temperature is increased.

It has been recently reported that the thermal emission (ioni-
zation) rate will be enhanced in the high-field region regardless of
whether the center is Coulombic(zs) or neutral.(26) This is called the
Poole-Frankel effect and has been used to interpret the detrapping of

trapped carriers arising from tilted energy bands due to the electric

field 104 volt/cm). TFor example, the thermal emission rate for

electrons(27) is
E - A

ePF =V eo exp(— _.i____—-E—i—) (15)

n n kT
and

F .1/2
iy = q( 2 (16)
€ €,

In this model the correction AEi depends only on the long-range portion
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of the center potential. q is the electronic charge, F is the electric
field and e* and e, are the dielectric constants for the semiconductor
and the Vacuum respectively. The increasing emission rate reduces the
net recombination rate which increases the effective lifetime. This
positive effect on the carrier lifetime is opposite to the negative
effects due to increasing ifonization coefficients. Thus, these are
independent mechanisms which react indirectly to the electric field.
Therefore, there 1s no direct effect of carrier lifetime on the ioniza-

tion coefficient.
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CHAPTER 4

MINORITY CARRIER RECOMBINATION IN GERMANIUM - PHYSICAL

*
MECHANISMS AND EXPERIMENTAL CHARACTERIZATION

The induced-junction device introduced in the previous chap-
ter (Chap. 2) 1s a unique structure for the investigation of the recom-
bination mechanisms responsible for the minority carrier lifetime. We
have already seen that this parameter and its dependence upon tempera-
ture, optical intensity and wavelength, etc. are of important in the
optimization of photodetector structures.

| In this chapter we take a fundamental look at the recombina-
ation process principally using an experimental method entitled
forward-current induced voltage decay (FCVD). Further information is
potentially available using another measurement method, photo-induced
open—-circuit voltage decay (POVD). We discuss the information obtained
by these two methods, and the characterization of the germanium materi~
als and devices which results., We further are able to make some
academic judgements which concern the validity of existing recombina-
tion models. These judgements are of benefit to those research workers

who wish to model photodetector devices and semiconductor materials.

4.1 Forward Current Induced Voltage Decay (FCVD) Method

4.1.1 Physical Background

The original phenomenological theory of Shockley and Read(l)

and of Hall,(z) which is generally referred to as SRH statistics or the
SRH model, has found wide application in semiconductor device charac-

.terization. The majority of the experimental work validating this

*part of the contents of this chapter have been published as Y.K. Hsieh
and H.C. Card, "Recombination in Germanium: Voltage Decay Experiments
on Induced-Junction Devices and Validity of SRH Model", Solid-State
Electronics, in press for 1984.
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model 1is restricted to a single measurement temperature, or to low-
level injection conditions, or both. Various authors have speculated
that the original assumptions in the SRH treatment are expected to fail
under extreme conditions, such as high-level injection (see, for
example, Refs. 3-5).

A proven technique for unambiguous carrier lifetime measure-

‘ments 1is the forward-current induced voltage—~decay (FCVD) experi-
ment.(G-a) This method requires an injecting pn junction in order to
readily establish the distribution of excess minority carriers in the
material. The fabrication procedures for creation of the pn junction
may however interfere with the intrinsic material properties one is
attempting to measure, for example by introducing unwanted impurities,
dislocations, or other defects as a conseqeunce of the elevated proces-
sing temperatures and the heavily-doped regions.

We have introduced a germanium device in the previous chapter
for application as a photodetector in fiberoptic systems, which pro-
vides for the same minority-carrier injection in forward bias as a pn
junction without the need for the doped p-type region. This device 1is
referred to as an induced pn Jjunction; the surface region of
moderately-doped n-type germanium is inverted to p-type by the presence
of a thin (optically-transparent) layer of Au as a consequence of its
large work‘function. The electronic and optical properties of this
device have been described previouély, along with a definitive experi-
mental proof of the pn junction-like behaviour.(g) The induced pn-
‘junction is not a new idea in photodetector technology; it was employed

' 10
for example with PbTe and InAs much earlier.( )
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The purpose of this investigation is to understand the recom-
bination mechanisms in high-quality germanium material, such as that
employed in the fabrication of photodetectors, by FCVD measurements on
these devices. The practical importance of this work 1is that for
infrared photodetectors in germanium, the carrier lifetime intrinsic to
the material must be known as a function of both the temperature and
the injection level in order to optimize the device and system design.
One may be interested in the behaviour of cooled detectors in order to
reduce detector noise. Even in germanium detectors not of the induced-
junction type, the intrinsic recombination processes define a maximum
carrier lifetime. The scientific importance of this work is that the
present results provide a comprehensive examination of the validity of
the SRH recombination model. The wide range of temperatures and injec-
tion levels investigated in the experiments, and the self~-consistency
of the data with cross-sections supported by quantitative theoretical
arguments, inspires considerable confidence in the SRH model, at least
for these germanium samples, over a wide range of conditions.

' 4.1.2 Experimental Details

The devices employed in this study were fabricated by the
evaporation at 10—6 torr of gold thin films onto moderately-doped
n-type germanium single-crystal wafers. The Au contact areas were in
the range 1-3 x 10_2 cm2 (circular electrodes) and the Au thicknesses
were = 250 A . The germanium wafers were (111) oriented n-type
material, obtained from General Diode Corporation, Sb~doped, with a
specified dislocation density of 3000 cm-z, and were 350 = 10 ym in
'thickness. The germanium surfaces were chemically-prepared, and the

doping concentration was Nd = 2,08 x 1015 cm-3 as determined from high-
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frequency capacitance-voltage measurements. Near-ideal current-voltage
behaviour was observed. The 'Schottky' barrier heights at the Au-Ge
interface were in excess of 0.6 eV; the germanium surface region was
hence strongly-inverted and the conduction in forward blas was domin-—
antly hole injection as in a p+tn junction. We refer to these devices
as induced-junction diodes; their d.c. properties have been reported
and discussed in considerable detail elsewhere.(g)
The open-circuit voltage decay, following the termination of
an applied (dark) forward current density JF , was monitored during the
return to equilibrium. This technique is termed the forward current-
induced voltage decay (FCVD) method. Details of the apparatus have
been described by many authors, for example by Lederhandler and
Giacoletto.(e) Qur experiments followed their method closely.
Approximately 50 samples have been fabricated and the
behaviour of the majority of these devices were very similar. The
results presented below are typical of these 50 devices. The charac-

teristiecs were stable with time; provided the surfaces were cleaned in

methanol prior to the deposition of gold no appreciable ageing effects
were observed.
4.1.3 Experimental Results

An example of the raw data for the dependence of the open-
circuit voltage V . on time for the devices in this study is given in
Fig. 4.1. The particular results of Fig. 4.1 were obtained at a
temperature T of 300 K. The experimentally-observed decay of the open-
circuit voltage following the termination of the current pulse is des-

cribed, for t < 3 us, by

t
— (1)
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with an error of < 5%. This is predicted by the simple theory for

FCVD(6_7) and leads to the determination of the recombination lifetime
for holes, Tp , in the n-type germanium.

The dependence of the hole lifetime on the forward current
density (or injection level) JF , which was applied to establish the
initial value of voc , is shown by the data points in Fig. 4.2, for T =
300 K. In Fig. 4.3 we show the dependence of T upon temperature for a
particular injection level (JF = 1.2 mA cm—z) in the form log Tp vs
1/T . This corresponds to a low injection level according to Fig.
4.2, as explained in the next section. Finally, Fig. 4.4 illustrates
the dependence of Tp upon the excess carrier concentrations at the edge
of the space-charge region, which has been determined from measurements
of t_ vs JF at three measurement temperatures.

4.1.4 Discussion

In the interpretation of the experimental results presented

above, we employ the statistical SRH recombination model which predicts

a net recombination rate of(l’z)

2
pn - n,
U= (2)
Tpo(n+n1) + Tno(P'i-pl)
_ -1 _ -1
where Tpo = (op vth Nt) and Tho = (on th Nt) , with Nt the volume

concentration of recombination centers, cp and o, the capture cross
sections of these centers for holes and electrons respectively, and Vth
the thermal velocity of free holes and electrons, assumed to be equal.
-p and n are the<h01e and electron concentrations, n,; is the intrinsic

carrier concentration, and
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E, - E

L ] exp(—g7) (3)
E, - E
i t

py =0y exp(—7) (4)

where Et is the energy level of the recombination centers and Ei is the
intrinsic level (near midgap).

The recombination lifetime for holes is given by

T = (5)

where P, is the equilibrium concentration of holes. 1In terms of the
excess concentrations of holes and electrons Ap and An respectively, we
have that p = P, + Ap and n = n, + An , where outside the space-charge
region in the semiconductor, n, = Nd , the doping concentration of the
n-type germanium, and P, = niled for the temperature range studied in
this paper. Also An = Ap in this region as a consequence of space-
charge neutrality.(ll)

We assume, on the basis of our observations, that a single
trap state or recombination center dominates the recombination process
in our devices. The energy Et of this state 1s assumed to produce the

inequalities

n, > n, > p, > Py (6)

In other words Et is assumed to lie well above the equilibrium Fermi

level in energy.

Combining Eqns. (2) to (6) leads to
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Tpo (n+n1) + Tho (p+p1)
P n

n1 P
'rpo(l + -n—) + T (5 N

R’

on

In low-level injection (p << n) this reduces to

e (L -r-ll) (8)

T T+ (9

For intermediate injection levels, the full expression of Eqn. (6) is

required.

Under conditions of low-level injection, Eqn. (8) may also be

expressed as

. t fn
T * Tho |1 + exp( o )]
Et - Ec Ec - Efn
= Tpo |1 + exp( T ) exp[———ii-——JJ
E, - EC Nc
® T |1 + exp| T J(ﬁ;]j (10)

where we have used the result for low-level injection conditions and

assuming complete ionization of donors, that E, = Egp = kT zn(Nc/Nd) .
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In these expressions NC is the effective density of states in the con-

duction band given by

I
[l
L)
o
o~
M
et
o

19 (—EL—)3/2 em™ (1L
for germanium.(lz)

The experimental activation energy in Fig. 4.5 based on Eqn.
(10) and the data of Fig. 4.3 for Tp vs. T , leads to the conclusion
that the recombination proceeds through a single trapping level with an
energy Et = Ec - 0.128 + 0.008 eV. 1In obtaining this result, a@just-
ments to the data points in Fig. 4.5 were made to take account of the
(weak) temperature dependence of Tpo , discussed below. Note that this
recombination is presumed to occur ﬁrimarily in the quasi-neutral
region of the semiconductor. There 1s an initial phase after the
termination of the applied current pulse which is very rapid on the
time scale of these experiments during which excess carriers in the
space-charge region are removed from this region, both by the high

electric fields and by space-charge recombination.(13) We are not con-

cerned with this phase in the present paper.

We now employ the Shockley approximation(ll’lz) to evaluate the excess

carrier concentration at the edge of the space-charge region. We

therefore have that

Ap = An = p £ (12)
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where L_ = (Dp Tp)l/2 and LP s Dp are the diffusion length, diffusion
coefficient, respectively. On the basis of Eqn. (12) one can therefore
plot the dependence of T upon Ap = 4n , and this has also been shown

P

in Fig. 4.2, The diffusion coefficient Dp = (kT/q)UP where the 300°K

hole mobility has been taken to be 1900 cmzv-ls for our doping con-
centration, in the calculation of Fig. 4.2. Since the hole lifetime Tp
is dependent upon the injection level according to Eqn. (7), the corre-
spondence between Ap and JF was based upon a particular injection
level; this is indicated by the arrow in Fig. 4.2. Since Tp varies by
less than a factor of 2 from this value, the magnitudes of Ap = 4n in
Fig. 4.2 are accurate to a factor of approximately v2 , according to
Eqn. (12). Comparison is made with Eqn. (7) for the value of Et {and
hence nl) given above; the result is the dashed line referred to as
theory in Fig. 4.2.

From the results of Fig. 4.2 and Eqns. (7) to (9) we also deduce that

T
no

The calculation of Eqn. (7) with these parameters at T = 125K and 200K

1.70 + 0.02 x 10 %s and Tho = 2,98 +0.02 x 10 's at T = 300K.

" (together with the 300K result) are shown by the solid lines in Fig.
4.4, which compare very favourably with the experimental points.

We have also examined the temperture dependence of Tp in the

low-temperature region under low-level injection conditions, for which
case n, < n and Tp o Tpo . These results are shown in Fig. 4.6. From
this figure, we have extracted an activation energy for the hole cap

ture cross—section of AE = 0.029 % 0.003 eV, where we have used T =
po

-1
(N_o_V__) , and have assumed Nt to be independent of temperature,

* 2

m V *
and Vth to obey the relation —E—EEE = 3/2 kT. Here, mp is the effec
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tive mass of holes which can be taken to be 0.37 m, o3 Vth =~ 1.2 x

107cm/s at T = 125K.(12)

Rose(14) has shown that for capture by a Coulombic attractive
center, the cross section is described by

4
c_ = L (13)

P (4me)? 4(kT)>

Substitution of ¢ = 16 for germanium gives the results shown by the
data points in Fig. 4.7. These results may be approximated, over the

range of T in Fig. 4.7, by the first-order approximation

. AE
% * %o exp (g (14)

where opo = 9,4 x ld—mcm2 and AE = 0.023 = 0.001 eV. This activation

energy agrees very favourably with the value obtained above on the

basis of the experimental results of Fig. 4.6. The concentration of

recombination centers 1is obtained from N = (g V T )"l to be N =
t p th po t

1.06 x 1012 cm'3 . One reason for the success of the simple treatment
of Rose is the large value of the cross section which implies capture

over a larger volume than that associated with the particular micro-
scoplc potential of the defect.

On the basis of these results we conclude that recombination
occurs primarily via 1isolated point defects that are acceptorlike and
hence exhibit Coulombic capture for holes. In capturing electrons
&hese centers will be neutral which accounts for the much smaller cross
14 cmz

.

gsections for electron capture. o¢_ = o (1 /71 ) = 1l.66 X 10°
n p & no po
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The origin of the particular defect has not been determined.

We may speculate that it is structural in nature, as the parameters
identified above do not conform to those of known Iimpurities in
germanium.(ls)

Note that in the present validation of the SRH treatment of
recombination in germanium, we have not seen evidence of trap satura-
tion under high-injection conditions or other possible limitations to

this model which have been argued to arise in the extremes of injection

level or temperature.
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from the experimental data of Fig. 4.3 for Tp vs T in low-

injection conditions. Corrections for minor temperature
dependence of Tpo(see Fig. 4.6) have been made,
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4.2 Photo-Induced Open~Circuit Voltage Decay (POVD) Method

4.2.1 Physical Background

Since 1955, the measurement of excess carrier decay induced
by electrical (dark-current) or optical (photo-current) excitation has
been widely used to determine the average recombination time within the
quasi-neutral base region of a varlety of semiconductor devices. So
far, more than nine methods(s) to measure the carrier lifetime have
been developed for semiconductor characterization. Each avallable
method has its own applicability which depends on the physical struc~
tures (pn-junction, Schottky barrier, MOS, MIS devices, etc.) and
inherent parameters (energy gap, absorption spectrum, etc.) of devices.
Most important, it 1is the theoretical derivation (formulation and
assumption) which distinguish these methods 1if the limitations and
errors of experimental apparatus are negligible. In so far as accuracy
and convenience is concerned, there has not been sufficient proof that
any two of these methods give the same results.

An investigation of recombination centers through the
measurement of minority carrier 1ifetime in induced-junction devices
has been presented in the previous section. The parameters of the
recombination centers, such as thelr volume concentration, energy level
and temperature-dependent capture cross-sections have been presented
quantitatively based on the SRH recombination model. 1In 1979, a con-
venient experimental technique for determining the excess carrier
lifetime within fhe neutral region of P-N junction solar cells was
proposed by J.E. Mahan et al.(le) This method is based upon the obser—

vation of the decay of the open-circuit voltage following the

termination of an applied optical signal and 1is termed the photo-
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induced open-circuit voltage decay (POVD) technique. Since then, both

theoretical and experimental investigation on the application of this
method to the characterization of photovoltaic devices has been dis-
cussed and further extended.(IT-zz) Although this method has been
_declared to be successful in determining the minority carrier lifetime
under certaln restrictions, it has not been widely accepted as a
standard method for measuring the carrier lifetime for the following
reasons: (1) the decay curves (open-circuit voltage decay) are much
more complicated than expected on the basis of the simple theory, i.e.
the expected linear decay is not easy to obtain, in contradiction to
the theoretical prediction; (2) external circuit components such as
parasitic capacitances, shunting resistances and inherent response time
of oscillioscopes have been found to interfere substantially with the
measurements; {3) controversial results(k) have arisen from devices of
small base thickness (in comparison with the diffusion length).

We have applied this POVD method under the most favourable
egperimental conditions to the characterization of our devices in order
to further investigate the minority carrier recombination process.
Also, due to the unique characteristic (current transport dominated by
minority carriers) of these devices, we expect to cast additional light
on the photo-induced voltage decay method.

After describing the experimental apparatus, the experimental
results will be given in view of the precautions discussed above. At

the same time the discussion of the resultant data analysis will be

~provided.
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4,2,2 Experimental Set-Up

The experimental apparatus for the POVD measurements can be

(16)

seen in Fig. 4.8(a). Unlike Mahan's case, a flashing light source
with spectral content from 400-1000 nm and pulse duration of 3 us has
been required to uniformly illuminate the device. This is accomplished
by placing a monochrometer and filter after the electronic stroboscope.
The purpose of this addition is to investigate the variation of life-
time with wavelength and also to provide for the compensation of second
harmonic effects when the longer wavelengths‘are employed. A typilcal
open—circuit voltage decay after the illumination with external
triggering has also been shown in Fig. 4.8(b). The experimental condi-
tions are also included for reference. The determination of lifetime

(23)

was made according to the following equation

o = DT (15)
oc
A region of linear decay was obtained after the plateau (see Fig.
4.8(b)).

The same device structure as described in the previous sec-—
tion 4.1.2 has been used. In Fig. 4.9, the variations of photon flux
density and optical absorption coefficient o with wavelength ¢0 have
been measured by means of a photometer and an absorption spectrometer.
The spectrum of the xenon-gas filled electronic stroboscope (STROBOTAC,
Type 1538A) was found to be very similar to the manufacturer's specifi-
_cation. Also, the absorption coefficlents o are close to those

)
measured for germanium by W.C. Dash, et al. It can be seen that the

7
same value (9.0 x 101 photons/cmzsec) of photon flux density ¢o can be
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found at *» = 633 and 1000 mm. This is convenient because the same
amount of photons should be considered for comparison as far as the
excess carriers decay is concerned. Here, of course we have to assume
that the quantum efficiency of the device is also the same for those
two wavelengths. To support this assumption, it is 1important to note
that the creation of electron-hole pairs by radiation of those two
wavelengths is completely restricted to the depletion-layer (~ 0.5 -
0.6 um), as can be seen from the absorption coefficient curves.
4.2.3 Experimental Data and Discussions

At room temperature, with illumination of wavelength A =
633 nm, the measurements of lifetime Tp vs incident intensity ¢o are
given in Fig. 4.11. Two groups of samples have been used for this
measurement; one group was the normal device (see Chap. 2) and the
other was further processed by thermal annealing (300-SQO°C) and sub-
sequent quenching (-20°C). We expect that the lifetime for the second
class of device should be reduced due to the creation of further
defects. Also, we can observe the decreasing lifetime with increasing
photon flux density for the normal induced pn junction device. This
decay is consistent with the SRH recombination theory as we have des-
cribed in the previous section (Refer to Fig. 4.2). More precisely, it
can be interpreted by solving the one-dimensional time-dependent

minority-carrier diffusion equation which is discussed in the following

paragraphs.
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FIG. 4.10 Schematic diagram for induced p-n junctions

under uniform illumination

Referring to Fig. 4.10, the continuity and transport equation
(1-D) for the excess minority carrier (hole) concentration P(x,t) in
the neutral region of an n-type Ge Schottky barrier device {with an

+
induced p n junction) can be written as

ip FTF 3p
D S5 - ———+G =5 (16)
P ox P
G(x, £) = ¢ _(£) o exp(-ax)(1-R) (7
T )
here, Dp = E"up is the diffusion coefficient, Po is the concentration

of holes in thermal equilibrium, Tp is the hole lifetime, o is the
absorption coefficient (with its accompanying wavelength-dependence)

and R is the reflection coefficient of the sample surface. Also assum~

ing the steady-state condition.
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- = 0 (18)

Under the open-circuit condition, the following boundary conditions

apply
_g__r;_ =0 (19)
=0
P(x,t)| =0 (20)
K=o

(17)(25)

Several authors have sglved this equation with these boundary

conditions. The solution is

P;x) _ X%I [Ae-x o A | (21)
where
o @0(1—R)T
F TFA (22},
X X
X' =17 (23)
P PP
A=al =oao/M1 (24)
P PP

here, ¢o is i1lluminating intensity of light source. For convenlence,

we choose p at x = 0. Thus

£(0) L +l' (25)

» "¢ (1-R) @G *5

Solving for T from this eqn. (25) under the assumption of 4¢o(l-R)
P

<K P(O)Dp a , we have
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= 2P(0) VD, 4

p T A + 7 (26)

Note that this can account qualitatively for the decay of lifetime with
increasing intensity in Fig. 4.11.

In Fig. 4.12, the spectrum of lifetime vs wavelength at the
same optical intensity is given for the two classes of processed
devices. We may expect that the lifetime will increase linearly with
increasing wavelength X according to eqn. (26) since a decfeases with
A . Although the square root of lifetime was derived from the theoret-
ical relations, the absorption coefficient o 1s also an inverse
function of the square root of wavelength.(26) Therefore the dashed
line may be drawn in Fig. 4.12 under the assumptions that: (1) the
reflection coefficient R is not comparable to absorption coefficient in
its dependence on wavelength; and (2) the initial hole concentration at
x = 0, i.e. P(0) is also weakly wavelength-dependent. The former
restriction will explain why the lifetime is comparatively lower than
expected in the upper region of wavelength. The latter assumption is
responsible for the scatter in the values of lifetime at the lower
wavelengths. The damaged device behaves as expected from the viewpoint
of a higher defect concentration (lower 1lifetime) than the normal
device.

The variation of carrier lifetime with intensity over a wide
range (1015—-1018 photons/cm2 sec) has been given in Fig. 4.13. Similar

results have also been found in Si solar cells.(27) The lifetime

begins rising in the low-intensity reglon and subsequently reaches a
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plateau in the region for which the photogenerated carriers concentra-
tion becomes equivalent to the doping concentration ND(Z.OB X 1015
cm3).* For further increases in intensity, the lifetime decreases
rapidly until it reaches a final saturation value which is Tp = Tpo +

Tao = 2 us. This is exactly what we obtained in the previous measure-

ments (see 4.1)}.
Although two trapping levels in energy were suggested to
(27)

account for similar results for silicon in the literature, we can-

not endorse this interpretation in view of the previous experiments
(see 4.1) and their iInterpretation results. On the other hand, the
uncertainty involved in the identification of the linear decay reglon
could provide substantial error in the application of this method to
its lower 1level of excitation as compared to FCVD and also due to
possible recombination through the surface and depletion region at
these levels. Therefore, we would expect the true lifetime to be the
highest value as we express by dashed line in Fig. 4.13. Nevertheless,
this discrepancy is still not clear and in fact we have pointed out
alfeady that a serious drawback of this POVD measurement 1is the
complexity of the decay relations observed.

As we have seen in the Sec. 4.1 the measurement of the
temperature-dependence of the lifetime is important and leads to the
determination of physical parameters of the recombination centers,

their capture cross—-section. From these measurements which are shown

w 0.5
#This calculation is based on J =gq [ G(x) dx = ¢ ] ¢ a(1-R)e Xae =
o o
~a+0.5 ~ - 4 ~1 -
qe(1-R)(1l~e ) = q $(1-R) , given a =7 x 10°cm ~ at A = 633 mm.

Then we can figure out the excess carriers An = Ap using eqn. (12).
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in Fig. 4.14, the temperature-dependence of the lifetime 1s quite

different from that observed in the dark case, especially in the low
temperature region. Obviously, there are three distinctive regions in
Fig. 4.14, in which the excess carriers are presumed to be controlled
by different recombination mechanisms. Tp starts to decay as the
temperature decreases which is similar to the FCVD case. Subsequently,
Tp increases and eventually saturates at the lowest temperatures. This
distinctive behaviour has also been observed in antimony-doped germa-

nium following irradiation and annealing.<28)

(29-30)

It has been shown by several authors that the decay of

excess carrlers excited by a transient optical pulse should be governed

by the two simultaneous equations

_ d(an) _ 0 _

It Cn(Nr +n + nl)An cn(n0 + nl)Ap (27)
- dcep) - -

3t Cp(Nr + P, + pl)Ap Cp(po + pl)An (28)

where An and Ap are small changes from the thermal equilibrium concen-
trations o and P, of electrons and holes respectively. Cn and Cp are
trap capture coefficients for electrons and holes respectively. n, and
p; are the density of electrons and holes in the conduction band and
valence band respectively when the Fermi level coincides energetically
with that of the recombination center. Ni and N; are the concentra-
tions of unoccupied and occupled centers. Also, N: + N; =N , the

r

total concentration of the centers. The solution of these 1linear

differential equatins can be written as



73

B _E
T T
pn=Ap =Ae 2 +pe B (29)
c e +p +pyte @ +n +a| " (30)
a7 | p( r PoT P e T T ™ J
- (o]
= Tno(Nr+Po+P1)+?gp(Nr+no+nl) - 1 (31)
B o - - o
NrNr Cp(Nr+po+p1)+Cn(Nr+no+n1)
n +p +
o o N
r
here
=Ny (32)
"no nr
- eyt 33
To = (N, (33)
o

N n P
_§. = 1.0 (34)

Nr no Py

Compared to =t TA i1s much shorter and is defined as the adjustment

B,
time required before the electrons and holes begin to be captured at
9
the same x'ate.(2 ) The final experimental decay constant should be

glven as s also, this time constant can be reduced to the SRH

treatment under certain simplifying approximations.

We again consider n—-type material with a single recombination
level in the upper half of the energy gap. The following approximations

can be made

n1 > no >> po > p1 (35)
and
_ n
N = ﬁnr (36)
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o _ 1
N = T F1 N, (37)
o 1
Thus, Eq. (31) will give
1 1 M 1
T =Ty, = + + (=—) - (38)
P B Cnn1 Cer Cer n, Cer+Cn(no+n1)
- 1+ (14 31—) (39)
Cn PO n
ni o

The last term in Eqn. (38) has been neglected due to its small value.
Also, we can see the difference between Eqn. (39) and Eqn. (8) in the
previous section. This also explains why the measured value of }p by
POVD is higher than that by FCVD. A physical interpretation can also
be made by considering that the exponential decay of excess carriers
for both electrons and holes are equivalent in the transient case due
to the simultaneous solution for both types of carriers. Therefore,

the temperature-dependence of the lifetime is qualitatively consistent

with Eqn. (39).

As temperature decreases further, the subsequent increase In

lifetime can also be explained qualitatively 1if we assume the presence
of a hole retrapping center close to the valence band. This suggestion
has been developed in the literature,(31) which can be consulted for
further detalls. We believe that the limitations discussed earlier to
the POVD technique, preclude the application of this method to quanti-

tative device diagnosis.
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FIG, 4.8(a) Experimental set-up for photo-induced open-
circuit voltage decay (POVD) measurement.
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FIG. 4.8(b) Typical open-circuit voltage decay curve
on CRT.
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CHAPTER 5

LIMITATIONS TO SHOCKLEY-READ-HALL (SRH)

GENERATION/RECOMBINATION MODEL

In Chapter 4 we have shown that the SRH model was able to
account for the recombination processes in our germanium devices,
following the injection of minority carriers associated with a dark
current. The SRH statistics were very effective in explaining these
phenomena, even under extreme conditions of temperature and injection
level.

In optoelectronic and photovoltaic devices, however, the
excess carriers are established by photogeneration, rather than injec-
tion. In these cases there are additional complications which may
arise in the recombination processes. One of these complications is
that direct photoionization of the trapping centers can affect the
carrier concentrations, and energy distributions. This is normally not
considered in those cases of photoconductive or photovoltaic devices
when the photon energy exceeds the energy gap so that interband
processes are possible. We address this issue in the present chapter
and clearly define the restrictions on SRH statistics which arise from
the neglect of direct photoionization of traps.

Other limitations to SRH statistics which are associated with
hot-electron and trap saturation effects are mentioned briefly below
but are not the primary subject matter of this chapter, as they have

been addressed to a degree by previous researchers.
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5.1 Historical Introduction

In the early stages of semiconductor technology, the overall
behaviour of impurities, which are often referred to as shallow donors
and acceptors, was understood quite adequately in terms of the hydro-
genic model.(l) It was recognized that such an impurity may drasti-
cally modify the electrical and optical properties of the host material
in a particular way. However, the recent emergence of sophisticated
semiconductor devices has encouraged the use of new techniques(z—S) in
order to investigate the localized electronic states lying energetic-
ally deep in the forbidden gap of the host crystal. These impurity
systems which cannot be described by the Coulomb potential model are
generally known as “deep-level impurities”. These deep centers often
control minority carrier lifetime and play a significant part in affec-
ting the functioning of a wvariety of semiconductor devices. The
characterization of defect centers, therefore, provides a substantial
contribution to the development of new semiconductor devices. Among
these achievements the gold impurity doping of silicon has become well-
known as a means to control the minority carrier lifetime and to result
in the improvement of switching diodes and power transisfbrs.

In spite of much progress in the past decade, the understand-
ing of carrier generation, recombination, trapping and transport in
semiconductors_remains dependent upon a better understanding of defects
in semiconductor devices. Among these studies, there is a common foun-
(6-7)

dation which is based on the SRH recombination theory. The

practical application of this theory and the verification of its
validity when extended to high-level injection for dark current condi-

tions(a) have been discussed in Chapter 4.
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There are, nevertheless, a number of limitations to the

strict application of SRH statistics to the modelling of nonequilibrium

phenomena in most semiconductor devices. Among these common assump-

tions in using the SRH relation are:

1)

(2)

(3)

The traffic of electrons and holes through the recombination
centers is governed by the thermal capture and emission rates
which depend only upon the carrier concentrations within the con-
duction and valence bands. Under optical excitation with photon
energy in excess of the energy gap, which establishes a nonequili-
brium concentration of electrons and holes within the bands, the
direct photoionization of the defect states (both electron and
hole photoionization, the latter of which corresponds to the exci-
tation of wvalence electrons into the defect states) are usually
neglected.

Under high levels of excitation (far from the equilibrium condi-
tion), the capture rate predicted by SRH statistics may be too
large as a consequence of saturation of the traps. These traps
cannot capture another electron during a "dead time" during which
the first electron relaxes into the ground state of the defect.
This problem has already been addressed so some extent theoreti-
cally.(g)
The capture cross-sections may show strong dependences upon the
electric field. One reason for this (which has been studied
before t0711)y 4o the modification by the field to the potential
distribution around the defect - a popular way of dealing with
this effect is the so-called Poole-Frenkel model. There should

however be other dependences which result from the effects of the



88

field on the f£free carriers: for example, when these carriers
become "hot" in the high field, their energy distributions in the
bands are affected - becoming Maxwellian with large effective
electron temperatures. Similarly, under optical excitation with
photon energies that are well in excess of the energy gap, there.
will be a steady-state energy distribution for the electrons and
holes in the bands which is determined by the balance between
photoexcitation and scattering, which will not resemble the
thermal distribution. This does not necessarily require high
optical intensity, but rather a high photon energy.

In this chapter we address ourselves to the first limitation
above which we believe may be of particular interest to researchers
concerned with photovoltaic and photoconductive devices. The other
limitations have been discussed elsewhere,(lz_ls) however the theoreti-
cal model has not been fully explored due to the absence of sufficient
physical evidence. We begin with the basic derivation of non-equili-
brium thermal and optical occupation statistics. Next, we will concen-
trate on the determination of the threshold photon energy for which the
photo generated carriers through the interband absorption will be
affected and modified from the conventional SRH theory. Finally, we

will discuss the impact of this work on the modelling of some practical

devices.

5.2 Theoretical Development

Figure 5.1 shows a diagram of energy states of a semiconductor
with the assumption of a single-level defect, with energy level Et’

within the energy gap. Both recombination and emission rates for elec-



trons and holes can be written as follows:
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N c_nN (1 - £1)
T _ n
N, = Cnnthft
o _ o, .n
Ne ¢00nNtft
H = C_PNf
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FIG. 5.1 Energy level diagram with defect center at Et .
Arrows show electron transitions.
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(1

(2)

(3>

(4)

(5)

(6)
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For convenience, each symbol employed with its physical mean-

ing is listed below:

Nr = Recombination rate for electrons, cm-3sec"l

H_ = Recombination rate for holes, em 3gec”!

Cn = Recombination coefficient for electromns, cm3sec—

Cp = Recombination coefficient for holes, cm3sec:"1

Nz = Thermal emission rate for electrons, em JIsec”!

HZ = Thermal emission rate for holes, cm_3sec"l

Ng = Optical ionization rate for electrons, cm—3sec-1

Hg = Qptical ionization rate for holes, cm.-3sec-'1

¢0 = Photon flux density or intensity no of photons cm'-zsec_1

o ' 2

o, = Optical cross section for electrons, cm

o] 2

cp = Qptical cross section for holes, cm

Nt = Trap concentration, cm

n = Total concentration of electrons in conduction band when in
non-equilibrium condition, cm-3

P = Total concentration of holes in valence band when in non-equili-
brium condition, cm_3

n, = Concentration of electrons when the Fermi level coincides with
the trap energy level, cm~3

P1 = Concentration of holes when the Fermi level coincides with the
trap energy level, cm_3

f: = Qccupation fraction for electrons in trap energy level when
steady-state is reached

fz = 1 - f; = QOccupation fraction for holes in trap energy level

when steady-state is reached



91

n = RElectron concentration in conduction band when in thermal equi-

librium, cm

P0 = Hole concentration in valence band when in thermal equilibrium,
-3
cm
Nc = Effective density of states in conduction band, cm-3
Nv = Effective density of states in valence band, cm-3

Under steady-state (non—equilibrium) conditions, the

following relationship should be satisfied:
T 0, _ _ ¢l 0
Nr - (Ne + Ne) = Hr (He + He) (7

Then, substituting Eqns. (1)-(6) into (7), we get the trap occupation

probability

(o]
e Cnn + CpPl + ¢ch -
o] [o)
Cn(n+nl) + ¢o(on + cp) + CP(P+P1)

where
C = o<V > (9)
n n th
C = or<V. > (10)
P P th
cg ’ cT are the thermal capture cross sections for electrons and holes

respectively. < Vth > is the average thermal velocity. Also,

c t
n = NC exp(- --—E‘,i;—— ) (11)
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t v ) (12)

*
Therefore, the net recombination rate R.n for electrons (or holes) will

be given by

=i
il

=
i

=4

-N = H ~H -H = R
e

n n o)
CnnNt(1 ft) Nt ft(cnnl + ¢ocn)

n e o]
CpPNt ft Nt(l ft)(CpPl + ¢oup)

20 o o
Nt[CnCP(nP anl) (¢ocn + Cnnl¢ocp + CPP1¢Ooh)J

= r— (13)
Cn(n+n1) + ¢0(0n+6p) + CP(P+P1)
With the definitions
T = (C N )-1 sec
no nt ?
-1
Tpo = (CpNt) , Ssec
o _ 0 -1
o = onNt , Cm (14)
o) _ o -1
ap = cPNt , cm
n® = ° em sec"l
%y %
o - -
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We have that

o o
* nP - (n1+rnon )(P1+TP0P )
B, = o, O
+
Tno(P+Pl)+Tpo(n+n1) TnoTpo(n +p )
0 o
. nP (n1+rn0n )(P1+TPDP ) 1)
o o
+
Tno(P+Pl+TpoP )+Ipo(n+n1 Thol )
Again, let
x o _ o
s ks + Tnon =N + Tnoq)o tn
o
p a
= n +.___°___E__ (16)
Ly > ot -
th n
* o _ o
Py = P +T P = P +T ¢NO
4 o2
= p, +——2_P (17)
1w >0
th
so that
*P*
% np - *
R = ! = = R 8@
TnoLP+P1J + Tp0[n+n1j
* *
with nl and P1 defined as above.

(a) Similarly, in the space-charge region when the reverse bias 1s

applied, n and P are very small due to the depletion effect. In that

case,
*
* - ™R
R ~ * 3
n + 1_n
o o TnoPl po 1
provided To" >> n, or TpoP > P, Therefore, the photoionizatin of

traps will make a substantial difference to the generation rate.
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Also, the net recombination rate according to the simple SRH statistic-

al theory is

nP - n,P
R, = (ntn, ) +1 - (P+P.) (19)
n Tpo ntn, Tho 1

(14), a similar expression to f: (Eqn.(8))

In AMircea, et al.
has been given to discuss the Deep Level Transient Spectroscopy (DLTS)
studies of depleted layers in semiconductor devices. Also, several
authors(15_17) have developed well-known methods such as transient
capacitance decay and thermally-stimulated relaxation to measure the
photoionization cross section and emission rate for deep level defects
and other physical parameters corresponding to those of DLTS. There-
fore, Eqn. (18) can be converted to Egqn. (19} for certain conditions of
temperature, reverse—bias voltage and optical illumination Intensity.
Usually the latter condition can be established seperately by the pho-
ton flux density or by the photon energy which in most cases is (i)
larger than the band gap energy for diffusion-length or effective
carrier lifetime measurements, and {(ii) less than the band gap energy
for impurity photoionizatin (sometimes called photo-thermal ionization)
cross section measurements. In general, the excess carriers are creat-
ed by an dintrinsic optical absorption process for the former and
extrinsic absorption process for the latter case (ii). The energy gap

0. T2

s=—— _ where o
T+B1

is a function of the temperaturecls) (Eg{T) = Eg(0) - 1

Bl are constants independent of temperature) so that the interband
"optical absorption coefficient a is also temperature-dependent, and the

trap concentration Nt is unknown in most cases. It is therefore not

clear whether the secondary contributions from either the thermal
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emission process or the trap photoemission process in general can be
neglected in cases (i) or (ii). Therefore, the limitation on the mini-
mum photon energy required to justify the neglect of direct photoioni-
zation of the traps will be estimated. Furthermore, this threshold
energy is of interest in photovoltaic applications in order to achieve

optimization of solar cell designs. The theoretical derivation may be

developed as follows.

Based on the assumption that the electron recombination event
in the center is simultaneous with the capture of a hole from the
valence band, we can write the following expressions to describe the

practical conditions with a transient incident light source,

1l = P
| A ft| = |a ftl (20)
here,
n n n
A ft = ft - fo
(21)
P _ P _ P
A ft ft fo
and
PLI !
o n + nl
(22)
P Fo
Y = 77
o 1
fg and fg are the occupied and unoccupied fraction of the

recombination centers respectively under thermal equilibrium condi-

tions, and fg and fg are the corresponding quantities under steady-

n

state (non-equilibrium) conditioms. The ft is given in Eqn. (8) and

fE will be



o
CP+Cn + 4940
p nl on (23)

I
—
|
Hh
|

P
ft C_ (n4n, )+ (0°+c°)+C (P+P.)
n 1 ¢o n p’p 1

Substituting Eqns. (8), (23), (21) and (22) into Eqn. (20), we obtain

n=-"2¢-"2 _p)Y+n ;9 (24)
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# *
where, Tho’ Tpo’ P, and n have been discussed earlier. Also, from

po 1 1

Eqn. {(18) we know that the recombination rate 1s equal to the genera-

tion rate G = ¢oa and that o 1s the interband optical absorption

coefficlent, thus

* %
nP = n,P
o 0 = s (25)
P+Py j-i-rpo |n+n, |

TnoL

The simultaneocus solution of Eqns. (24) and (25), leads to

Py 1 Nt“ﬁ
tm = n-n =9¢alt (1+ ﬁg-) + Tno(fgd( = ) | (26)
n1 n1 Ntco
AP = P -P = ¢oaLTpo(1 +'E;') + TPO(EZO('—:fb_] (27)
If we assume that
™
Tospn " Tpo(l + E—-) for N-type (28)

°
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P
. L
ThSRH ° Tno(l + Po Y for P-type (29)
and that
0
P P N o
- Ao _ -1 1 tn
n T ol * 5 L+ G )= |
o o 170
o]
P N, o
= 1 tn
= TnSRHll +{ Y )] = j (30)
1°0
o
n n N o
om0 el s e 2
P o P o] o 1
o
n N o
- i tp
- TPSRHLl *+ n_+n; - J (31)

It can be seen that the ratio of the true carrier lifetime to
that predicted by the SHR model will be close to unity if the second
terms inside the square brackets of Eqns. (30) and (31) are much less
than 1. Obviously, this will depend on the temperature, on the energy
level of the trapping centers, on the energy gap of the semiconductor
and its doping concentration. For most semiconductors of interest for
devices such as photoconductors (InSb, InAs, PbS, PbTe) and solar cells

(Si, Se), we can assume that

P, 2 P and n, > By (32)

Therefore, we conclude that the major consideration is the ratio of the
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extrinsic absorption coefficlent to the interband (intrinsic) absorp-

o

tion coefficient o . The former is given by Nt &< =aq

n, P n,P (defined

by Egqn. (14)). In the following section, we discuss this ratio and
give some numerical values in order to assess its importance wunder

various conditions.

5.3 Discussion

As we have mentioned, the direct photoionization of the
defect states is generally neglected in favour of the interband process
in spite of the fact that excess carriers are generated by this pro-
cess, we actually would expect the estimation of the carrier recombina-
tion rate to be larger than anticipated on the basis of SHR modelling.
Unfortunately, it is difficult to determine experimentally how éignifi—
cant this discrepancy should be. Equation (18) has shown that the
recombination rate would decrease if photoionization of the traps were
included in the recombination statistics.

Comparing Eqn. {18) with Eqn. (19), the difference is between
n: and n, or p: and Py which has been expressed in Egns. (16)

and (17). Since all the parameters involved are positive, the follow-

ing inequality can be drawn.

*
n1 > n, - (33)
* ‘ 34
Py > Py (34)

The main point of concern is the ratio of the photoionization cross

section to the thermal cross section, since the incident intensity and
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average thermal velocity < Vth > can be determined precisely by the

experimental apparatus. Although the theoretical development of the

photoionization cross section and thermal cross sections of deep
(19-21)

impurity levels have existed for a long time, there remains a

substantial lack of experimental cross sections to support this early
work.
(22)
In 1965, Lucovsky developed a theory of photoionization
of deep impurity centers based on the assumption of a delta function

potential well creating the ground states of the defect. These cross

sections can be written as

. 2 (& )1/2(1‘1 . )3/2
=
ofhw) = é_( Eff) 16ﬂi Bl i 5 i (35)
0 3m c {(fiw)

where n 1is the index of refraction and E ff/E is the effective
e o]

(23) *

field ratio for the optical transition; m is the effective mass of
the free carriers; ¢ is the speed of light in vacuum; e is electronic
charge; Ei is the ionization energy for impurity centers. A maximum in
the photoionization cross section exists at fuw = 2Ei in contrast with

the hydrogenic (coulomb potential) model cross sections which have a

(24)
Ei

temperature (any possible dependence of Ei on temperature being neglec—

maximum at tiw = . Also, we observe that o(tiw) is independent of

ted). The experimental photoionization cross-sections have been deter-

mined to be in the range between 10-16 - 10-24cm2 for common impurities
9
~found in 851 and Ge.(1 ) On the other hand, the thermal cross sections
-12 -15 2 .
have been found to vary between 10 - 10 em for attractive

- - ~24
centers; 10 18 _ 10 20cm2 for neutral centers, and less than 10 2 cmz
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(25) Therefore, it is obvicus that the ratio

for repulsive centers.

discussed above could potentially wvary between 108 - ]_0--12 depending on
the type of centers, the temperature, and the energy level.

In the following, we will give some numerical examples con-
cerning the effects on minority carrier lifetime of including photo--
ionizatien of the deep levels. First, we consider the N-type semi-
conductor (with energy gap = 1 eV) having the energy level of trapping
centers in the upper half of the energy gap. Under low-level excita-
tion, we can make the following assumptiocns

o

0
n, > ng >> PO > P1 > TPOP > o0 (36)

Then, Eqn. (18) can be reduced to

* *
T [P+P J + [n—+—n = T
no po

0,,0
1 IJ n +n0J + TnOTpo(n +P)

pol 1

12

Tpo(n1+n0) (37)

* k- o o
nP - n P, = (n0+An)(PO+AP) (n1+rnon )(P1+TPOP ),

= AnP,. + 1 AP + AnAP - 1. n°P, - 1 n.P° -t 1 n°P°
0 0 no 1 poc 1 no po

- (o}

= nOAP Tpoan

~n AP - 1_n.6 N a (38)

-7 Tpo 1% t%
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and
AP AP
P R* nAP - 1T n P0
‘po
Tpo(nl+n0)

= Tpo(n0+n1)

0
= ~ (39)

) T P n
1 - _EE__.(_l)
AP no

The numerator of ZEqn. {(39) glves the value predicted from the SRH
model, and we observe that the denominator will give a value less than
1. As far as temperature variation is concerned, both terms will be

affected. In Fig. 5.1, the dependence of the minority carrier lifetime
o
po
Tp upon inverse temperature is shown with the parameter vy = —235——
- -3 -6
from 10 1 to 10 under the assumption of Tpo = 1,0 x 10 sec and
ET = Ec - 0.25 ev. The SRY model of minority carrier lifetime (y=0) is
very close to the solid line indicated in Fig. 5.2 with v < 10_3 .

This diagram impiies that the direct photoionization of traps will not
be important at low temperatures {for 1/T > 4 in Fig. 5.2). Also in
Fig. 5.3, we can see that the critical temperature above which photo-
ionization is important depends upon the energy level of the defect.
‘These calculations have been made for v = 10“4 . This conclusion
applies also the SR model with y=0.

In the case of high—~level photo excitation, Eqn. (18) may be

approximated by
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T o [BHP |+ Tpol’fﬂ'nlj = TooTpoll 1P
o, O
TnoTp0¢oNt(Gn+op) (40)
and
* k 41
np - an1 = AnAP (41)
Then
o, O
T = &2 2 AP _ TnoTpo¢oNt(Gn+op)
P N AnAP An
P o, ©
TnoTpo¢oNt(0n+cp)
0
0P
Tpotoltn(t F 57
n
- An (42)
T
no

It can be seen that the minority carrier lifetime will not be a con-
stant, as 1_ = Tpo + Tro ,(6) predicted by the SRH model in high-level

injection. On the other hand, the minority carrier lifetime depends on

the incident photon energy, illumination intensity and the excess

carrier concentration. Nevertheless, in some cases, if we can arrange

that
(o} _ An
Neonbo ™ 7
no
then, we shall obtain
0
°p
T = Tpo(l + —B')
%n

As we have already mentiomned, a threshold photon energy is

required in order to ensure that no significant contribution to the
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recombination expression arises from photolonization of the defect

centers. In Eqns. (30) and (31), we have shown that this criterion may

be written as

o
a = Ntcp (43)
or
_ o
o = Nton (44)

In words, the interband absorption coefficient should at
least be equal to the product of the wvolume concentration of defect

centers and thelr photoionization cross-sections for either electrons

or holes. The evaluation of this threshold energy can be derived as

follows.
An indirect—energy gap semiconductor such as Si 1s assumed,
and the defect considered is a deep impurity level such as gold, a

recombination center which has a well-known defect level located at the

(26)

middle of the energy gap. The phonon-assisted interband absorption

(27)

coefficient for example from Smith, can be written as

Mezmzlzf E AE (fwiE -AE)Z
- cp o P
a Z (45)

* 1/2 2 . 2, kt
321reom my b o] Cnm(RcokTo)(AEi—‘ﬁm) (e -1)

here E = fw 1s the phonon energy, AE = E - E = E (K#0) is the
P m c v g

energy gap and K = 2% /) wave number, AEO = EC(K=0) - EV(K=O) is the
energy difference between the conduction and valence bands K = 0, ¢ is
the speed of light in vacuum = 3.0 x 1010 cm/sec, n is the refractive

index, ‘iw = photon quantum energy of incident rdiatiom, 'Q'co is the mean
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free path for acoustic phonon scattering in the conduction band at

temperature TO , fc ~ 1 1s the oscillator strength, m is the effective

3/2 3/2 3/2
mass for holes, where mh/ = mh{ + mhi if the valence band is de-

generate with two effective masses m . and m M is the atomic mass,

hl h2 °?

€o is the permittivity of free space, e is the electronic charge and

the density of states effective mass, md = m neglects the "non-
e

spherical” nature of the minima in the conduction band.
The dimplication of Eqns. (43) or (44) are more readily

established if we simplify the Eqns. (35) and (45) by

. 2 3/2f A
A = M e m c EP Eo
* 1/2
327 ¢ mm 4 Cn(k kT )
e co o
E 2
A" = ( Eff)Z 161 e T
o 3Jm n C
E 16x32 2*52 (2 kT)
X X
A* - A" _ ( eff)Z ety o “co o)
A €6 M o Ep AEO
and employ the assumptions
m, o= m
f = 1
c
This leads, using Eqn. (43) or (44), to
o - AE + E_)° e 2w, )32
P e L 1
A( ) = N_A
2, Ep t o)
'ﬁw(AEo‘ﬁw) (exp(kT)-lj
if we now let fiw ~ AE = thw - E = A, then, after some manipulation and

g
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approximation, we find that

E E E
_*1/2 172 _ 1,174, 1,374
ME = A (exp()-1)""“ (a8 Eg)(Eg) (1 Eg)
E E
g g
here
E
AT - A*]'/z(exp( E% ) - 1)1/2(AE0 - Eg)

A numerical example to calculate A is of interest. We assume an N-type

2
silicon crystal with gold as the impurity,(“6) our parameters become:
-28
Ep = (0.063ev mo = 0.337 m = 0.337 x 9.1 x 10 g
-8
AE = 3,82 ev = 76 A=76 x 10 cm
o co
-5
E = 1.12 ev k, = 8.62 x 10 x 300°K = 25.9 mev
g To
-14
E, = 0.54 ev €y = 8.85 x 10 F/cm
15 -3
N = 4.3%10 cm £ /e =3.3 and M = 28.09
t eff’ o

Substituting all these values into Eqn. (46), we obtain
A = 0.01 ev

The fact that A 1is small in relation to the energy gap
implies that for monochromatic 1light with photon energy well in excess
of the energy gap, the neglect of trap photoionization of the traps
Twill provide little error in the determination of the recombination
lifetime. On the other hand, a common practical situation involves

11lumination of the semiconductor material with broadband optical illu
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mination. In these cases, as for example in the solar cell, the large
portion of the optical spectrum below the band gap energy may in some

cases have an appreclable effect on the recombination process.
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CHAPTER 6

CONCLUSIONS

The investigation of induced PN junctions in Germanium with
its fundamental mechanisms and applications as long-wavelength
photodetectors described in the previous chapters is concluded in this

chapter. Further developments on this device or related problems are

also suggested.

6.1 On Germanium Photodetectors with Induced PN Junctions

On the basis of experimentally-observed dependences of dark
current and photocurrent upon bias voltage and temperature, we are able
to unambiguously conclude that gold contacts to moderately doped N-type
germanium behave as induced PN junctions. The dark currents are due
primarily to hole injection into the quasi-neutral region in forward
bias, with a small additional component due to generation in the space-
charge region in reverse bias. Thermionic emission of electrons over

the Schottky barrrier contributes In a negligible way to the device

current under both forward and reverse~blased conditions. These devi~
ces are therefore expected to perform as photodetectors for long wave-

length fiBeroptic communications at least as well as germanium PN

junctions, and indeed may be superior as a result of the absence of

heavily-doped diffused or ion-implanted surface regions.
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6.2 On Influence of Minority Carrier Lifetime

The explicit and implicit effects of minority carrier life-
time Tp on the performance of photodetectors have been presented. this
includes the effects on quantum efficiency, speed of photoresponse and
gain. These effects will be substantial if the appropriate conditions
are not met concerning the multiplication of absorption coefficient and
the width of the active region. Trade—offs exist between the depletion
width and the transit time. Tp does not directly affect the impact

ionization coefficient of avalanche photodicdes and for appropriate PIN

photodetector geometries, can be made to disappear from the expressions
for gain or quantum efficiency and speed of response. 1In these cases,
its primary effect is on shot noise through its connection with the

reverse saturation current.

6.3 On Minority Carrier Recombination in Germanium

The SRH model has proven to be capable of accounting in an
accurate manner for both the detailed temperature dependence and the

dependence on injection level of recombination in germanium, over a

wide range of these experimental variables. Isolated monoenergetic
defects that lie above the equilibrium Fermi level at Ec = 0.128 ev

explain the pronounced temperature dependence of the lifetime, and the

trap parameters are also consistent with the injection-level
dependence. The magnitude and temperature dependence of the capture

cross—sections for electrons and holes are further in quantitative

" agreement with a theoretical treatment which identifies the

acceptorlike nature of the centers. These observations help to justify
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the use of the SRH treatment in the quantitative modelling of germanium
induced-pn junction photodetectors.

The experimental results obtained for the variation of
minority carirer 1lifetime with optical illumination iIntensity, wave-
length and temperature have been qualitatively interpreted by means of
the one-dimensional diffusion equation and the transient recombination
equation. The latter departs substantially from steady—-state recombi-
nation as described by the SRH model. The additional postulate of a
shallow retrapping center found in POVD to explain the new features
ocbserved is not at variance with FCVD due to the different time-scales
and excltation methods. Unlike the FCVD method, the POVD technique,
while in principle capable of providing additional quantitative infor-
mation concerning the recombination process, 1s plagued by practical
limitations which we conclude will provide only qualitative Iinforma-

.

tion.

6.4 On Limitations to SRH Generation/Recombination Model

The direct photolonization of defect states has been included
in the conventional recombination theory. This additional mechanism
reduces the net recombination rate and enhances the effective minority

carrier lifetime. <Comparison with the standard SRH model shows that

the optical emission rate from the defect states can only be neglected
when the incident optical intensity 1is sufficiently weak, the value

depending upon the relative magnitudes of the photolonization cross-

" section and the thermal cross—sections. Significant modifications to
the minority carrier lifetime occur at high temperature. A principal

conclusion is that, for photon energies even slightly in excess of the
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energy gap (Hu » Eg + 0.01 ev) photogeneration via defect states may

normally be neglected in comparison with interband photogeneration,
even in indirect semiconductors. For photon energies below Eg , the
recombination expressions of SRH are found to be simply replaced by
similar expressions with effective values n: and p: which incorpor-

ate the photoionization of the trapping centers.

6.5 Suggestions for Further Research

Our investigation on gold-contacted N-type Germanium photo—
detectors with induced PN junctions has provided its scientific signi-
ficance and engineering applications in fiber optical communications.
Nevertheless, the present results still initiate a wide variety of
interesting practical and theoretical problems which are worﬁhy of
further study.

First, most metal-semiconductor devices are assoclated with
the problems of degradation due to oxidatation in the exposed environ-
ment. With our experience on the fabrication of Schottky barrier
devices, we found that the degradation can be reduced by immersing the
etched wafers into the Methonal for several days before it is
deposited with metal in the high wvacuum chamber. We suggest that the
microscopic analysis of the chemical-reacted surface will be the key to
understanding this important factor which will play a vital role in the
design of highly reliable photodetectors.

Second, as we have discussed in Chapter 3, the minority
. carrier lifetime was indicated to be of no impact on the multiplication
nolse factor under the assumption of excluding the recombination effect

from the transport mechanisms In both space charge and bulk regions.
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In spite of the complication in the mathematical integration, it 1is
expected that the numerical method can be used to develop this theoret-
ical model.

Third, the difference of measuring the minority carrier life-
time between FCVD and POVD methods has been discussed in Chapter 4.
The discrepency in the characterization has been considered to be
caused by the instantaneous optical source and the complicated decay
mechanisms. The solution to this problem can be achieved by
the following investigation; (1) Theoretical Model development. A
two-dimensional recombination equation with comparable and different
(nonlinear) surface recombination velocity can be solved exactly by
using quadratic, isoparametric finite-element modelling techniques.*
(2) Experimental consideration. A design of electricai pulse with a
similar time varied shape as in the optical case will be further applied to
this device in order to confirm the inconsistency between the two
methods.

Fourth, other than we have mentioned on the limitations to
the SRH statistic model (discussed in the iIntroduction of Chapter 5),
there are a variety of related problems which are inherent to one fun-—
damental assumption: the equivalent relationship between the capture
and emission rates was made under thermal equilibrium conditions. It

is believed that this 1s derived from the principle of detailed

balance. In fact, it may not continue to hold under non-equilibrium

. *See J.G. Shaw and A. Wexler, Report TR79-4; and A. Wexler Report
TR80-4, Department of Electrical Engineering, University of Manitoba,
Winnipeg, Canada (unpublished).
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conditions but it is nevertheless applied there since all device pheno-

mena occur under these conditions. An approach with quantum mechanic

technique (Time-dependent perturbation method) applied to the transi-

tion probabilities between two energy levels may be pursued for further

study.






