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PREFACE

Digital transducers based upon the photodielectric effectvhave been
demonstrated by various techniques in this laﬁoratory for several years (Ref.
21-25, 45). The basic principle of'tranéduction is the cénver;ion of an input
optical signal into a change in resonant frequency of a microwave cavity ioaded
with an illuminated semiconductor crystal. During the final months of the
grant, this was the only phase of the research which was supported. The project
reported in this volume represents a detailed examination of material properties.

The photodielectric (PD) effect has matured as a very useful adjunct to
conventional photoelecfronic techniques for recombination and trapping analyses.
The PD effect is a change in both the real and imaginary part oflthe dielectric
constant of a semicondﬁctor when it is iliuminated. When non-linear effects
are ignorédL the free cafrier contribution to the dielectric constanf is of a
sign oppo$i£e to the 1attic¢ contribution, and it decreases the overail dieiec-
tric constant monotonically as an increasing number of photé carriers are gén-.
erated. In the limit, the overall dielectric constant begomes a very high neg-
ative number, in agreement with the metallic‘model.' This deséfiption differsv
from that of earlier work. The modﬁlation'of the‘permittivity can be several
hundred per cent with practical light inténsities. When the energy-dependance
of the transport relaxation time is taken into account, the behavior is modi-
fied and can result in a free carrier contribution of the same sign as the
lattice contribution. Trapped carriers increase the overall permittivity.

High purity epitaxial GaAs, unavailable till recently, has been studied -
by photodielectric as well as photoconductivity, Hall effect, and related
methods. Irradiation by He-Ne laser light at liquid helium temperatures

generates hot electrons in GaAs. The temperature of excited electrons is

iii




determined by an inﬁerplay of optiéai'power input,-and losses by optical mode
scattering as well as carrier-carrier séattering. Electron temperatures as'

high as 350K can result at a sample femperature of 6°K. Thé rélationship betweeﬁ
induced photoconductivity and light inteﬁsity is highly sublinear, exhibifing |

a 1/3 power-law dependance. This is explained by é’model of quadratic recombi-
nation and diffusion away from the excited surface.

A non-contact PD version of the well known thermally stimulafed techpique
is introduced, by ﬁhich shallow dbnor;traps were locatéd at 0.005 eV below the
conduction band, in agreemenf with least-squares-fit to Hall effect data.

A combination 6f the techniques is used to identify two major centers
active at low temperatures: shallow residual donors 0.005 eV from the conduc-
tion bahd actiﬁg as treps and becoming recombination centers on cooling to the
helium range, andvdeeper fesidual acceptors apfroximately 0.03 eV from ther
valence band, acting as potent hole traps. The great disparity between PCVI
lifetime and response time is due to trapping. The PC lifetime decreases more
than 3 orders when GaAs is cooled from liquid nitrogen to liquid helium temp-
eratures; the.meéhanism is explained by a Shockley Read model involving the
shallow donor. Silicon on Arsenic sités is the probable residual acceptbr and
Silicon on Gallium sites the probable donor.

Use of‘the-photodielectric technique gives a great measure of confidence
in the interpretation of data ana establishes it as a very sensitive and con-

venient adjunct to normal techniques.
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CHAPTER |

INTRODUCTION

PURPOSE OF PRESENT RESEARCH

In recent years the compbund semiconductor Gallium Arsenide
haé achieved great technological importance and has been r.hé subject of
extensive theoretical and experimental reseér!ch. ' Thése efforts héve
been stimulated by the need to exploit some of the unique properties of
Gallium Arsenide. Thué, the direct energy-band structure of GaAs haé
been used to fabricate injection lasers and light-emitting diodes. The
high electron mobility in GaAs has beén used 'i.nvm,icrowave field-effect
transistors and “tunnel .d.iodes'. ' Gunn-efvfect“diodes and rélatéd micro-
wave 'd|evice's exploit the mul.ﬁ-_va-lley band Struéture and the resulting
negative differential mobilities possible in GaAs. The high electro-
optic cbefficients of thié partly-ioniC'}riateri'al have found in use in elecfro?
optic modulators. Vefy_ recently, high pﬁrity epitaxially grown GaAs |
has been used for very sensitive fai'-infrared d;etecti‘onl, at sevefal
hundred rhicron wavelengths. This latter application is based on excit-
ing extrinsic photocohductlvity utilizing the shallow residual donors in the
pure material. The list of technological' applications of Gallium
'Arsenide is diverse and is rapidly expanding. |

The applicationsl of GaAs have steadily expanded as material

of higher purity has become available, and this in turn has stimulated




both materials technoiogy and efforfs to understand the fﬁndaméntal
physics of the material and to characterize its basic propefties.’
Until late .1968, ‘most of the material avai‘_léble was melt-grown ei.ther.
by the Horizontal Bridgman Method or by the Czochrélski method.
Such material was highly impure, being heavily contaminated and dis-
located. Even so, extensive studies were made on such _material.z-5
Those properties of the material which are impurity sensitive, such

as carrier. concentration, resiétivity, mobility, excess-carrier life--
time, response time as a photoéonductbr_, etc.‘, were strongly indica-
tive of the then state of the art and not very representative of inttinsic
GaAs. l_Thus fp,an_y samples studied by Na‘seldov5 et. al. had room-
temperaturé éarrier concentrations of 1016 'cm"3 or more for "un-
dopéd" material; such material could not be "frozen-out” i.e., the .
carrier concghtratidn did not decrease much on cooling, and became
constant at 209K or more. Subsequently, this was correctly inter-
preted as the effect of impurity-band conduction: at impurity concentra-
15 ' '

cm-3 the impurity-wavefunctions ovérlap and

tions above about 10
form an independent band. The small effective mass of electrons

(0. 065 mo) in GaAs es_pecially ‘favors this ‘by increésing the size of the
Boﬁr orbit of the electrons. None of NaseldoQ's samples exhibi;ed a
monotonic increase in Hall coefficient as they were cooled. In the

_same quality of materials numerous photo-electronic investigations were




carried out.  Thus, Shirafuji6 cited the presence of at least six re-
sidual acceptors between 0.33 eV and 0.02 eV from the valence band
in n-GaAs, and attributed these to various structural or chemical
origins. Bube7, Kalashnikov8 and other found some different accep-
tor levels. Kolchanova9 et. al. studied n-type undoped material and
a series of donor-like traps as well as acceptor-like traps. The
donor-like traps, at 0.05, 0.065 and 0.105 eV from the conduction
band weré found to‘ be multiply-charged, and hence to control the
minority carrier behavior as a ﬁmction of temperature that they ob-
served.  Additionally, they also found hole traps located near the
valance ;b'?md. " Hilsum and Holern’anm studied the lifeu\gne of non-
equihbriurh cari'iers ahd found some four orders of magnitude spread,
dependihg‘ on the sample. This was indicative pf gr‘oss differences in
the impurity éontent of the samples.  Several articles and the review
volumes by Willardson énd Beer summarize extensive work on the subject.
In order to prepare material of higher resistivity, needed for
Gunn-effect diodes, etc., compensating species were deliberately intro-
duced commer.cially. 13 The electrical properties of such material
were very difficult to analyze, as the material rapidly became insdlat—
ing when cooled below -30°C in an effort to enhance device performance.
Such attempts at preparing device-quality GaAs were sup-

planted from 1968 by the development of epitaxial GaAs, grown on melt-




grown GaAs substfates by vapor-phase epit:axy.l_4 This technique
yielded materiél of much lower total impurity content and dislocation
count tilan previous GaAs, and became the subject of many investiga-
tions. 15 |

The material investigated in this research is high-purity n-
type epitaxial GaAs grown from the vapor-phase at Fairchild Semi-
conductor Research Labs. The electron concentration at 300°K is

13 ¢m™3, and the liquid nitrogen mobility, an

approximately 6 x 10
index of material qué.lity, is in excess of 120, 000 cmz/volt-second.
This was the purest state-of-the art material available when this in-
vestigation was started. = More recently, both vapor-phase and liquid-
phase epitaxial GaAs of about twibe this purity has been prepared.

The motivation for the present research is two-fold.  First,
is the need to determine the properties of as nearly phre material as
possible, so as to improve on the da'ta reported in earlier work, ci;ed
above. Secondly, it is known that when GaAs is used in injection
luminescent diodes (LLED's) and similar 'applicat_:ions, the overall quan-
tum efficiency of the resulting devices is limited by the presence of
shallow states, near the conduction band. Such states constitute
centerg via which competing non-radiative transitions take place. -
There has been a great deal of work, mostly using low-temperature

15-18

“photoluminescence* 10 -identify - these residual shallow. states (and . .




other defects, as well) so that the recombiﬁation &ansiﬁons may be
better understood, as well as' to reduce the density of such centers if
possible.  Additionally, the speed of response of light-emitting diodes

is influenced, even at 360°K by trapping in various states of the material.
The present study of recombination and trapping in GaAs is therefore

motivated by these needs.

Methods of Analyses

" A wide variety of techniques exists for studying defect levels

19

in semiconductors. Steady-state and transient photoconductivity (PC)

measurements are powerful tools. Rose?0

has pointed out that PC is
"an incjsive tool for probing a low density of background states even in
the preéénce of -high concentrations of states at a few Well-deﬁﬁed levels.”
Thermally stimulated conduct:ivity19 is another useful vtool, especially
suited for the study of deep traps in i'elatively inéulai:ing materials.

It's use on ma'terials with high dark conducﬁvity (such as pure GaAs)

is difficult because the current due to‘thermally released charge is
swamped by the dark current. Spectral response of PC and PC as a

function of light intensity and temperature are other basic techniques.

All these have been used in this work.

Photodielectric Techniques

The use of all of the above techniques implies that good ohmic

contacts must be made to the sample. This is no minor limitation.




In the first place, ohmic contacts are difficult to make on a large num-
ber of materials, especially compouqd materials ‘wherein the volatile
component is l_ost during the heating phase necessary. . Even if applied,
such contacts are not linear, especially at low temperatures. Secondly,
the basic idea behind the making of an ohmic contact is to alloy a suit-
able dopant in, to render thé local region degeﬁerate. This dopant will
inevitably diffuse away duriﬁg the heating cycle and necessarily contamin--
ate the pure sample. A non-contact technique is therefore highly |
desirable. The appiication of the photodielectric effect provides sucﬁ
a_fnethod.‘ When a semiconductor is illuminated, the free as well as
trapped carriers change the dielectric constant characteristically, by a

22-25 and

very signiﬁciarit amount. This effect has been used by Hartwig
his students in a serieé of researches to evolve a mature instrumentation
technique that is convenient to use.

There are other important advantages to the use of this :non-
contact method.  PC methods indicate only the presence of free carriers
directly; electrons or holes excited from .one bound level tb another do
not influence PC measurements; they do alter the dielectric constant,
however. Furthermore, the assignment of traps can be ambiguous
when only simple PC methods are used--only the energetic difference
between the trap and the nearest band is known, but the identity of the

band is unknown. 2

With PD data augmenting, this ambiguity is




resolved. Also, ‘when investigating PC gfowth and decay transieﬁts

one maj'or source of concern is 'contact effects””. Thus, due to sizable
thermoelectric emf's developed at contacis as well as rectification effects
on the illuminated contacts, misleading data is often obtained.  Rapid,
two-step transients such as are measured in this work are sometimes
ascribed to contact effects and carrier-sweepout. PD data therefore
also serve to confirm the validity of standard measurements.

The present work, therefore, takes advantage of the merits of
the standard as well as PD techniques to evolve an ﬁnderstanding of re-
combination and traﬁping. Chapter 1l discusses photodielectric theory
in detail.. The basic properties of GaAs such as its crystal structure,
energy-i:énd structure and defe_c_t levels @omm_only found are well docu-

mented and the reader is referred to review articles. 11,12



ject of extensive study, since 1965. Hartwig, Arndt, and Stone

 CHAPTER I

" THEORY OF THE PHOTODIELECTRIC EFFECT'

The photodielectric effect in semiconductors has been the sub-
' 22

- developed the relations between the excess photo-induced carrier con- |

centratio:i in a semicondubtor and the resultant change in its dielectric
constant.  They showed that the frequency shift of a superconducting
cavity containing the sample, due to the photodielectric effect; consti -
tutes a very senéitive tool for studying‘ some of ‘tﬁe'properties of the

33

material. Baker“° calculated the geometric "filling factor" of the

cavity containing the samples. 'Albanese24 provided several interest- -
ing equivalenf-circuit viewpoints of the sample-cavity system. Hinds-z-5
extended the usefulness of the technique by recognizing that in 'addiﬁbn
to free carriérs, trapped carriers also perturb the dielectric cbnstént
of the sample, and studied the photo-electronic'properties of Cds:Al;
and similar materials by the trapped4carrier photodiélectric effect,

The theory of the photodielectric effect is based on the clas-
sical ﬁ'ée-elqcu'on theory of dielectric susceptibility originated by Dfude

and Lorenz. 27

In its present form, photodielectric‘theory embodies
the effects of depolarization of free carriers on-the dielectric constant

of a material. It is proposed to show that the effects of plasma



depolarization are incorrectly ‘ihcluded, in pfevious work; thé equations
have a very restricted range of validity and prédfct behavior, under
limiting conditions, that does not occur physically. This will be dis-
cussed more fully in the next section. It is necessary to examine
carefully the classical theory of dielectric susceptibility of solids in
order to develop the equations pertinent to photodielectric applications.

The influence of depolarization effects emerges from that discussion.

CLASSICAL THEORY OF ELECTRIC SUSCEPTIBILITY

Although the determination of electric susceptibility is a quan-
tum mechanical problem, purely classical approaches have been highly
successful in explaining observed phenomena, and such an approach27

is outh'n:eé here. | :
| An external- eléctric field acting on a solid induces a dipole

moment per unit volume, or polarization P. given by
P = «x E @

where Eeff is the effective macroscopic average internal field, X o the

electric susceptibility and ‘s the permittivity of free spéce.

The relative dielectric constant, € of a material is given by

e =1 + x : (2.2)




10
The polarization P is

P =2gqr - 2.3)
- Where q is a ,chafge and I, is its displacement from equilibrium.
The sum is over the total number of dipoles in the unit volume.

To arrive at the displacement r, in case of a ‘free electron -

gas, we consider the equation of motion of the electron, executing

harmonic motion under the stimulus of an internal harmonic field

* .2 : *
m dr . m dr _ jwt
e N qEj. e 2. 4)

where m" is the effective mass of the electron in the solid, and r its
momentum relaxation time. The second term represents the 'fric-. °
tional” or dissipative force due to eollision of electron with the lat-
i : .
tice, radiation damping and other loss mechanisms. T is a function
of energy in a real solid, and it is an idealization to treat it as a
constant, as has been done above. The energy-dependence of r can

result in greatly modified behavior, as discussed later. E is the

loc
local effective field acting on the charges.

EFFECTIVE INTERNAL FIELD

Before proceeding with the solution of (2.4) the question of the

effective -local ‘internal. electric field vis-a-vis the external driving field . ..
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E éxt "ﬁust be considered in some detail. 27 This is an is‘sue that
s&ongly affects the determination of the dielectric properties of. the
solid, especially its frequéncy behavior. The main source of dif-
fiéulty is the distinction between the external, or applied, electric

field E ex the effective average field Eeff in the material, and the

¢
local electric field Eloc actually polarizing the electrons. - The
latter two fields need to be distinguished, in principle because the
local field in the vicinity of an ion core can be} considerably higher
than the macroscopic average or "smeéred out" electric; field Eeff‘

In the definidon of susoepﬁbilit& (2.1) or in Maxwells Equation, E off
_.only matters whereas the agency causing the displacement of cha';ge '
is the mi:cr:oscopic, or locali field. Lorenz first showed t;he diétinc— ”
tion and indicated an approach to the determination of th_é local field,
The Lorenz correction has been shown in standard texts27 to add a

P .
term 'STb- to the average field, i.e.
o] o

- P -
Eloc = Eeff + 3_'_0 - (2.95)
where P is the volume polarjzaﬁon' of the material. The question of
the need to include or exclude the local field or Lorenz Correction has
been discussed since the 1920's, both in connection with the optical

properties of metals (i.e. modified Drude theory) and in ionospheric
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research. Data to support either viewpoint has been available, “and
the correction has alternately been included and excluded in the Iitéra- :

8 and Slater29

“ture.  Ratcliffe> review the theoretical and expefir'nental
"implications. In the modern viewpoint the Lorenz correction ﬁlust not
be included: Slater has shown that inclusion of this factor modiﬁés the
solution of (2.4) by giving rise to a number of discrete resonances,
corresponding to a system of coupled osci.llators, rather than a single
resonance of a bound~electron-ion system. He emphasizes that the
nature of the result is not altered, only the resonances are shifted and
many-valued. Nozieres and Pines,30 on the other hand, show that on
~ quantum mechanical grounds, the local field corrections are negligibl_e.
‘for highly polzariizable media such as metals or semiconductors.
}Wilsonsl points out that the Lorenz correction is incbnsistent with the;
singlé-electron approximation used in deriving the electron theory of
metals. It is therefore justifiable to disregard the distinction betweeﬁ

E .. and E

eff loc’

There still remains the more important problerh of distinc-
tion between thé external field and Eeff’ Several different viewpoints
can be brought to bear on this issue; they are ultimately equivalent,
The concept of a "dielectric constant” of an insulator is generally intro-
duced in terms of a parallel-plate capacitor model in which the applied

field E, in absence of the dielectric, is reduced to -Ie::— due to the
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éounteracting "depélarization ﬁeld" set. up' by surface-indticed charges
in the dielectric. While this approach is sound, and emphasizes the
connection between ‘the dielectric susceptibility and' the depolarization
field, it. can complicate matters unnecessarily and, in some cases,
introduce error. Thus, Dresselhaus32 et. al. in their work on cyclo-
tron resonance in InSb established the coupling between the applied field
and E off using the depolarization effect, viz. i

E = E -LP=E-L(x1Ee

Veff ext + Ngr) (2.6)

ff

where L is the geometry dependent "depolarization factor" X ] the
electric susceptibility in absence of the free carriers, N the dénsity of
free elec&ons. The second térm denotes the polar-ization__ due to free
charges. This formulation is conceptually incorrect as it attempts to
specify the polarization of a charge in terms of its own 'coo_rdinates.
For such an approach to be valid, a.more involved self-consistent

argument must be applied.

The result of Dresselhaus et. al.'s approach is to modify

(2.4). to
| mt (4T, 1 g, L Nelr_ g et 2.7)
[t 7@ o ene e

where the magnetic field has been set equal to zero for clarity, Li



14

L/(1+ L) and E, L Eexe

1 (1+x1 L)

Equation (2.7) so obtained differs from (2.4) in that it in-
" cludes a harmonic restoring force of force-éonstam: LiNez. Eq. (2.7)

can be written

(-w2 + “"p 2+iw

)yr = 4, E, (2.8)
m ! :
where wp is the plasma frequency, i.e. .

L.Ne2
i

i _ 2 o (2.9)

W = (

P

*
m

‘The coupling between Eext and Eeff as given in (2.6) has thus apparéntly
.altered the dynamical systém by inti'oducing an effective spring-constant
to the system--one that is orientation-dependent.  If (2.8) is now |
- directly solved ahd used in conjunction with (2.3) to determine the di-
electric constant, the results obtained are incorrect. The error so
introduced will be discussed later.

| The emergence of a geometry-dependent force-constant in the
equations of Dresselhaﬁs et. al. is not also appealing. The dielectric
polarization canAbe determined simply wofking entirely with an assumed
. Subsequently, Maxwell's Equations cah be used to match thé

boundary conditions at the surface of the specimen.
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" The latter approach can be developed simply as follows.
Having identified Eloc with Eéff earlier in the discussion, it is now
necessary to determine what effective electric field is seen by the
free charges. Since the wave functions of the free charges are in
fact smeared .-<.)u£ over the ehtire crystai, it is ldgical to deduce that

they will also experieh_ce the same macroscopic average field Eeff-

seen by the more localized tightly bound electrons.
Equation (2.4) can now be solved, substituting E-eff for E—loc
on the right hand side. = The solution is

-w -jw

Iy (2. 10)

- 4 Ut
r rri" Eeﬂ,eJ

ot + (u/r)

The above result can be combined with .(2.1) through (2.3) to
yield the real and imaginary parts of the dielectric susceptibility x!; (w)

and x‘; (w) respectively:

Xy = SR | (2.11)
and o @) = N _r | (2.12)
. v : wm*, [1{'«)272]
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The imaginary part, xw” (w) represents the loss component of_ the di-
electric constant. The dielectric constant can alternatively be derived
as the imaginéry component of the electrical conductivity, starting with
the same equation of motion. In faét, in such derivations,. the field
applied to the semiconductor (by ohmic contacts, for instance) is tacitly
taken as the relevant field driving the free electrons, in agreement with
the discussion above. | |
Thus far, attention has been focussed on the polarization due
to free electrons. Free holes contribute additional terms such as
given by (2.11) and (2.12), with the appropriate effective hole mass used
in these equations. The contribution to electric susceptibility of the
tightly bound ''core” electrons can be determined by‘ writing an equa-
tion of mot:ion27 similar to (2.4) except that a restoring—fdfce term,
uozx to the left hand side: |
* d7r m  dr | + 2 jut

= dt + m wor=eEeffe

(2.13)

where woz, the force constant, répresents the (natural frequency)2 of

the system, and is given by2

Y 3 |
v =5 —5% b (2.14)
m

-Ei)‘frepr‘es‘éhté the energy binding the electron to the atom. ~ The
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corresponding expressions for the dielectric constant contribution of

bound electrons can be derived as:

R Ne? | w02_w2_ 5
(xl)bound— m*eo (woz_uz) 2+(%)2 (2.15)
and A | | 2
()" = B | 2% — 2. 16)
‘bound me w |(¢g -0 ) +E)

I-Iinds25 has discussed the behavior of the bouﬁd (or _tfapped) carrier di-
electric constant and shown that loosely bound electrons increase the di-
electric constant, whereas free eléctrons, ‘in accordance with (2.11)
decrease it. |

'The overall dielectric susceptibility of a semiconductoi' con-
taining tightly bound "core" electrons as well as free charges is additive,
so that when w 'is éma_ll compared to frequencies “s th'ét characterize
the bound electrons, the contribution of tlle" latter fo the susceptibility'
becomes frequency independent. Assuming that ionic resonances do
not occur in the frequency range of.inferest, the dielectric constant
contribution 6f core electrons from far in'frared‘(overlook'ing possible
ionic resonances) frequencies down to dc can be represenfed by ¢,
the high-frequency '"lattice” dielectric constant. 33 From (2.15)¢, is

‘given by
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o = NeZ | @.18)

*
me w
0O O

where N is the density of atoms in the crystal, and v is in the

infrared.

€ free T * bound

(2.19)

r () otal = 1 +_x

The subscript r denotes relative dielectric constant.
- Combining (2.18) with €.12) and (2.13) the overall dielectric constant |

for the general case can be written as succintly as

or, 2-2 2
W T W . T

e (W) =€ J1-| s P | + 1 ;.-El_n_ . (2.20)

j@ T+ 1) (1+w-r)l

The summations in the above ‘equation are over the various groups of
free carriers, and ij., given by
N 2

P] m e ¢
joe= |

w . = ._.ﬁ._ - 1/2 | Co@.21)




19

is a "modified plasma frequency” of the jth group of free carriers; the
lattice dielectric constant ¢ is absorbed in the expression. The plasma
frequency is defined in this context as the frequency for which the real
part of the overall dielectric constant va_mishes, in a loss-free system.
Both minority and majority carriers must clearly be considered in

determination of the plasma frequency of the system, viz

w? -3z o2 - (2.21)
J . P]
for a low-loss system. |

Equation (2.19) does not include any contributions due to inter-
band or intra-band transitions or due to "restrahlen” (ionic-resbﬁance)
effects.  The latter are important in ionic semiconductors such as
 GaAs and must be considered at infrared frequencies. . This effect can
be neglected at microwave frequencies.

The physical implications of (2.19) can now be discussed, and
compared with the implications. of u-sing Dresselhaus et.. al's equations
directly. Starting with a nearly insulating semicondﬁctdr, as the free
carrier concentration is increased, e.g., optically, keeping the test
frequency » fixed, the freev.carrier dielectric constant, denoted ¢y
increases monotonically. This results in a monotonic decrease 6f the
oVerall' dielectric constant, until it is renderéd zero--at the plasma

frequency--and becomes increasingly negative.  This is as expected:
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the modelis based on the Drude-Lorenz theory for metals, and the semi-
conductor behavior should smoothly give way to metallic behavior as thé |
freé carrier density is increased. In the metallic limit, the overall =
dielectric constant becomes mihuls} infinity, as for a perfect conductor.
R : |

For a low-loss semiconductor, when’w>wp, the dielectric constaht is
positive, and an electromégnetic wave can propagate through the material.
For w<w p’ the refractive index and propagation constant are both im-
aginary. and the wave is attenuated. These are well established experi-
mental observations, for instance, in the optical properties of metals or
in wave propagation through plasma.

The derivations bf er'(w) and (-r"(“-’) based on the direct use

of Dresselhaus et. al's equations yield the following expression2

2

21 - D
- - By
€ (w) = e 1 - s ' ' - (2.22)

2
’ w
1+02:2 Q1 - '-P—z-)2
. w

As wp e OF w — 0 this expression predicts a dielectric constant equal to
twice ¢, where ¢, is the lattice dielectric constant.  This is clearly
invalid, physically.

In the remainder of this work, (2.19) will be used. For the

greater part, since cavity-frequency changes induced are experimentally

‘more easily observed, the real part of the dielectric constant, - ¢ _~(w) - =~~~ "
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will be of interest. = The behavior is shown graphically in Fig. II-1.
Damping affects the turn-os}er point but not the general nature of the

photodielectric characteristic.

CAVITY PERTURBATION MEASUREMENTS

The change in er' (w) induced optically or thermally, can be
measured by placing the sample in the maximum-electric-field posi-
tion of a microwave resonant CaVity and observing the corresponding
frequency shift induced on irradi_ation by light. ~ Slater's Perturbation
theory34 can be \ised to relate the frequ’ency sﬁift af obtained on in-
sertion of a sampvle of volurﬁe Vs into a cavity of initial frequency f

1:

Af (to'fl)./;/ EoEy dV + (k- “o)f \Y% If{oHl dv
F s . | s
=

| 7 3
] ﬁ/c(‘oEo + wH %) av

(2.23)

where V_ is the cavity volume, E and H the electric and magnetic fields
respectively. The initial values are denoted by suffix o and perturbed
values by 1. The range of validity of the above equations has been

discussed by Slagsvold35

et. al. Forthe experimental conditions en-

countered af/f, is less than 10" and (2.23 isvalid.  The right hand
side of (2.2) denotes the fracﬁon» of the .to_tal electromagnetic energy in
the cavity stored in the sample;_ it is _denoted by G, the "ﬁilihg factor"”

of the cavity and is readily determined experimentally, using the relation
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Free Carrier Dielectric Constant,
Cavity-Frequéncy Change (af)

r=h
3
[{1]
g | a3

t

FIG. 11-1 Free Carrier Contribution to Dielectric Constant

and Resulting Change in Cavity Frequency as a Function of [a w p2
~a is Defined Above and “ is the Plasma Frequency. The Dis-

continuities at aw ? = 1 will be Rounded Off in Practice Due to

Losses and Non-linearities.
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TA_f -2 _1lg o (2.24)
" |

Using (2.23) and (2.24) it is a straightforward procedure to show that

when er' (w) is changed from el'(w) to eé' (@) by illumination, for in-

stance, the cavity frequency f1 shifts to f,, given by36

2L - .G [le- - ;1.-] (2.25)
2 P

The above expression is strictly valid when ¢' > ¢, but it is.
accurate enough for the situations encountered experirnéntally.

| . Fig. II-1 shows the théoreu‘cal freque_ncy'Changes_ expected
when the., électron density is increased in a-_:simple' system described
by (2.19). The sharp &ansition at awpz' = 1 will .in actual prac-

tice be broadened out due to inevitable dissipative mechanisms.

HOT-CARRIER PHOTODIELECTRIC EFFECT

| I‘n many practical situations, it is not valid to suppose that
T is energy-independént. Thus, in a cavity with high electric field
or in a photodiode, where the depletion region fields are normally
several Kilovolts/ cm,} this approximation is quite invalid.  Under
these conditions, the susceptibility contribution by free carriers i.s

" modified and may be considerably different than that predicted by (2.11).
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l'he free carrier, can in fact then contribute a susceptibility of the

same sign as the lattice, as has been observed by Gibson et.. al. in

’ VHGermanium ait_77°K; The 'vtheor-y of this effect is outlined in ,

. Appendix II.



CHAPTER 1II

PHOTOEX CITATION AND RECOMBINATION KINETICS

INTRODUCTION

Chahges in the dielectric constant and conductivity produced
by incident photon flux are ultimately caused by a redistribution of
electrons and holes among the available states in the enérgy band
structure of the semiconduétor, - Recombination of photoexcited car .
riers, inéluding trapping, is the process by which the equilibrium is
restored when a semiconductor samplg is-illuminated. The kinetics
of excitation and restoration are, in general, very complex because of
the simultaneous interaction of several active centers in the s.blid. In
addition,' ;lue excited vcarriers often_ acquire energies .far above kT, |
where Ti ié 'the temperéture of the material. Under these circumstances,
general analyses are impossible or unwieldy. It is usual to assume
highly simplified energy level schemes and Kinetic mode;ls'.  Such
theories of recombination} and trappirig are readily accessible in the

19 In this chapter, some simple models, germane to this

literature.
research, are summarized, The theory of hot photoexcited electrons

will, however, be presented in detail.

MECHANISM OF PHOTO-EXCITATION

In most of the experiments performed in this work, He-Ne

laser light was used to excite the semiconductor. It is important for

25
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'FIG. HI-1 Illustrating the Transitions Involved
in Intrinsic (I) and Extrinsic (II) Photoconductivity.



the analyses to follow to determine fhga typé -of photo-cén(;uctivity it

gives rise to, viz., fundamental band-to-banc}, or impurity ionization.
These two transitions are labeled 1 and II respectively in Fig. III-1.
Consider transitiqn II as a possibility. The theory of photoelectric
absorption of X-rays developed by Ha1137, using a quantum-mechanical
treatment,‘ has been applied by Fan3,8 to study inﬁ-ared absorption in
semiconductors. = Fan has derived the following expression for the

cross-section of photon absorption by localized states:

2 2 v—

a _ 1 10 =~ he iy 4 “i
-5 2 T owr 6 T e

where o is the absorption coefficient, N is the concentration of im-
purity atoms, n the refractive index of the crystal, Ei the ionization
energy of the impurity state and Y the corresponding frequency.

v corresponds to the photon frequency. f is a function defined by
f(x) = exp (-4x tan'lx)' / [l-eXp(?an)] (3.2)

Eq (3.1) is based on the fact that the matrix element connecting the
initial (bound) state to the continuum also decreases very rapidly with
photdn energy in excess‘ of the minimum ionization energy.

- For photon energies much greatér than impurity ionization

energies, as is the case for GaAs excited by He-Ne light, (3.1) re-

27
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- duces to

e - 520x107 g Byovy 85 G
N  n’ m E =)

- o |
Substitution of the appropriate values reveals that for impurity ioniza-
tion energies 0.25 eV the absorption cross-section per atom is

-19 cm

1.5 x 10 The intrinsic absorption coefficient for He-Ne light

at liquid He temperat_ures39 is 3. 8. x 104 cm,fl. or approximately

4x 1022 cm! per lattice atom. Thus, impurity phot'oconduct:lvi‘ty is
small compared to the intri‘nsic (band-to-band) proces‘s. For the
shallow donor. energiee of a few meV impurity ionization is 'complétely
negligible. Hence, we may treat. the excitations produced by 63288
light as bemg band- to-band resulung in formauon of an elect:ron-hole
pair for each absorbed photon. |

In n-vtype’ GaAs, free hole lifetime is':several‘orders smaller
than .elect:ron lifetime at room temperature, due to rapifd»capture of
holes by electron-occupied traps. As shown by Nasledov5 et. al., the
| hole lifetime for the drops vary rapidly as temberature is lowered.
This results in strongly asymetric electric conduction b& the two
charge carriers, end the conﬁribixtioh of holes may be negleeted et low
temperatures. In the aﬁalyses to follov_v, exc'itau‘oﬁ by He-Ne light |
W1ll therefore, be taken as causmg urnpolar (electron) carrier genera-

tion by process I in F1g III 1
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HOT-ELECTRON TEMPERATURE

In most analyses of photoconductivity the tacit assumption is
generally made that the photo-excitedlfree carriers are in equilibrium
: witﬁ the lattice and have the same temperature as the lattice. While
this is incorrect, the errors introduced at rodm'temperatﬁre are small.
It is not at all obvious that thié will be the case at low temperatures.
The following analysis discusses the temperature of photo-excited
electrons at low samﬁle temperatures.

-Heliurh neon light generates photocarriers with instantaneous

energies given by

i { Binse = 1 By o | (3.4)
where hv E_is' the photon energy (1.96 eV) and Eg the band-gép (1.52 éV).
Fig. III-2 indicates that the carriers are monoenergetic, due to the
momentum!'-conservation conétraint. The 0.34 eV energy coi‘responds
to carrier temperature of 39040°K. These (hot) electrons and holes |
rapidly dissipate their excess energy and equiliszate with thermal elec-
trons, fo establish their equilibrium effecthe témpefature under steady
photoexcitation, The electron mobility and momentum relaxation time
" mom entefing in photodielectric equations-are both dependent on thé

carrier effective-temperature. To arrive at the steady-state carrier

temperatufes it is necessary to examine in some detail the rate




Conduction Band

A

Valence Band

FIG. 1lI-2 Energy Band Scheme of GaAs,
Showing Relations Involved in Photo-excited
Pair Production.
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processes involvéci; Thé mechanisms of power tr,ahéfer énd scattering
in polar crystals have been discussed in an __early work by Stratton40,_
and the present analysis is based on it.  Fig. IlI-3 illustrates the
processes schematically.

Power from the laser results in an ensemble of excited elec-
trons. These energetic elecfror‘xs diséipate their energy by two
principal modes: energy loss to the lattice by lattice-scattering and
energy loss to other electrons by carrier-carrier scattering process.
The latter mechanism results in thermalization of the electrons amongst
themselves, with a ''characteristic electron temperature. : An exactly
similar process applies for hot holes.. ' The ,effective'cax.'i'ier tempera- |
tures depend on the balance between optical power input ’ar_ld .ratie' of
energy loss to the lattice. | o |

The dominant lattice scattering mode iﬁvolved is optical-mode
scattering in cése of GaAs. 41 This process is negligiblé at low temper -
atures for ordinary thermal electrons since it requires electron ener-
gies in excess of the optical-mode phonons (e.g. 36 meV for longi-
tudinal-optical phonon in GaAs) to excite such modes.  Thermal
electrons, having energies of the order of kT cannot excite optical

vibrations. Hot electrons, having initial energies of several tenths of

an electron volt preferentially excite these higher-energy modes,
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Excited .
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FIG. III-3 Rate Processes Involved In
Determination of Temperature of Hot
Photo-Excited Electrons.
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In equinlibrium, under optical excitation, P(T'e) the powér per
electron rejegted to the lattice must equal Popt’ the average optical
power received by each electron. T e denotes the effective ;empéra—
ture of the electron:

: P -E ) f
P = L (h” g)
opt - Vhuvn

‘(3. S5)

where PL 'is the laser power, .ab'sorbéd by the active volurhe YV of the
semiconductor, n is the electron concentration, h» 'is .the photon energy,
. and Eg the energy gap. The factor f is the fraction of PL that is
absorbed by the electron system, viz.:

c..n | : T
n +nc* o | (3.6)

n.* is the density of electrons at which photo-ekcited_high energy elec-
. trons lose equal arhounts of power to the' lattice by optical-phonon emis-
sion '_and to the other carriers by scatterin'g. _Frohlich and Paranjap.e‘}v2
eéu‘matéd the rate of l'osé of power to other electrons by considering}'

the stopping'v power of a metal forj'fast electrons. Their analysis

yields the approximate felation

d -  4x né*4 '
(=) .= 3.7)
t elec-elec @m¥)172.



'where_ e* is en effective electronic charge that tekes into account the
: dielectric polerizaﬁen of the mediﬁm. e has been approximated by

(e*/ Q)_2 = “1;&1 ce);l Stratton has e'xtended the a‘nely[s'ie fur;her'and  :
~ shown that when optical polar--rhode scat_te;ing is deminant, 'fo;r"', mono-
energetic electrons of energy E>>k@ where @ is the Debje‘ temperature, '

*x . N
n, is given by

n* = % | IE k6ln [2 (T) 1/2] (3.8)
e

c .
Eo is an effective electric field given by

E, = m*qkeh{2 [:1- - _1.] R

(o] e
0

€ and e beir?igE the high frequency and static dielec&ic constants, re-:_
‘spectively. In the case of GaAs, 8 = 400, ¢, . = 10.62, e=12. 6, |
and E is 0. 34 eV when He-Ne -Iight:'is. used. | Subsututmg these values
in the above equations.,"yields the reeult n c =5x 10 7 3 " The
density of electrons in theée experiments is at least two orders of _rnag‘-.
nitude lower than'nc-* and Eq. (3.5) can be reduced to

P, x0.34

P = - o : '
ot Vxl.9.6xr'1cl'l | < - G.9

The active volume of the material is difﬂcu‘l;_to judge pre-
cisely; the depth can be taken as the Debye length; the laser spot on

T 7T " the sampleis 'approximate'ly“()__: 15 cm., Itis appar ent ‘th’ar;as- the —— _“" o T
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sample temperature is raised, the background thermal electron concen-
tration risés, the Debye length decreases, and the active volume
shrinks. The increased electron tempefatures that this would entai_l
are, however, partially offset by the larger number of electrons shar-
ing the laser power. |

The power rejected by each electron by polar optical-mode-

3

scattering has been shown by Conwell4 to be given by

2]

2k0 8.1/2, 8 . |
Ko "2'1:)'“"92—1‘63] (3.10)

P(T,) = (23 Y2 gz, exp@—‘l) [(1—;)

where Ko is the modified Bessel function of order zero. This rela-
tion expresses the expected fact that optical-mode scattering depends

strongly on electron temperature. Eq. (3.10 can be simph’fied to

PT) ~ 8.7 x 1078 expr (32) (3.11)
e _ Te _

Equating_Popt.in Eq 3.9 and P(T,) from Eq. (. 1.1) yields
the equilibrium electron temperature.  Fig. IlI-4 shows the calculated
values of electron temperature as a function of incident light power for
various sample temperafures. The latter affects the Debye length, and
hence the volume V., |

It is apparent from Fig; IlI-4 that under actual experimental
conditions the electron temperature is considerably higher than the ‘lat-_

tice temperature at very low temperatures. Ultimately at higher
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FIG 111-4 Theoretical Electron Temperatures T
As a Function of Incident Optical Power, for
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temperatures the electron temperature equals the lattice temperature.
Because of the logarithmic dependence of P(Te) on Te the above curve
is not affected much by parametérs s.u'ch as active volume, etc.
Before utilizing the values of Te derived above to determine
the appropriate momentum relaﬁcation times, it must be verified if the
concept of electron temperature, as used above, is valid. The con-
cept of ef‘lfective electron temperature is valid only if the energy dis-
tribution iis Maxwellian. Conwe1143 has shown that wﬁen the princi-
pél energy‘i(-loss mechanism is polvar bptical-mode scattering,‘v a Max-
.wellian dist:ribuu‘on.exis_ts if the carrier density exceeds a criticél
value nmill given by |
n_.o = Iql E_ k6 (g),‘ 1/2 2xe" 1 exp(-—,le,—) (3.12)

N

where (e*/cj)2 = 17¢, € being the mean dielectric constant. . Other

parameters have already been defined. Taking T to be the maximum

i _
electron t{amperature of interest, 'nmin is 1013 cm 3. This density is
exceed bylphotoelec_trons at 100« W level at 4.2°K and at lower power

levels as temperature is raised and electron lifetime increases. Hence

the calculations of electron temperature are valid.
Although hot holes are genérated by light, their lifetime is

much shorter than that of the majority carriers; therefore, the hot-hole

population can be neglected. The ’equatiAons presented in the foregoing

{
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‘can be used to compute hole temperature if the appropriate effective -
| ’ . L i
mass of holes, mh, is substituted for m,.

The momentum relaxation time, 7 corresponding to Te

o mom
can be derived theoretically; it is, however, physi(:ally correct to -
obtain T mom for a given electron temperature simply by feferring to
the curve for mobility-vs-temperature (Fig. V-1) the same samgie;
(i.e. lattice) temperature. In this case the roles of lattice tempera-
ture and carrier temperature are inAterchanged‘, but the same scattering.‘
mechanism holds. ‘H_ence for photoconducti\iity calculations the values

of electron mobility so derived are used; for photo-dielectric computa-

tions the corresponding  are given by. T mom - qi4/m”*.

RECOMBINATION AND TRAPPING . -

A simple:model of re_combinatieﬁ and trapping, germane to
the discussion in Chapter.V, is sihgled‘ out for ana‘ly'si,’s’ Al.lere._ Bube1,9’
Ryvkin20 and Rose}? have discuss_ed' the general photoelectronic theory -
on which these models are based. Fig; [II-5 shows the energy band
diagram of a semiconductor with two dominant levels, viz. a shallow
donor-like trap located at an energy Etl’ below the cendﬁction band
and a deeper, acceptor-like trap at energy Et2 above the valence band.

The word "trap" is used in its most general sense; the same level can

also act as a recombination center, depending on the position of the



p Conduction Band (N, n, VVn)

c
' Etl
Electron Trap
npt'vnRht
I O Y e
. Hole Trap _ t2
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R
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Valence Band (Nv' P, vp)

FIG. III-5 Shown is the Energy Level Model for Use

When Both Hole and Electron Traps Exist. Direct Band-
to-Band Recombination, Thermal Emission from the Hole
Trap, and Sub-bandgap Optical Excitation are Neglected.
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Fermi level and‘ excitation intensity.  In Fig. III-5 it is assumed that -
" the Fermi le\;el lies below the level " Eﬂ. In this case it is assumed

_‘that the probability of re-emission of:-a'n electren captui'ed by this level
R - to 'the conduction band is mueh ;highef than that of captufe. of a hole at
that center i.e., the cehter is not assuming therolé_ ef a reconibina_tion-
center. | |

Upon irradiation W1th light, carrler-pa1rs ’are generated at the

rate G. Assume rhat the capture cross section for holes by centers
at Et2 is very high so that there_ is virtually‘ instantaneous. trapping of
these minorify carriers, with hegligible recombination at eleei:ron»traps.
This situa.tion: is very similar to that which obfains' in_good lumineseent
phosphors sucihf as CdS. Electrons proceed to both thé conduction band
and also to shallow electron traps, Et.lv': When the Fermi level is below
En ‘
tion band, and electrons circulate back and forth. The rate: equanons =

there is good '"thermal contact” between centers E"1 and the conduc-

- for the system in the steady-state can be written down as follows:

T tl/kT -n(N, ;n) S . ‘R | |
dt Stn _vn nt pt Ynnt (3‘13)' :
dn | - -E_/kT =
Y —0=n(N- - L 3.14
T =0 ‘r.1.(Nt> nJ v, S - Mrpe P v, Rpt | ( ‘)
P -G -pn v ; . | 3.15)
s a-e-,u.aw._..,-.-ﬁ..,-_.-,.q_ .ﬁp p Rpt p (P pt) v pt A-‘--_-.,.__._‘(. S ) e e



dpt
ppt pt n nt

where the terminology is ae follows:

G: optical generation rate of carrier pairs

'n,p: densities of free electrons and holes respectively

Nt’ Pt: density of electron and hole traps, respectively

n, P, density of electron- occupled and hole- occupled traps,
respectively

’ v : thermal (Fermi) velocity of electrons

Snt:' capture cross-section of shallow trap for'elect:ro'ns

R t: recombination cross-section of above center for holes
Pl when it is electron- occup1ed

vy attempt:-to-escape frequency for electrons

41

= p® -p) V) Sy "n VR | (3.16)

In equaﬁens (3.15) and (3.16) it ie assumed that the hole trap is deep

enough so that thermal re-emission is not a probable process at the

temperatures of interest. If this assumption is removed, ‘additional

terms similar to the second term of (3.13) appear in both the above

equations.

,Rosezo has shown, using a detailed-balance argument that the

attempt-to‘-;escape frequency “n is giVen by

v =NV S o | @.17)
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- i . r‘ - ' .’ . M " ’ . . .. T . B o .
where' Nc’ the effective density of states in the conduction band is

* . . : :
_ o 2Im kKT | 3/2 _ ' ‘
N =2—F5—) " y | (3.18)
and
v = (&L V2 o (3.19)
1 m T

In Fig. III-5 the transition from the conduction band to the hole.-'trap,-
at the rate nbt v R represents the rad1at1ve recombmauon process

‘obser»ved in pure GaAs at very low temperatures by several worl<ers.16’17

It is interesting to note that the competing non-radiative recombination

process is the transition from the electron trap to the valence band,

whose rate is pmtvp Rpt - This process works essenually by depletmg
the hole supply.  The ratio of the radiative to. non-radmuve processes,
or the "efficiency of 1urn1nescence is thuszz |
cOVR_ vS '-Etl/kT" | o
= [1+ BBt . mAL . _ne ] (3.20)
Va'nt Vo pt EtZ/kT R
which simplifies to . : |
| RS n (B E)/kT -
© Tntpt D o o

The above equation is important when the mater1a1 is used in applica-
tions such as lasers or in phorolummescence _stud1es.
Returning to the rate equations, a few observations can be

-—---made;- -The deep-hole-traps- fill-at a linear rate (after a rapid initial =~~~
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transient) and until saturation of those traps is achieved, no direct
electron-hole recombination is possible.
The transient response of the photoconductivity can be easily

determined by noting that

3 m+n) = G --;; | (3.22)

where Tn; the electron lifetime in the absence of minority carrier trap-

ping, is given by

_ 1 |
" T Nvs- | (3.23)
t n"nt _ : |
. n _ Ne  “Ey/kT ‘ g
Noting that — = N © , the solution of (3.22) can be simpli-
oo c | | ,
fied by S | .
. U .
n = G- n (1 -e r) - (3.24)
where the response time " is -
Nt
rr = Tn 1 + 'Ed/kT_ (3.25)
N e
C
or, approkimately (‘71')-1 = N_v, S, e E/KT - (3.26)

.and it can exceed r n by many orders. This is an important manifesta-

tion of minority-carrier trapping. @ The same T also governs the decay



44

rate. The decay éurvé is in geﬁeral non—.expoﬁential becausé of the non-
"linear nature of the r'ecorhbinatidn. Howéver, when n, %< Nt' the de-
cay is quite close to being exponential.
A simple extention of_ the aboye analyses can be made to
yield the steady state phdtoconductivity in the presen‘ce of trapping.
When there is a great disparity between electron and hole lifeﬁmes, | the
‘ : I

desired result can be approximated by using the response time instead

of "true". lifetime rﬁ in the equation for conductivity, viz.
A0 =G qu B 3.27)

where‘ the hole cbntribuﬁon is neglected. 'At h'igher' témperatures when
the dark Fer‘rh:i level drops much below Etl'f the above analyses get com-
- plicated by thev fact that Etl cénters chénge their role. -'The analy»sié_

of that case is best handled by Shockley-Rééd. statisﬁés and will be dis-

cussed in Chapter V.




CHAPTER IV

EXPERIMENTAL TECHNIQUES .

The sensitivity of photodielectric measurements is limited
prim'arily by the .ability to determine‘small changes in the frequency
and absorbed power of the microwave cavity ‘containing the sample.
Since the cavity "Q" determines the frequency resolution of the reson-
ator, there has been considerable effort by Hai'twig and cowofkers22-25’45
to exploit the high Q'hs possible with superconducting cavities, and Q's
well above 106 have been used by them in sensitive cavity measure-
ments. .In addition to high Q, another requirement of a practical
photodielectric test system is the ability to track frequency changes
automati‘cally, especially for transient measurements. These two con-
sideratibﬁs, among others, dictate the use of a caVity-Conu'olléd! stable
oscillator. = The principal features of the oscillator system are pre-.

sented in this chapter. In addition, the practical considerations in-

volved in photoconductive and noise measurements are outlined.

X-BAND PHOTODIELECTRIC SYSTEM _ .
The X-Band Cavity-controlled Oscillator is the heart of the in-

strumentation scheme.  Fig. IV-1 shows in schematic form the setup
used. The microwave cavity is the main sensing element, and its

design features are outlined below.

45
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A. Microwave Cavity

The resonator is a right circular cylinder '(Fig. 1IV-2)
machined from solid electrical-gi'ade copper stock. The cavity is
designed to operate in 'thé TM020 mode. In ﬂx‘is mode, the electric
field is normal to the cavity floor and its maximum coincides with the
axis. This allows for a convenient positioning of the sample (cen-
trally on the bottom) for optimum sénsitivity. Light is shone on the
sample through a 3/16" diameter aperture in the top cover plate.
Since substantial éurrents flow through the contact between the top
plate and cavity lip, the design emphasizes good pressure contact
between the two by a tapered lip and use of a rhreaded lock ring.

All interﬁal suffaces are machined as smooth and true as possible

and broﬁght to a high degree -of polish, in order to maximizg the

cavity Q.‘ Two magnetic coupling loops, f’nounted on retractable dumb-
bell-shaped teflon forms are used to couple .power in and out of the
cavify. The loops pass rh_rough_ small apertures in the top plate at
points where the magnetic ﬁeld.is about 0.7 times the maximum

value, The travel of the probes alloWs for a coupling factor varia-
tion from 0.01 to greater than critical cqupling.A Tight coupling is
necessary to sﬁpport oscillation in presence of the ldssy sarﬁplés.
Additional variation in coupling is possible by orienting ;he loops with

respect to the magnetic field.  The bottom of the cavity is threaded



48

SO as éo screw into:.a shroud or vacﬁum chamber; t;_hermal contact W1th
the latter is improvéd by use-of high—condﬁcdvity grease‘ at the inter-
face. B |

| The nominal resonant frequency of the empty cavity at 300°K A
is 9.02 GHz for light coupling. The loaded ‘cavity af 4,2% _' resonates |
at a soxhewhat lower frequenéy.- Typically, a 1/8" diameter 0.102"
thick GaAs sample exﬁibi_ts a G(filling) factor of.1.5 x 1075, With
‘lig‘ht coi.lpling the principal TM,, mode dominates and it is séparated
by more than 100 MHz from adjaceht interfering modes. However, at
low temperature the loaded cavity requires the coupling loo;.)_s. td be in-
serted in deep ,. enough to cause spurious (unidentified) modes to pfqpa-
- gate. Extreme caution is reqﬁir’ed_ tp'ensure that the (S_scillatOr_ has |
not "latched-on" to a near-by spurious modé. | Thé only'lmani'festatio‘r'l
of this effect is no photodielectric frequené§ shift on illumina‘ti'on;- the
electric field of the spurious mode is oriented differently but thev ﬁ'e;
quency is close to the correct mode fréquency. |

The Q of the cavity is limited mainly by the sampié losses and

radiation through the central aperture.  Although thé top_plaite is made
1/4" thick to reduce aperture losses, they are still approximately equal
to sample losses. The empty cavity, lighﬂy loaded has a Q of 9000
at 300°K; without the aperture it is close to the theoretical value of

18000. The loaded resonator at 4.2°%K has a Q of 3000 to 5000
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depending on éouplihg. " The high stability of the oécillator, result-
ing par_tly' frdm tight coupling compensates Qf’or the low Q of the éscilf
lator, since the "effeétive Q" of the system is f/af. | ’i‘ypically, thé
"effective Q" of the overall feed-back system 1s 9 x 106. Further-
more, the low Q of the cavity pei'mits a response time or time con-
stant (7= Q/ w.f) of approximately O;2 microsecond. ’_ 'I"his low re-
sponse time permits study of rapidly decayiﬁg phehomena-in the semi-
conductor being studied.  Since the cévity Q is already strongly limit'ed_
by sample and aperture losses, and operation is desired at caVity
temperatures up to 20°%K or higher, no advantag.ev exists in .the _.uée.'of ,
 a superconducting cavity. | -

In 6r.der to preclude non-‘liheér effects due »tb,carrier heating
by the electric field, cavity input power was 'maintéinéd_leSs‘thah lmW
The -maximﬁm electric field E0 1n the cavit'y _Was -cbmputed f:rbfn mé- _
relat:ion46 | | o |

_ ra
in =~ 4 2
1

2 2 ' ' '
E,"R JK a [h + 4] 4.1)

where a is the cavity 1;adius, " is the intrinsic impedance of vacuum,
h the cavity height, RS the surface resistivity Vo'f copper, and ]1 i:he. |
Bessel function of the zeroth order and first kind, apd (Kca) is 5.5 for
mode. |

the TM020
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Eq.. .(4.1) can be simplified to

E, = 4.3x 10-5\/"QPin volts/cm “4.2)

~The maximum field was ;maintained well below 0.01 volt/cm.

The cavity is fed by thin-walled stainless steel waveguides
which minimize heat conduction and keep liquid Helium evaporaﬁon low.
Teflon carriages, carrjring tﬁe magnetic coupling probes slide in these
guides; their position is controlled by rotating a central tube, which
serves also as a light pipe. The assembly is placed in a vacuﬁm'
chamber which is immersed in the Helium bath.  Mylar-sealed micro-
wave flanges make the 'aSSembly vacuum tight.  The assembly is con-
tained 1n ;a 6" 1.D. stainless steel Helium dewar. A heater oﬁ the
cavityris-used to. alter the cavity temperaturé‘. Cavity terhiaeréture is
- monitored by a -calibrated carbon resistor and a 'Au-Co'; Cu &1érmo-

_‘ .couple. Fig. IV-2 shows thé details of the cryogenic cavity assembly.

B. Microwave Oscillator
The variation of cavity susceptance with frequency forms the
basis of the discriminator. The system, shown in Fig. IV-1, is es-

47. A good analjrsis of the system is

sentially similar to »thaf of Pound.
done by Albanese. 24 A Varian X-13 klystron drives the cavity via an
adjustable attenuator.  This attenuator is needed to prevent "pulling"

of klystron frequency by the cavity. The discriminator génerates a
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signal proportional to the instantaneous frequency error between the

source and the resonator. This S1gna1 is amphﬁed apprommately

3

10° times by two low-noise hybrld operatxonal amp11f1ers and the re-

sultant signal modulates the repeller _‘potehttal of the klystron, via an
optically coupled isolator, to cortect the frequency error. Thé band-
width of the dc amplifiers limits the ttansient response to approxi -
mately 8 milliseconds. The amplified output of the discriminatot‘ is
directly proportional to the desired frequency shift.  Pound has ‘shown
that the discriminator output voltage V is given by |
v=pDp —22_ (4.3)

(1 +01)2+a2

where a is ‘the coupling coefficient, P is the pOWer avai‘lable from the'

matched generator connected to the d1scr1m1nator, ais 2AfQL oad’ and

,'D is the rectlﬁcauon efficiency of the detector crystals The hnea_r

47 that optlmum

range of the system depends on a; it can be shown
system stability occurs at « near unity. When fast transients have to
be studied, the _output'of the disc:rimih’ator_ is viewed dlrectty on an
oscilloscope. | | |

Several factors affect the attainable stability of the osciliator‘.

The most important one is slow "flicker" (I/f) néise in the detector

diodes. Use of Schottky-barrier (D5880B) diodes 'reduces this contribu-

tion-by -about 6dB. ‘Other factors are: operating ‘power 1evel “amplifier
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1/f noise, mechanical vibration of the components esi)ecially the dewar
and cavity, and temperature variations of the cévity. Under good
operating conditions a ‘A_'f of IKC is achievable readily at 9GHz. This
resolution is adequate for many experiments.

A PINdiode switch enables microwave power to be rapidly
interrupted, for cairity Q measurements. He-Ne laser light, from a
Spectra Physics 1_25 Laser is direct by a system of mirrors down
through the cavity aperture on the sample. The intensity is varied
by a variable analy_ser-bolarizer assemblj; approximately four orders
of variation are obtainable in conjunction with added filters. A Spectra
Physics light meter is used to calibrate optical power levels. For
transient measurements, light can be mterrupted by two means: a
camera shutter for study of slow transients and an electro-optlc shut-
ter for rap1d transients.  The latter is b1ased to 10KV via limiting
resistors;. a mercury relay shorts-out the bias, 'whent necessary, to

generate a sharp light pulsé edge with rise time of less than 10-7 secs:

HALL MEASUREMENTS

| Carrier concentration and mobility as a function oftembera-
ture were détermined by Hall measurements\on clover-leaf shaped
samples using the Van der Pauw technique.él8 Ohmic contacts were .
applied to the sample by alldying-in high purity tin spheres in an at-

mosphere of Hydrogen.  This essendally renders th¢ underlying



; regioh NT by incorpprating SnA on Ga sites. Fine wires Were 'soldered;
onto the spheres. The electric field across the sample was main-
taiued lewer thian 1V/cm to prevent the impact ionization of impurities
occuring at 3 to 5 V/cru at helium _temperatures. The contacts were

approximately linear at 4.2%. A constant current source of 1uA

facilitated measurements.

PHOTOCONDUCTIVITY MEASUREMENTS

PC and spectral response measurements were performed on
the samples as prepared above. Care was excercized to minimize

surface recombination by etchmg the surface hghtly in a- HZSO 4 H202 |
: I; .

etch for 15 secs prior to use. . For low temperature measuremerits
the sample was mounted (on a copper heat sink) inside a brass "thimble"
located at the end of a thin-walled stainless steel tube. A fiber-optic
light pipe illur_rzlinate‘d the sa‘mple.“ A 1/8 watt carbon resistor was
used as a ﬂuerulometer. The ’arrangement is shown’rn Fig. I-V-'3.

‘The assembly was inserted 'directly in the liquid He dewar and tempera-
| ture adjusted by retracting the tube into the He vapor by su1table i
amounts. Sample heating by light was less than 0. 2501( for light
power up to 3mW. A low field was mamtamed across ‘the sample

. 4
both to preclude impact ionization 9 as well as to prevent minority

carrier sweepout effects. 50 The use of a very low noise, h1gh gam
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PAR 113 preamplifier made low-level dc measurements possible. The

- optical system used was the same as for PD experiments; for spectral

measurements a ]arrel-Ash' gra_ting monochromator was used.' ‘For‘
light "bias" experiments, a smaller 0.8 mW Metrologic pulse-'modulated
laser was usetl as source, and the larger laser for .setti»ng ‘the bias.
Both light sources were directed onto 'the‘ _Iight pipe By a simple opticai
‘arrangement. For noise measurements, the scheme used was basically
the same as for PC except for the use of a HP312A wave analyser, and
a 4-sec time constant filter coupling its output to a wideband milivolt-

meter.

PROPERTIES dF GaAs SAMPLES

Table IV-1 lists for reference the principal properues of the

high purity GaAs under study. Room temperature properues ‘were

determined by Hall as well as d1fferent1al capacnance measurements 51
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TABLE 1IV-1

CHARACTERISTICS OF SAMPLES USED

SUBSTRATE: Cr -doped Seml-Insulating GaAs
Resistivity 300%K > 10 Q-cm

EPITAXIAL LAYER: 57-60 m thick, undoped; grown by vapor-
"~ 'phase from ASH3-GaCl3 H2 reaction open-

tube process

CARRIER CONCENTRATION: (C-V METHOD): NO(BOOCK): 6 x 1013 |

Hall Measurement: 300°K, : 6 x 1013

MOBILITY: - “300%K : 7800 cmZ/V-S -
“77°K : 100,000 to 130,000 cm? /volt-sec.

SAMPLE SIZE: 1/8" diameter x 0.015" (typical) o

CONTACTS: on clover-leaf geometry samples:

SURFACE TREATMENT: ngh pohshed as-grown, etched in 1:1

HZSO4 H202 15 sec.




CHAPTER ' V

EXPERIMENTAL RESULTS AND ANALYSES

INTRODUCTION

Experimental data on the two types of n-type GaAs samples,’ |
~ whose properties are listed in Table IV-1, are pr‘ese_nted in this chapter.
Hall effect data are discussed first, in order to lay the groundwork for

‘interpretation of photo-conductive and‘p‘hoto-dielectric data 'te follow.

' HALL EFFECT MEASUREMENTS

Hall effect measurements performed en the clover-leaf van v'der -
Pauw samples}in Athe range of 4.’29K to ;77°K are shown 1h Fig. V-lt
The carrier. concentration was derived from the Hall constant by using
Blakemore's eixpression52 for .the case of a single “donor species of

density Ny, and partly compensated by acceptars of density N A

n(NA+n) _ Nc - =E

| D, |
Ny-Nn -g— exp () - (5.1)

where n is the carrier concentration, ED the donor ionization energy,
g the degeneracy of the donor level taken to be 2 0 and N the effective
density of states at the temperature T The solid curve is obtained
by fitdng the experimental data to Eq. (5.1) as»discussed by Putley.53
The material is ‘seen to be quite closely compensated; the detlsity of

58
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residual donors in the epitaxial layer is ND =2 X 1014 cm_3 -and that

of residual acceptors is 1.4 x 1014 cm-3. - This’ material is several

: vorders of magrﬁtude purer than undoped bulk GaAs, and»repi"esehts the

state-of-the-art of vapor-phase grown pure n-GaAs. One measure of :
the quality of the material, often used, is the electron mobility at 77%K.
In this materieil, it is,approximateiy 130, 000 cm_2/vs, which compareé
favorably with -about 150, 000 cm2/vs, the i)ures_t material reportéd by.‘

Lincoln Laboratories. 54

The donor ionization energy, derived by curve-fitting, as men-

3e\/‘,’_ which~_,corfesponds to a

tioned above, is approximately 4.95 x 10~
very shallow residual donor. - This procedure . of deriving'the donor -

activation energy is liable to be quite inaccurate. = A much more di- - .

rect and accurate procedure, using a non-contact technique is discussed -

under Thermally' Stimulated Suscéptibility changes. The value of ED

~ obtained agrees reasonably well with ‘the value 0.006 eV calculated on

the basis of a hydrogenic model for the effective mass and dielectric

constant of GaAs.S4

later. Fig. V-1 shows clearly that up to temperatures as low as 20%

~ appreciable donor de-ionization does not occur, and the carrier con-

‘centration decreases rapidly with temperature only below about 20°K.

This is a consequence of the very low ionization energy of the donor.

The Hall constant increases monotonically with decreasing temperature,

The nature of this donor will be commented‘upon, :
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and do-es‘ not saturate or decrease; T_his'indicvatesw that impurity-band
conduCtionSS does not take place in this material. The onset of im-
purity band condubtion at very low temperatures occurs when the. donor |
density exceeds a certain c;ritical value in compensated materials; the
large electron orbitals of 'th'ellight electrons, in materials sﬁch -as
GaAs, begin to ov,é'rlap‘wim each other if the density of donofs is suf-
ficiently high. In bulk-grown "undoped" GaAs (or the lesser purity
epitaxial CaAs) onset of impurirt'y-'band conduction is clearly in evidence
at a temperature of ZOOK.

Mdbilify data, derived from Hall and electrical conductivity
measurements are also presented in Fig. V-1. The genefal features
. of the mvoll")ility-temperature curve agree with theory. 56 _On-l()v&ering
the temperature below 30001(, tﬁe'mobility increases due to re‘dﬁCtion
in polar—optical. mode lattice scattering i.e. polar interaction of charge
‘carriers with the optic;ell lattice vibrations. At very low temperatures,
ionized-impui'ity scattering limits the rhobility. ' The latter mechanisfn
is described27 by naTB/ 2 with the result that the mobility peaks in the

vicinity of 50%K. The temperature dependence of electr_dn mobility in
57 "

Lattice mobility varies as
-1./2N1-1T3/2

GaAs has Beendiscussed-by Sze.

(m*)-s/ ZT-3/ 2 and ionized-impurity-scattering as (m*)

so that the overall mobility, which is a parallel combination,»v is given

* -

by na (m ) 3/ 2T1/ 2. This relation is. approximately borne out by the
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curve m Fig. V-1.

In photodielectric experiments, the momeﬁfum relaxation
time - appearsl as an important’vari'able, and determines the magni- |
- tude of frequenc':y‘ charges obserx}ed. |

. . .
It 1_s:related to mobility by T mom - qu/m ‘\yhere b is
* - .
the mobility in ‘metersz/volt—secc)nd, m is the effective mass of free

electrons (m = .(_)65 m. foxj GaAs) and q the electron charge.
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STEADY -STATE PHOTOCONDUCTIVITY

A, Spectrél Response

Photoconductive (PC) as well as ‘photodielectric' meesurements
reflect both surface and bulk pﬁenomena. In attempting to study the
latter, surface effects must be suppressed as much as possible. Al-
though careful surface-etch procedures were done in order to'rec_luce
surface recombination, it cannot be elirrlinated. It is desirable, at
the outset, to estimate the relativ}e extvent. of surface effects in the
experiments. Spectral response of photoconductivity can be used for
this purpose. | Fig V-2 shovts the small;-signal' PC spectral response
of ep1tax1al GaAs at 4.2°%. The sharp. peak in PC at 8170 A 1s close
to the exc1ton absorption peak at 8190 A reported by Sturge. 39 There
is no other structure to the curve, 1nd1cat1ng the absence of electromc
trans1t10ns, other than the band-to-band transmons, in the range of
measurement. |
| The ratio of the PC signal peak to the plateau height, .'desig-
nated F, can be related to the surface recombination velocity s, the |
lifetime of minority carriers and embipolar diffusion length L. The
analysis here is similar to that gitlen_ by Goodwin.59 Excess hole distri-

bution in n-type GaAs by strongly absorbed light is described by

A2 _
Dd ap Ap -aX :
-— — = - Gae
de- ™ —_ (5.2)
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where D is the diffusion coefficient, o the 0pti¢51 absdrption coef- .
fiéient a_nd G the optical pair-generation rate. Since n >> p, D and

- L are simply the parameters of the minority carrier.

The solution of Eq. (5.2) is

R 1 |  (5.3)
TR

Ap = Ae‘-

where A is a constant. Use of the boundary condition
D -a—%l:— = sAap a_t X=0

leads to

18P = [ «1 ]
. hv(a“L*-1)

The total photoconductance pH is obtained by integrating Eq. (5.4)

aL2+Sf

P . -x/L -aXx
L+s-rp ‘

-e

- 6.9)

and results in

B 'rp_ [ S‘r'p 1 ] _ .
g -— .
“ph = R +er) 1+ — T¥al ) .5)

where the constant B absorbs geometry and other factors.

When Srp>> L, ‘ph wil} _depend_' upoh wavelength; it will in-
crease as decreases with hv . At short wavelengths a >> 1 /L |
and surface recombination will dominate, decreasing “ph. On the

other hand, long wavelength radiation will pass through the epitaxial
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layer without sufficient absorption, decreasing o Thus a hump in ..

ph’

~ the o, -A curve is expected, and this is seen in Fig. V-2.  The ratio

ph
. F, referred to earlier is given by the term, in the square brackets of
Eq. (5.5). In Fig. V-2, F = _1;13 Dp at 4.2 can be calculated to

be approximately 1 cmz/sec; if T is assumed to be 1 nariosec‘ond,‘ L

P
becomes 0.3 um, which is cbnéistérit with omer'-rneas’ui‘efnen_ts. }Use
of these values in Eq. (5.5) shows : that S is about 7_800'»¢m2/séc, wﬁich
is quite low; this can be expected, 'also;. from ﬁe small hump:in‘__ |
Fig. V-2. The composite lifetime rc‘is »«related to the bﬁlk vlif»e_;i’mé

as follows:

B Tk R X

Subst_itution of'calculated_ values in Eq (5.6) indicates that
surface recdmbination rate is less than 10% of the bulk recombination

rate for the etched GaAs sample.

B. Sub-linear fPhotdconducﬁvity

The fesults of steady-state photbcqnductiirity measurements
are presentéd in Fig. V-3'.and Fig. V-4 " The latter figure is ob-
tained by re-plotting Fig. VI-3 for a constant light'"leve,_l, :léw.'enouéh N
to insure "_small-Si_gnal injection” conditibns\it'l the sample. ‘The. dif- B
ferential photoéonductance was separated frorh the overall sample con?

ductance in a straight-forward manner.
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Two features of’the data vare noteworthy. FlI’St the 11fe-

| f':tlme of the dormnant carrier increases rapidly as temperature rises
from 4. 2°K This is a relatively unusual behav1or Between 4.2%

'I 'and 6001( the lifetime increases by nearly three orders of magmtude

: Secondly, at a fixed temperature the relationship between photocon-
ductance antl exciting light is highly sublinear.  When this eur_ve is
corrected for mobilityyariation with electron temperature (the rela-
tionship bet\;veen light‘ power input and temperature of the excited
"electrons is discussed separately) and replotted as the n -y - curve of ‘
Fig. V-.5,: it is noted'th'at.n is proportional to ¥ ,O’ 34,

| Such a strong deg‘ree of sub-linearity'betvyeen photocarriers
-and the‘ excmng hght is difficult to explain on the basis of conventlonal
- photo-electronic models. Rose20 d1scusses a wide varlety of models
lof sub-linearity, all of which have in eommon the _feature that certain .
trapping levels arev converted into ré_combination .centers as the Fermi
level sWeeps through them with increasingnlight Suoh models, how-
ever, yleld 1nd1ces greater than 0.5 and are not applicable.

To explain the observed behav1or we consider a model of
surface_—generated carrier pairs by Strongly-absorbed light, and subse-
quent diffusi'on of carriers away from the surfaoe. | Since GaAs has an
absorption co-efficient of 3.8 x 104 cm"1 at Alo_w temperatures, light is

absorbed approximately at 0.25 u:m surface layer, making the model
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applicable._y Such a model is also consistent with photodielectric be-
~havior, discussed later. |

At low temperatures, thermal densmes of electrons and holes
are very small compared to opucally generated densities. The re-
combination of the carrier is then quadrauc, i.e. |

dn o _dpy . o2 2 : |
(a?)recomb. --(a-t-) = r(n .‘ni) _’ (5.7)

"where n, is the intrinsic density -

The equation of continuity can be written

%2_ - D :—121 - 'r.(nz- niz)_ (5.8)
. 7 , : ,

where zZ 'is the direction of the diffusion grad1ent D the

diffusmn coeff1c1ent of carriers, and r is given by

r = 5o for intrinsic recombination.

The first term in Eq. (5.8) accounts for .the diffueion of car-
riers away from the surf_ace and the second term-v represents bulk re-
combination of photo-,ex'cited pairs. |

The above equations can be solved, subject to appropriate
boundary conditions, to determine the desired n-y re_lationvship. | The
solution is presented in Appendix I.' The result is, for high light

intensities,
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1/3

n | = (const) y (5.9)

which agrees well with the experimental data. The conditions for val-'._
1d1ty of Eq. s. 9) are not obtained at: low mtensities or high values of -
hfetime, and the index departs from 1/3, as observed. |

Physically, the cubic dependence of recombination rate of
concentration stems from quadratic recombinaticn coupled with a linear
efflux of carriers away from point of generation, | | ‘

‘This sublinearity prevents‘ observation of photodielectric dis-
‘persion characteristics over a wide enough iﬁterval of carrierv density

for He-Ne light.

C. Temperature-dependence of Lifeime =

The strong temperature dependenc‘e of ﬁ'ee-cs.rrier recdmiiina-
tion lifetime as manifest in Fig: V 4, will now be discussed It is
more usual for lifetimes in solids to increase when the materlal is
cooled. The observed behavior can be explained on _the basis of _t:he
Shockley~Read model44 for recombination via traps. It is shown that
the active traps fespcnsible vare,‘ in this situation.‘ the shallow donor
centers themselves. Alternative viewpoints are discussed later. |

According to the Shockley-Read model, the lifetime of car-
riers under low-injectior;-level conditions can be expressed by the -

general equation44
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n '+N . p.t+P
ro= ,0____r<l>+ cm o ..___.._n°+ vm (5.10)
PO Np™Py - o T Po :

The symbols are defined as follows: n, and p, are the equil-
ibrium densities of electrons and holes in their respective bands, NCrn
is physically the density of electrons that would exist in the conduction

band if the Fermi level coincided with the trap level:

N = Nce (5.11)

- aE_ /KT
m
cm _

4 Em being the enefgetic location of the center below the conduction
band. PVm applies analogously to holes. Tho is ﬁhe low-injectionF
level hfgt;ime in a heaviyly doped‘ p-type material i.e. in a situation
where c'ex;jters are all occﬁpied by holes andbreadily capture inj{ecte_d
electrons; | -
= L T ©.12)
ntth 't

where Srlt is the capture cross-section Qf empty centers for electrons,
Nt the density of these centers and Vih the thermal velocity of electrons,
" po is defiped analogously. -

The enérgy Iband scheme of pure ¢pitaxial GaAs containing

the proposed trap, active at very low temperatures,-is shown in

Fig. V-6. When the traps are located in the upper half of the band,
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FIG. V-6 Showing Two Possible Energetic
TLocatons of Shallow Traps Revealed by ' ~
Shockley-Read-Model Analysis-of Photoconductivia( '
Data. Temperature is Assumed to be  >>4.2°K. o
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it can be seen with the help of Eq. (5.11) that

Ncm>> n, >> pvm‘ | (5.9)

Using the -above inequality, Eq. (5.10) reduces, for an n-
type semi-conductor, to |

N

. ' cm
.,r_ 'po (1 + n.o)

(5.13)

The tempefame-depehdence of r can now be e);amined by
tracing the effect of the moving Fermi level position as the tempera-
ture rises from absolute zero. Blakemore52 has discussed the loca-
tion of Fermi level for the case of a semiconductor‘_con‘taining Np
donors, pértly compensated by N 4 acceptors with Ny > N,. The
analysis is somewhat lengthy, but straightforward, and results in the

following expression: EF - Ec = | : (5.14)

kT In 28 (Np-Ny)

ED E

| N Ep .2 - D
ﬁNC+NAexp (ET-)-f- {[BNC+NAexp ('ET')] +48 Nc(ND'NA)eka_T'

where Ef is the Fermi Energy.v
So long as n (< N, i.e. for temperature insufficient to
cause complete ionization of 'the donor atoms, Eq. (5.14) can be sim-

phfied éonsiderably to
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Ef = EC' ’_ED_+kT In [——N—A-—-] (5.15)
For Np= 2 x ‘1014cm-3 » Ny = 1.4x 1014cm_3, as determined from

Hall measurements, and taking the spin degeneracy factor to be 0.5,

Eq. (5.15) can be written

Ep = E, - Ep - 0.54 kT (5.16)

Thus, at aﬁsolute- ZETo température, the Fermi level is:fi-xed
at the donor level. The preséncé of the compehsating spéc’:ies does not. ‘
permit-E; to cross the donor level and move closer to the conduction
band, as'hap'per:ls in an uncorhper_isategi semicohductOr. ) | |

| Returning to Eq. (5..10)  it is noted that at. temperatures ap-

proaching absolute zero, Ncm < ng and 7= r As the tembera-.

| | po’ |
ture is further increased, and the F.e'rmi'level'dr'ops-,- ng rises as
. . o -AE_/KT ._ ~ : .
donors get ionized. N em - N c€ Em/ kT increases exponentially.

When donor ionization is almost completed, Ncm exceeds ng and it in-
creases further as temperature rises. The unity in Eq. (5.13) can

now bé neglected, and

= ~P° . N ' | ’ (5.17)
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Eq. (5.17) can be simplified to

T

3/2

PO N = PO - o QrmkT)V° -AE_/KT
n cm n_- 3
o 0 h
* = constant T3/2 e’ AEm/kT (5.18)

Thus, the slope of In ( r/T3/ 2) --,lf. curve (Fig. V-4) or (photoconduc-
tance/Ts/ 2)--1,1-.. directly yiélds the principal trap eﬁergy.

~ This slope, derived from Fig. V-4 yields an activation energy
of 0.0047 eV. This energy is very close to ED, the ionization energy
of the donor, and indicates that at low temperature the active recombina-
tion center is, invfact, the donor level itself. ‘Such behavior has pre-
viouslyl I;een observed in doped Germanium at very low temper.at:ures.58

: Physical_ly, the donor “&aps" commUni-cate directly'v}ith the
conduction band at higher temperatures: an’ electron daptured by such
centers is much more likgly to be ejected back to the conduction band
than to trap a hole.  Thus, at higher temperatures, the donor centers
simply act as "safe” traps and not as recombination centers. .As the
temperature is lowered, thermal transitions back to the nearest band
become exponentially less likely since less enefgy is availabl}é to over-
come the 0.005 eV barrier. Under the circumstances holes have a

‘much higher probability of being captured. Thus, recombinaton traf-

fic flows through additional (donor) centers and free carrier lifetime
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decreases éxponenﬁally on cooling. = Conceptual tools éuCh as demarca-
ﬁoﬁ levels, etc., used by Rose2? can also be used in thlS situ.atior‘x;l";,
~they are rrierély' alternative viewpoints of the Shéckley-Read model

discussed abbve. | o

Two implications of the above analysis .must be considered.
First, althoug‘h it has been assumed so far that the act;i\re centers are
located close to the conduction band, an equally plausible .model' can be
created for.active centers close to the valence band; in fact, the siope '
of Fig. V-3 does not identfy the band close to which these centers
lie.**  An additional éxperirrierit is necessary to clear the ambiguity.
Such experiments as quenching of photo’-cﬁondinctivitf by _invﬁv'ar'edv radia;
tion can be Jsed. In this case, how;e‘ver,' far‘-IR- ré_diation '6f sevefél— g
" hundred-micron wavelengths would be .required_ i.n ‘vAiew‘ of ‘thé _»low }act_iva-l
tion energy of the traps.  This is preéiseiy whefe the convenience and
power - of photodielectric 'm‘easur'emen_ts can be _uSed to augment other |
data. | - |

Secondly, if the model is 'cbrrect, it predicts increased trap-
ping as temperature rises from 4.‘2°K;‘ Photodielectric measurements
again pfovide a direct method to verify this, “since .trépped-.carrie'r as
well as free-carrier effects alter thedieigactric; cqriétént._ The next

section is concerned with interpretations of such me'asurements.
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STEADY-STATE PHOTODIELECTRIC BEHAVIOR /

A. Thermally Stimulated Susceptibility Changes

| Photodielectric measurements are best discussed by starting
with thermally-stimulated dielectric constant changes, so that compar-
ison may be made with H'all measurements discussed earlier. Ther-
mally-stimulated susceptibility changes are conceptually analagous to
the well-established technique of thermally-stimulated conductivity in-

troduced by Garlick19

et. al., and used extensively to study deep traps
in materials. In that method, charge stored in traps is ejected out
under thermal stimulation; the trap parametéi's are gleaned from know-
| ledge of the temperature of peak conductivity as the temperature is
swept, - “Thermally-stim.ulated changes. in the dielectric susceiatibility
of semiconductors can be introduced in an analogous fashi}_on: in this
case, however, the total frequency change is the relevant quahdty
measured, |
| When applied to study the polarization due to electrons in

shallow donor states, it is convenient to determine the‘ overall change
in dielectric constant as donors are fully ionized. In_ the experiments
performed, the requisite temperature range was not covered. Instead,
the sample was heated by radiation from a carbon-dioxide laser, and

the temperature range 4.2% to 14.8%K was traversed. In later ex-

periments, ‘a heater wound around the cavity served to heat the sample
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and cavity. ~ The results were identical, indicating that the sole ef-
fect of the 10 6 um radiation from the CO2 laser was thermal, and no |
other electronic transitions were involved.

The frequency decrease observed on heating the cavity and
sample from 4. 20K to 14.8°K was 138kHz , Thermal expansmn of
the copper cavity contrlbutes a frequency decrease aAf =fad T where
a the mean linear expansmn coefﬁment in the temperature range is.
1.49 x -10—6. This gives a fre‘t;uency decrease of.'13.5kHZ and
leaves 124kHz as the contribution of the sample.

The contributions to polarizability of thermally-generated_ free
electrons and 1omzed traps can- be ‘determined usmg Eq. (2 12) and
Eq. (2.16) respecuvely The enure epitaxial layer, 50 ym thick
is active in this experiment; the substrate contribution was found to be
zero,‘ in an inéiependent experiment using a ehromium4deped GaAs
(seml-msulatm[g substrate material) of identical geometry The re1e4
vant filling factor, G, is then G1 =G (exper1menta11y determmed for
sample) x epi—iayer thickness/overall sample thickness. Gl_ was de-
termined to be approximately 1.5 x 1074 |

| - .
At 14.8% the free-carrier concentration, from Fig. V-1 is

4 x 108cm™.  For a shallow wap (“/= )2 is much smaller than

w 02 , and the‘cavity frequency w is also several or_ders' smaller.
Hence Eq. (2.16) simplifies to
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‘ 2 ' 25
| _mne” 1 -1.69x10 .
(8 detrapping “m¥ey LT T e Z ©.19
] |

The negative sign arises be_causé of detfapbing, i.e. loss of polariza-
‘tion of previously bound electrons. The free}—carrier éontribution to
susceptibility change can be calculated using Fig. V-1 to determine “s
' aﬁd T, | The result is Ae¢ (free carriers) =~ -17.

The initial dielectrié constant, at 4.2°%K is the sum of the
lattice contribution and that due to (Ny - Np) Itrapped electrons, since
the  thermal free-carrier component is negligible. - This giveé

(¢) 4 50 = 20. Now using Egs. (5.19) and(2.16) yields

o169 x 10

2
w
O .

= -5.6

which, with Eq. (2.15) yieldé Et = 0. 004§eV. ~ This is a'lmost:"c—‘:xactly
thé value obtained by a least-squéres-fit analysis of the sldpe',of the
Hall Coefficient-temperature‘cufve. Thus, we havé a non-contact
techm'que that can accurately determine shallow trap locations, or active
impurity ionization energies. In practce it would be sufficient to
stimulate the material thermally until full donor ionization occurs and
use the roor’n-'temperature carrier concentration in calculations. This
technique is particularly apt for strongly compensated' materials where

the material turns insulating even above 7_7_01(. A good case in point
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l is the "Gunn quality'.' Te + O, doped material which becorries”insvulatf
ing about -55°C, even though vefy shallow (Te) donors are involved.

It is interesting to note the strong changes induced in the di-
" electric constant in this simple experiment; élso, under optical stimu-
lation, the 'freé-and trapped~carrier photo-dielectric effects are gen'-
| erally of opposite sign. In the situation described above, bdth effects

are of comparéble magnitude and like sign.

t

B. Photodielectric Changes as a Function of Temperature

If strongly absorbedj He-Ne la_Ser light is incident on the sur- |
face of the sample, a 'gradient of _.photo-generated carriers is super -
posed on the thermal free carriers. Ih order to ﬁstudy changés in the
dielectric constant caused by this gradient, if.is first néczt_éssa'ryfo' dis-~
cuss the disu'il;ution of photo-carriers. | .

As discussed earliér, . phofo-excita_ti-on of GaAs at low. "'tém-'.'
perature results in génerat:ion of excéss electroﬁs,- since the non-
equilibrium ‘holes have a very shor_t lifetime due to II)referenﬁal- trap-
ping. The strongly asymetric photoconductivity can be treated essen- '
tially as being unipolar, much the same as for imi)urity ph.o'toconduc- '
tivity. In this case, the distrvibut;lon of excess ‘electrons is very dif-
ferent fro‘m.the ambipblai' case, where a lifetime dependent diffusion |

length characterizes the diffusion.
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The unipolar-photo'conduCtiVity; case has bé_:eh treated by

Ryvkin26, who has shown that the density gradient of excess electrons

is described by

d”an An 1 ' .
. - = (5. 20)
dxz L 2 L 2 2no‘v

. e _ e

where v is the recombiﬁéﬁon coefficient, an is the excess electron
concentration, along ’the direction normal to the surface, in a Lhick

sample illuminated by surface-absorbed light of intensity I, and « the
optical absorption coéfficient._. For GaAs at low temperature, (6SZSX

1 i.e. He-Ne light is absorbed |

light) « is approximately 3.8 x 1(_)4 cm’
in about a 0.25 . um surface skin. For samples with active epitax-
ial layefrsg exceeding a few tens of microns, Eq. (5.20) is, ,;herefore,

an excellent approximation, The important parameter governing the

diffusion is the Debye length of electrons, Le given by

- ' 1
ekT )2
8!l.q n.

L = (

Le (5.21)

where k is Boltzmann's constant and € the permittivity of the semi-

conductor. L, is the counterpart of the diffusion length, Ly =
(Dambipolar .‘Tn) 2 whichloccurs in the ambipolar photoconductivity

case. Equations (5.20) and (5.21) are based on a model of weak

photo-excitation, viz. An << n, - In the experiments with laser-
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;light excitation ﬂ:is condition does not obt'aih " The di.ffusion for strong
excitation is dlfﬁcult to analyze, ‘since 1t 1s'non-11near, being charac-
terized by a Debye length Wthh mcreases as the excess density falls
.'off. Neverth!eless, as Ryvkin points out, Eq. (5.21)_ still can be used _
to estimate the diffusion profile for strong‘ excitation.
Soluuon of Eq. (5. 20) subject to the boundary conditions an -+ 0
as X—o ylelds |

surf € X/

‘_ an = (an) e S (5.22)
' Using} the above expression, we can Writé for 'thé:_ plésr'na_ ﬁ'équency at
depth x from 't:he surface: |
wpw(x) P'l'o' e e SR (5. 3)
where the subscripts ¥ and o refer to optically generated and sur-
face charges, réspectively.
This allows us to extend the previously derived expression

(2.12) for dielectric constant of a uniformly excited material to the

case of surface-excitation, obtained experimentally:'

A w 2 e-x/Le:. |

(v) e B e

€ w) = € - — - - _ B
o © Le/ A .1+w212 | _ T

(o)

. 6.29)
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12"
0.63 wp\# |

. o 1 . '
e (w) =€ 1-—-—2——2 + e , (5.25)
4 > 1+ o' r T 3
Eq. (5.25) represents the dielectri‘c constant averaged over
the penetration depth, L e of the photb-excited carriers. = For clarity,
the thermal-electron contribution has been neglecfed in this expression.

It must be included when computing frequency shift on illumination.

‘T
of electrons trapped in shallow trapping states, i.e. donor-like centers.

is now the average, over this same distance, of the contribution

e',r ‘ will, in general, differ from e"T the dielectric constant contri-
bution of these same species under dafk-equilibrium conditions.

_:' ﬁe averaging perfbrmed in Eq. (5.25) requires some justi-
fication. " Since photodielectrié frequency shifts experimentally ob-
served depend on reciprocals of the dielectric constants, it 1s strictly
correct only to determine the frequency shifts due to each elemental
layer, illuminated and uﬁ—illuminated, using Eq. (2.11) and (2.25).
‘However, such an analysis becomes quite difficult to perform. . Further-
.fnore, since the frequency shift _is physically caused by the difference in
the eiectrostatic energy stored per cycleA_in ‘the sample, thé averaging
process appears to be justified.

Combining Eq. (5.25) with Eq. (2.24) yields the desired
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relation between observed frequency. change Af on illumination, and

. | v
other parameters:
at ___G‘Le . 1 . o1
t € |1 -0.63w 3-‘!—«:2 v e ‘_w2
| kel D I (5. 26)
T —53 + e
1+m2‘r:‘;10t v : 14w 12 T

In the foregoing expression G i.s the experimentally deter -
mined "filling-factor” (0.0015 in the X-band -measurements), 1, the
thicknes,s of the sample,v w pth the plasma frequency for the thermal-
eqtlilibrium electron density. ™ t} represents the momentum re-
laxation tnne for hot carrlers, as’ prevmusly dlscussed ' T is th_e |
correspondmg value for "thermal" electrons |

The photo- d1e1ectr1c data obtained on steady state frequency
- shift under 111um1nauon, F1g VI 7 can now’ be combmed w1th conven-‘
tional photooonducnve data to gliean addmonal mformatlon.

Values for w 2 v, the surface plasma }t‘requency due to ohoto-
carriers, ean be calculat(e):d quite readily, as foliows_. ;For' a "thick”
sample, i.e. whose thickness greatly exceeds absorpﬁon length of
~ light, the photoconductance can be snown,A44A by Simple integration, to

be independent of the optical absorption coefficient and given by

Ac = geometry factor x q# x n_ 6-2)
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Using Eq. (5.27) and the photoconductance data from Fig. V-|2; wpi
o and wp wo are' related by Eq (2.21)

can likewise be calculated from the thermal equilibrium concen-

is readily determined, since n

o 2
pth 7
tration n, derived from Fig, V-1 for a given temperature. r is
obtained from Fig. V-1 and the relation r = uq/m*. It varies

12 sec at 4.2% to approximately 8.4 x 10" 12 sec. at

from 2.4 x 10
55°%€.  wis 5.5 x 1010 rad’se.cf'1 for the X-Band cavity trequ_e:n¢y
of 9.02 GHz.  The lattice dieleci_:fic constant véries but.little over the
low temperature range of interest and its value éan be taken as 10.5.

In discussing the thermally stimulated polarizability chahges,
it was noted that for a partially compensated material cohtaining" ND-.
donors and NA acceptors per unit volume, ND> N,, the_donor atoms
compensate the acceptors even at temperatures 'n.earA absolute zero. - ’.
Thus, at 4.2°K the density of neutral don01:s is approi_(imately‘(ND'-N A)“

13

i.e. ~ 6 x 10 ¢m-3 for the pure epitaxial material under study._

The number of free carriers at 4.2°K is several orders of magnitude

smaller. ‘Hence,-'the number of electrons trapped by shallow states

13 -3

of 0.005 eV binding energy is 6 x 10°° cm = ‘at 4.2°%€.  The real

part of the dielectric constant contributed by these trapped electrons,

¢' can be calculated from Eq. (2.14) and (2.15)..
T . :
This contribution is plotted as a function of temperature in

_Fig. V-8 which also shows the oversll dielectric constant change de-

rived from Eq. (2.25) and the experimental data of Fig. V-7.
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The éalcu_latéd contributions of the core electrons (lattice
dielectric constant) and free carriers is super'poised 'on"the’ same
ﬁgu;é. The desired data, wz e';‘wlr ', can be extragted from the dif-
'fei'ence in the experimentél and calculated curves.

The implications of the resulting cuse' will be discussed in
some detail.  The increase of e"w i.e. the optically-induced triapped; |
electron dielectric constant change, as -températur}e rises clearly re-
flects the availability of an increasing den’sity' of shallow _éleCtro_n traps.
The activation energy for this pro\oess is, of course, the ionizatioﬁ
energy of the shallow donor-like traps, since the same phy's_i_cs gqverns_
the rate of frgee-electron ‘lifetime increase. Alfernatively stated, as

i

temperature rises, the dark Fermi-level sweeps through the shallow 3
centers, and changes ﬂ;eir role from i'ecombination to trapping. This
process increases. the dielectric 'const.ant, as opposed to the decrease
that takes place due to thermal ionization of donors, “discussed earlier.
The two processes take place simultaneously.

Frequency changes caused by hole trapping can be neglected,-
for three reasons. First, ﬂ1e shallowest centers, near the valence -
band, in GaAs are approximately several times as deep as shallow

donors, viz. about 20 meV. This occurs because the ionization

| energy Ea is related to the effective mass of the hole, mp* ‘as follows:



91

where ES is the' stétic dielectric constant and EH the ioﬁizau‘on enérgy
of hydrogen atom. Since the hole mass is approximately seven times
higher than electron effective mass, the acceptor levels are corres-
pondingly deeper.  Secondly, Eq. (5.29) and Eq. (2.14) indicate that
the frequency change due to trapped holes will be about 20% of the
changes expected if the same density of electrons were trapped in
shallow electron states. Hence, dielectric cons.tant changes due fo'
hole trapping can be neglected.  Furthermore, as mentioned earlier,
at low temperatures hble recombihation H_fetifne is extremely short-v--
at least two orders‘ shorter than electron lifeime. = This renders the
free hole photodielectrié effect negligible.  Hence, frequency changes
cannot bei &scribed to a shallow trap near the valence bahd. o

‘T:hus, the increased rate of electron trapping,. manifesé in
the frequen;:y changes discussed above is further confirming evidence
for the model of lifedme-temperawre behavior presented earlier. It
allows an unambiguous assignment of the location of the trapping levels
i.e. the active centers are located close to the conduction, and not the
valence, band.

The above anaiysis illustrates how non-contact photodielectric
data may be combined with conventional analytical techniques to provide

enhanced insight into reéombiﬁation and trapping in materials. Additiohal,_
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-fnore direct dlaiu':a' ié :provided by transient _ﬁieasuréments. These .
“will‘be discussed in the next section. Before leaving tﬁe subject
| of steady state photo dielectric effeéts, it is interesting to note some
"’fééts. - In the case of strongly absorbed light, the “active” vdlpme
of the material is a very thin surface skin, especially at higher
temperatures where the Debye length is only a few microns thick. |
- This effect causes the excess carriers to be localized and strong
modulation of the dielectric constant re_sﬁlts.  Thus at 4.2%, 6328 X_
! . : o
light of only a few milliwatts can cause the entire lattice die_lectric
constant to be masked out by the free carfiers,: re_su‘h':i_ng in a »_ﬁﬁgg-
tive overall diéle.ctric cbnstant. at X-Band. At higher teniperature o
the surface skin becorhes metal-like in _its dielectfic beha\}ior.
| ThiS_, énd the raﬁidly d_ecrea_s'.ing "active" v"olu_me of the
sample constiui‘te.. the main-reason for the rapid decrease in ﬁhot();- o

dielectric frequency-changes observed as temperature rises.

TRANSIENT ANALYSES--PHOTOCONDUCTIVITY & PHOTODIELECTRIC

Lifetimes derived from steady-state PC measurements are of

~the order of 0.1 microsecond 'a,t 4.291(, wheréas thé decay times of PC |

and PD signals are several milliseconds. "This great disparity implies
- strong minority-carrier trapping. _ As shown earlier, the response

time r_ is related to = the majority-carrier lifetime ds follows:
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n_ - : - o o
T = . (¢)
r (1 + ﬂto ) | T.n | | (5. 29)

which shows that the ratio of trapped-to-free carriers, is greater than
105, Fig. V-9 shows a récorcier plot of a typical PC decay curve
taken at 10°%K. | The fast drop at termination of the light, (when
observed directly off the microwave discriminator with an oscilloscope)
actually has a time constant of several milliseconds.  The slow decaSr
following on represents discharge of deeper traps. Thése features will
be discussed in detail.  Numerous curves such as shown in this figure
have been recorded for a wide variety. of conditions--e.g. ‘vvaryi}n'g |
temperature, optical excitatién intensity, "bias" light;, etc. | Ra“t‘her
than present a11 of such basically sifnilar- curves, the data will ._be dis- -
cussed more succinct.ly'in' text, in terms of the features of a few re:pre-"
‘sentative curves.

At 4.2%, there is no evidence of the slow decay (region BC
of curve in Fig. V-9) at any level of optical excitation, and there is
only a single-step recovery. This agrees with the fact that the shal-
low (0.005 ev) centers are primarily acting as recombination ceriters. :
Deeper hole traps have aﬁ activation energy of approkimately 9kT at

— this temperature, and therefore there is no slow-recovery segment in

" the decay curve. As the temperature rises to about 10K, a large

.. fraction of the shallow .centers _assume_the_role_of traps and the PC. .. _ . _
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FIG. V-10 Typical Photoconductivity Decay
" Curve for Small-Signal Excitation at 48°K.
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holes, as similar to a center found in n-silicon. Such a center is

96

- signal increases. = Simultaneously, the deéeper acceptor traps begin to

discharge because of the increased thermal 'e‘nergy a\iailable, and the

onset of the two-step recovery,. with two characteristic '"time-constants, "

| takes place. -

The parameters of the deeper trap are first deterfnined,

- using decay curves exhibiting slow exponential recovery, such as shown

in Fig. V-10. The reco‘vér.y is expoheﬁtial because the h’dm_ber of

filled traps is small compared to their total number; so» that the re-

_ sponse time remains approximately constant, as mentioned in Chapter

II.. At T = 6201(, ‘and 48°K the time conStants are 0.45 and 0. 61 secs. -

respectively, the ‘tl'nefmal velocities are épproximately 2 x'107 cm sec. 1

and 1.27 x 107 ‘cm sec.-l‘. 'Ass_‘uming that the capture crosé?secdqn |

follows a 1/T dependencé, the parameters can b'e  substituted to sdlvé a
set of Eq. (3.26) s_imulta’neously,. to yield a trap energy- Et'o_f 10.033 eV.
This trap position is quité close té the 30 meV accéptor—like;trap ob-
served by several workers, in their high purity epitaxial GaAs'b;/ lo§v-
temperature photoluminescence.  Silicon oﬁ Arsenic sites gives rise

toa = 0. 03eV acceptor level.

14 3

Revérting to Eq. (5.12) and taking Nt tobe 1.4 x 10 “cm”

-ZOcmZ.

'section, S, at 6291( is approximately 2 x 10 : " This is a very

small cross-section, and presumably is a coulomb-repulsive center for
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likely to constitute a terminal state for subsequent rad_iativelcapture of
electrons from the conduction band. - The residual acceptor density,

14

N, =1.4x 10 cm-3, -obtained from Hall_measurements can be as-

A
sociated with this level. If other residual acceptors NA were present
they would be manifest ih”Hall measurements Ias well as in phofocon-
ductive and photodiéléctric decay' transients of different time constants.
Other centers, if present, do not have a sufficiently high density-cap-
ture cross-seétion produét' to affect the sensitive transient measure-
ments. | |

The shallow 4.9 meV doriors which were irffluer_ltial in deter-
miniAng the steady-state photoconductive lifetime must also affect trans-
ient mehéuremeﬁts; ~ Examination of the photodielectric decay ‘curves,
(such aé IFig; V-11) directly off the microwave discriminator in the PD
experiments, aé weil as phétocondﬁctive debay curves conﬂrms this.
In Fig. V-11, the decay at 4.2%€ is not quite e_xponent:ial., very‘
probably due to the large number of traps opdcally saturated, How-
ever, an approximate time constant of 25 milliseconds, estimated frorn
the storage-oscilloscope display, can be taken as a representative value.
Eq. (3.26) gives
| - AE/KT

' R 1
N, x S x vge s

6.7 x 10 snt x 107 e 2E/KT < 160 5. 30)
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To find the cross-section of capture, S_.,use can be made of steady-

nt .
state photoconductive data. .From F1g V-2 lifetime r is 1.25 x 1'0"7
sec. for low-level injection at 4.2%. Use of Eq. (5.12) and Nt =

Ny, (shallow) = 2 x 10 cm™ yields S(shallow) of 4 x 107 cm®.  This

value, used in Eq. (5.30) results in a trapping energy level of 0.0047 eV
below the conduction band, in fair agreement with all prévious data.
Given a knowledge of the capture cross-section of a center, or its
vtempex_'ature behavior, the most direct and sensitive method to determine

its energetic location is PC or PD transient measurements, and use of

15 2

Eq. (5.30). The cross-section of the shallow donor, 4 x 10 “cm? is

rather small compared to values for shallow centers in Si and Ge,

-14 2 61

‘where values greater than 10 ~ "cm” have been measured. This

center is therefore probably not in the class of "giant" capture centers

discussed by Lax. 62.

In such centers, céj:mre takes place in a higher
excited state of the center (and one whose geometric extent is therefore
several unit cells), with subsequent cascading dm to the ground state
via. emission of phoﬁons, bee'important from the viewpoint of re-
- combination dynamics ié the fact that the shailow donor in GaAs is

‘likély to be ineffective at room temperature. As discussed by Rose20
the capture cross-section of many centers fraries as T'2 , especially if
they are coulomb attractive. If such a temperature dependénce holds, .

at 300°K the capture cross-section shrinks to approximately 10'18cm2.
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" Under these -circumstances, some other center or mechanism is likely

to dominate the recombination kinetics.
. , .

' .TEMP.ERATURE DEPENDENCE OF RESPONSE TIMES

At d'1e lowest temperatures, the recovery trémsient nt di'e
termination of ‘a light pulse is characterized by _thv}reeidistin'c:t re'gibns-,
when a curve such as given in Fig. V-9 is r‘esAolv"edA furrhéf, using a’
stoi‘ag’e oscilloscope.  Fig. V-12 shows this transient. . The i‘niti_nl
" rapid drop."'A;' corresponds to direct recombination of free electrons
with free Hbles, “and pardy with holés trapped at déep acceptoi'l‘s.‘_'.- The
next region, "B" corresponds to _ﬂj'éfmal" excitation of electrons trapped |
at shallow dnn'o'rs -being' re-emitted to the parent band, and _subéequént |
recombination' via either route mentioned above. The third phase»
correspond_s'to discharge of holes from sldiwer acceptor traps, and
recombmation, mostly with electrons ejected from donor traps. If
the above explanation is correct, the resulting implications for the
general behavior would be as follows: Starting at approximately '3.601(,
the magnitude of electron trapping is expected to be low, as discussed
earlier. See Fig. V-13. Hence component A is expected to be dom-
inant, B very small, and C undjscernible at that temperature.  As |
temperature i-ose' ‘to 5.3%, the onset of majority carrier trapping

would increase the size of B relauve to component A and C would
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FIG. V-12 Expanded Decay Curve Showing Three
.Discernible Portions: Rapid Recovery, Shallow-
Trap Controlled Recovery and Deeper-Trap
Controlled Recovery. Excitation Level: 1 milliwatt
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become noticeable as thermal éctivat’ion increased.  This general trend
‘would continue aé ‘temperature _rosé.' ‘At a temiperature such that kT
becomes sigﬁiﬁcant lcompared to Et (i.e. 17°K)‘the r-épid discﬁarge of
shallow traps would beAex:péc.:te_d to be counteraéted by strong re-traip_
ping from the conduction bénd, since the Fermi level location now is
well below the trap. Thus '.c'omponent A would be expected to be very
small cdmpared to B, or be totally absent. Thé overall response time,
WQuld, however, be faster than that at say 12°K, because the slower
component C (present at bbth temperatures) would, from Eq. (3.26)
| become more rapid (approximately) exponentially. Thus at a tempera-
ture of 55'0K, a single-step recovery such as seen in Fig’v. V-12 is ex-
pected.» 'jAll of the features qualitatively discussed above aré con-
firmed in Fig. V-13 which presents the signiﬁcant data extrac‘ted‘ from

a group of transient measurements.

OPTICAL BLEACHING OF TRAPS: RESPONSE TIME VARIATION

| Another feature to be studied is the influence of a steady-
state excitation superimposed on -the‘ low-level ttéhsients. It can be
inferred from the discussion in Chapter III that progressive filling of
tfaps by a steady excitation can reduce the "effective' number of trai)s.
This phenomenon of "optical bleaching" of traps, can bé seen in Fig.
V-14. Steady He-Ne light, of different intensities, from a ."bias"

laser was shone on the sample in addition to pulse light excitation for
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FIG. V-14 Showing Sharp Reduction in

Photoconductivity Response Time Due to

"Trap-Bleaching" By Optical Bias.
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this experiment.  The time constant of the 'B' component reduced
from approximately 0.33 sec to 15 milliseconds when one mW of band -

gap light was superimposed.

OPTICAL QUENCHING OF TRAP NOISE

A striking demonstration of optical bleaching of traps was also
found in the study of low-frequency r{oise due to trapping. (Fig. V-15)
The current (shot) noise due to thermal emission of electrons trapped
at shallow donor-like cehters, and their subsequent re-capture by the
'same. centers constitutes a source of thermal noise. In the present
case, the noise was observed in a photodielectric experiment, and mani-
fested itseif in randorﬁ frequency deviations about the méan frequéncy.
The char;:lc;terisﬁc low frequency nois.e was -found to have a power spec-
trum which was approximately flat, up to the corner frequency of 1 KHz.
Inadequate noise data does not permit a quantitative analysis but the
process is. obviously one -o_f bleaching of shallow traps and thus,‘ remofral

of the noise due to trapping and detrapping.

RECOMBINATION MECHANISMS AT LOW TEMPERATURE

Thus far, the details of the recombination mechanisms ul-
timately limiting the lifetime of excess carriers at low temperature
have not been discussed. = The foregoing PC and PD analyses can now

be used to synthesize a suitable model.  The only states that have
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been revealed in the data thus far are the" residual donor and acceptor

- states.  As discussed earlier, ;hese are evidently the active trappiné
states for high purity n-GaAs at low temperatures. A variety of modes
of recombination are possible, viz. (i) band-to-band radiative free car-
rier recombination (ii) donor-acceptor pair recombination (iii) radiative
recqmbination of excitation at an' impurity site (iv) conduction band to |
acceptor center i‘adiative recombination (v) radiative or non-radiative . |
recombination via some other deep irﬁpurity (vi) Auger recombination,
especially under higher level optical excitation. @ Other modes also can
exist.  All of the above modes have been discussed since 1966 by a

16-18  Tpe most comprehensive review

large numl%er of investigators.
article td ciate is by Bebb and Williams63 who discuss in detail récent
photoluminescence and related measurements by various workers. The
present work supports model (iv) viz. radiative recoinbin’ation'of free
.electrons from the conduction band edge with holes trapped at residual
acceptor sites. This mechanism will now be elaborated on, and com-
- pared with the viewpoints presented in the literature.

The temperature dependence of PC li_fetime suggests that at very
low temperatures the shallow donor acts as a recombination center. |
The photoexcited electron is first captured at this center, and the

complementary transition of a hole bound at the acceptor center com-

‘pletes the recombination process. (Fig. V-16) This latter transition
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FIG. V-16 Proposed Recombination Model for Pure
Epitaxial GaAs.  The Donor-Acceptor Pair
Recombination (labeled I) Operates at the Lowest-

.. Temperatures.  The Dominant Transition Above a
few %K is the Radiative Recombination of Free Electrons
With Holes ‘Bound at "Acceptors (II). At Room Tem-
perature, a Deeper Level (perhaps the 0.18 eV trap)
Takes Over the Recombination Traffic.
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could, in principle, be either radiative or non-radiative‘ The theory
of donor-acceptor pair recombination 1nd1cates that such transmons are
generally radiative, because a boupd (localized) electron has, by the
Uncertainty'Principle, a large spread in momentum, allowing the
momentum conservation requirement to be easily fulfilled. 64

For donor-acceptor pair recombination the emitted phor'on

energy expected is given by64

hv = Eg - (B, +Ep) + 2= - (5.31)

where E A and ED are energies corresponding to the terminal acceptor
and donor levels, and r is the radial distance between the pairs, and K

the lattice' dielectric constant. A series of sharp lines corresponding

to E A S :'0,_03eV, E~ = 0.005eV and for \}ariousv values of separation are

D
expected. Photoluminescence (PL) studies or high purity epitaxial GaAs
of very similar properties to those used in this work, performed by
Din‘gle65 and Bogardus and Bebb,66 amongst others confirm the presence
of a series of PL lines at 1,490eV and adjacent energ1es. |

As the temperature is raised above approximately 7°K or 8°K
the dropping Fermi level would be expected to alter the role of the ED
level, as discussed earlier, and reduce the donor-acceptor recombina-

ton. This has also been observed in PL studies. At the same time,

the more probable process, that of d_irect recombination of a free

i
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electron with a bound hoie, is expeéted -to dominate. vThis is shown
by the transitions in Fig. V-16  The woﬁc on acceptor luminescence

~ in high purity n-GaAs 6f Rossi67 et. al. str.ongly indicates that the

" dominant recombination pfoCeSs involved at low feinperature is a free~
eleCtron-to;neutral' acceptor (e, X) radiative transition.  Fig. V-17 |
shows the‘PL lines they 'observed.. Using the correlation of magnetic |
field, temperature, and'lighi: intensity data they conclude that the above
transiton is the cbrrect assignment, in cdntfast to exciton-idnized-
acceptor and other mechanisms.  Rossi et. al, also abserve that the

- .intensity of the above PL line increases as temperature is raised ,whilé

that of the donor-acceptor pair lines decreases.  All of these findings

_ are quite consistent with the results of PC, PD and other fneaSureménts ‘

in thé' present work. The precise PL me'as‘ur'emen_t:s_ of Rossi et. al.
reveal two acceptors at 27 meV and 31 'méV; this Eiiffer'éﬁce_ is u'm_'e‘- o
solvable in the present work. |

| It is worthwhile to estimate tlié transition probabilities (or

lifetimes) associated with band-to-acceptor trap. transitions. Dumke68

has performed the quantum-mechanical ‘calculations for direct gap
‘materials, and assuming. that the bands are. parabolic, the impurites
shallow, discrete }and non-overlapping. His results for the transition
‘probabilities are aé followé. |

For conduction band-to-acceptor, the transition probability at
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FIG. V-17 Pertinent Photoluminescence Spectra From
Two GaAs Epitaxial Layers. . The Bottom Two Traces
Were Taken With Each Sample at 4.20K, the Upper
' Two at 10°%K. |

(After Rossi et, al, Ref. 67)
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k-= 0 is
1l _ 64 v2 rn q2 hz' wlP'VCI Py ‘(5 32)
T - 32 NEIVA ’ T
where |P | is the averaged mter-band matrix element of the momentum

operator; np and p, are concenu'auon of electrons in donors and of
holes in abeeptors, respecnvely. " ‘mp is the equlval'ent effecu‘ve mass
for holes and n the refractive ‘index. _ Higher energy carriers (atk # 0)
have a lower transition probability.‘ | | |

For GeAs, Eq. (5.32) simplifies to

'r—l-—-' = 0.43 x 10”7 pA 'cm3/sec a 5. 33)
no : '

At low temperatures p, =2 x 10t cm*_3 and Eq. (5.33) gives the

radiative lifetime of}10 microseconds. The overall (PC) lifeﬁme,
from Fig. V-2 at 4.2°K and low-level excitation is 1..2.5 x 1077 sec
This stresses the faot that eveh a liquid Helium temperatures the com-
petitive recombination via shallow donor -like defect states manifests “it-
self in limiting lifetime of excess carriers. |
Direct band-to-band radiative recombination has not been men-

tioned in the present work. This mode has also not been observed in

the lurmnescence work of other mvesngators at hqu1d Hehum
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!
s

temperatures. | Reports by Gilleo69 et. al. of free-carrier recbmbiﬁa-
tion have recehi:ly been shown to be due to grating ghosts. ~ Much high-
~er material purity than is presently obtainable is required for free
carrier recombination to be observable.

Fig. V-3 shows that the lifetime of excess carrier rises ex-
ponentially up to SSOK, and this trend will be retained to perhaps 77%%
or IOOOK, yielding millisecond lifetimes. At 300°K, on the other hand,
a simple PC measurement y.ields a lifeime of 2 to S microseconds.
Obviously_, as the temperature rises abov¢ the liquid‘Nitrogen range
some other 'rate-‘limiting"proc':ess takes over from the low-tem;;erature
- processes discussed. The center responsible for this reton)bir;ation
traffic ﬁaé not béen investigated in detail in the present work. N How-
ever, some noise-spectré measurements carried out at room tempera-
ture suggest that a récombination level located about 0.15 to 0.2 eV
from the conduction band may be responsible for lifetime limitation at
300°%C. The above range encompasses a level at 0.19 eV observed in
pure material by Copeland70 and 0.18 eV observed by the present
author in cbmpensated Gunn-quaiity melt-grown material.  Thus this

level may be a native defect.  The evidence is, however, insufficient.




CHAPTER VI

SUMMARY AND CONCLUSIONS

In the precedipg chapgérs some physical th,e_ofies ﬁer_tinent
to tﬂe me‘asiz_rement properties of GaAs have been presented, and ex-
perimental éata has been analyzed. In this chapter, the main features -
of‘the theory are summarized. A m_odel for explaining recombination
and trapping in high purity GaAs, valid below 7701( is next aésemblf:d ’
from points made at various pl;aces,.‘and some addiﬁonal.cor_nments'
made on this model. In cc;ncluéion, an appraisal is given of photo-

dielectric techniques for material property studies.

PHOTODIEL ECTRIC THEORY

A ‘delztailed discussion between the internal field Seen by .fre'e
and bound cha;rges in a solid and the exter"nél dri\{iﬁg, fields 'hé.s ber‘-
mitted revision of earlier descrip_tion of photodielectric dispersion
characteristics of é semiconductor. In particular, when thé 'rhbmentum
relaxation time is taken to bve energy--independérhnt, the fr.ee—'caz.'rier.
susceptibility monotonically diminishés_ the total susceptibility as the
carr.ier denéity is increased. At the plasma fre?qu.ency the overall
dielectric. constant is zero, and it becomes negative as the plasma
frequency exceeds the cavity or driving frequency. This behavior is

a smooth transition from insulating to metallic conditions, as expected.
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When the energy-dependence of the relaxation time is considered, the
behavior ‘becomes non-linear and complex. It is possible to then
obtain a free-carrier susceptbility ofAthe same sign as the lattice
susceptfbility, ‘as observed, for instance, in Germanium by Gibson41
et. al. for field-excited hc';‘t electrons. | This non-linear behavior is
particularly likely under high ‘éavity-ﬁeld conditions and perhaps"may
explain_ some anom_alous results in earlier work. This cannot be
verified since the Working field-strength was unknown. In the
pr'esent work, elec_tric field strengths were maintained below 0. 01 V/cm
to obviate such and other .non-li‘near effects, e.g. impact ionization of
impurities.

| :The change in dielectric constant of GaAs on illuminaﬁon is
very large, especially since the 6328 g light is su;"fac_e; absorbed. In
most semiconductors, the change can easilyﬁ be sevefal?fol'q ,fo.r: light
powers in the submilliwatt levels.  This makes possible very sensi-
tive ihstrumentation of material properties. The momentﬁm relaxation
time, rmmust be as high as possible in order to make the dominant
- parameter (w p” ) large.  The factor (wr), however, need not be

large to cause a large PD effect.

.PHOTOELECTRONIC PROPERTIES OF GaAs

Most earlier work on GaAs has either been based on rela-

tively impure material or has been at temperatures above 77%K.

- A
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The present work shows that the majority carrier lifetime in ﬁigh pur -

| 1ty n-GaAs, epitaxially grdwn on semi-insulating Cr-doped bulk CaAs,
is,approximately 0.'5 millisecond in the 60°K-700K range. This is ari
" extremely long lifetime and occurs because of potent minority c'arrier} |
trapping.  On cooling to 4.2%K the lifetime decreases by more than
three orders of magnitude.  The dominant mechanism for this effect
is Shockl‘ey-Réad r'eéombination via shallow donors at low temperatur,es.'
As the tefnf)eratufe rises, the centers assume the role of trapping

"~ - rather . than re"cdmbination, and do not limit the lifetime. Photodi-

electric data'cleal;ly identify these shallow centers as being 1ocated
near the conduction band and not ,the.valenc.e band.  Additionally, |
thermally stifriﬁlated susceptibility measurements. ihdicate the presence
of donor-like traps, approximately 4.8 meV aWay'from the conduction
band. Hail effect measurements conducted over the temperature range
between liquid nitrogen and 1iquid Helium coﬁﬁrm these results. - The

residual donor density is 2 x 1-0‘1

-3

4 m™3 and that of residual acceptors"

is 1.4 x -1014 cm Thus, high purity epitaxial G-aAs, is ‘actually n-

type, although compensated quite closely.  These densities are very ‘  i

similar to high quality material grown in Lincoln Laboratories, and

several other laboratories recently. 54,67 Electron mobility ranges

from 6 x 104 cmz/vs ta about 1.4 x 105 crnz/vs at 50%.  This is at

least one order higher than previous "undoped” bulk GaAs. ... The. - _.

-
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mobility peak is determined by the overlap of ionized impurity and_
lattice-scattering regimes.%

. Other features noteworthy in the ph,otoconductivity excited by
s&ongly absbrbed 6328°A Helium-Neon light in GaAs are the creation
of hot carriers and the sub-linear photoconductivity. The competition
between polai' optical-mode lattice scattering and carrier-carrier scat-
tering determines the equilibrium "temperature" of hot electrons.
Temperatures as high as 40K occur when about 10 milliwatts of light
is absorbed by the material. -Thus when the sample is at 4.2°K the
electron mobility is actually characteristic Qf a 40°K sample 'temp'er_ature
‘under strong illumination conditions.  For other materials such as InSb
the dispér‘iity between sample temperature may be even greater,' de-
pending on the exact conditions. The sublinear nature of the pﬁoto-
condﬁctivity is a result of strong surface-absorption of the light, fol-
lowed by‘ quadratic recombination of carrier pairs as well as diffusion
away from the surface skin.  This manifests itself in an overall char-

acteristic of the form na w°° 33

where V is the light intensity.  This
sublinear photoconductivity limits the range of carrier concentration over

which photodielectric phenomena can be experimentally determined,

RECOMBINATION MODEL

Fig. V-16 shows the simple energy level scheme proposed to

explain the observed recombination and trapping at low temperatures in
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pure GaAs.  The role of the shallow donors in the mechanism of

lifetime control has already been mentioned.  Shallow donors at

approximately 0.004 to 0.0052 eV have been observed by Naseldov,5

15 54

Eddols™™ and Wolfe” " et. al. The lower donor ionization energy seen

in the first reference is a consequence of the onset of impurity-band-
ing that occurs above about 1015 cm-3. The earlier material was

less pure. With higher concentrations of residual impurities thére_
is a dual effect: the impurity wave-functions begin to overlap, and an

independenf band forms. Simultaneously, the lattice strain caused by

impuritjesv and the inevitable precipitates results in local deformations

of the energy band, as discué’sed by Pamkove.71 Thus, a tail of coy‘\-=
ducﬁon band é’tates is formed into the forbidden gap: these states can |
‘merge with the impurity band.  Such rrllaterialA is characterized by |
temper ature-independent carrier-concentration down to the lowest tem-
peratures. ''Undoped"” mélt-grown GaAs (obtained from Monsanto)
with a carrier concentration of approximately 1016 cm-3 at room ,
temperature did in fact exhibit such impurity-banding effects (Fig. V-2)
and no photodielectric effect was observed in that material. A mono-
tonic increasé of the Hall Coefﬁcieht as a sample of GaAs is cooled
through the Helium temperature rarige is thus a clear indication of low

total impurity content, since virtually any specific net carrier concen-

tration cdn be established by suitable compensation. = Commercially .
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available vapor or liquid epitaxial GaAs samples do not fulfill this
criterion of purify.
| The donor-ionization energy ofx 5 meV agrees with the values

of 4.51 meV and 5.09 meV obtained by Stillrnan54 et. al, for Na340%

“3 and 1.62 x 1014 cr'n-3 respectively.  The cal-

of 3.68 x 1014 cm
culated value, on the basis of a hydrogenic model54 with effective mass
of 0.066 m is 5.8 meV.

The compensating acceptor, also presumably acts as the
deep acceptor-trap since no other level could be determined from tran-
sient data.  This, level is located approximately 0.033 eV from the
valence Abaymd,- and is responsible both for the high majority carrier
lifeﬁmeé !and slow decay transients at intermediate temperatures; This
level acts as a terminal level in radiative recombination at helium
temperatures. The mecéhanisms of recombination have been discussed
in detail in Chapter V. It is significant that in most photoluminescence
studies at low temperafures the same terminal state appears for  roughly

16-18 There is little evidence of direct band-

similar quality material.
to-band recombination, and in view of the very short (10'9 sec.or less)
lifetime of free holes, this is not surprising.

The trend of close compensation and ah energy level scheme

characterized by a simple set of two dominant levels--at least so far

as behavior below 77% is concerned--for GaAs made in different



120

laborétories -suggests that there may be some auto-compensation aris-
ing from one and the same contaminant. Silicpn on Gallium sites
 gives rise to a shallow donor level.-"1 Its ionization energy has been
repofted as 0,005 eV to 0.003 eV. Silicon can also give rise to an
acceptor level in Galliu‘m Arsenide by occupying the Arsenic site.73‘
Thus amphoteric doping by silicon, arising by contamination from the
quartzware in the épitaxial growth process is a distinct possibility.

The relative amounts Qf silicon incorporated on the- two sites has been

a function of temperature, etc., has been studiéd in connection with
amphoterically doped liquid epitaxial light emitting diodes. The ré- '
sults of that vaork' may serve to confirm the aut:o-compensation.idéa.
Native structural defects such as crystal defects, vacancy complvexes,':
etc., can also give rise to levels observed, as suggested by Williams.72

However, it is not obvious how in such a case close compensation can

be achieved every time,

APPRAISAL, OF THE PHOTODIELECTRIC TECHNIQUE

| Although photodielectric measurements, like conventional
techniques, are by themselves insufficient to permit complete anélysis
of recombination, trapping and other transbort properties of semicon-
ductors, they provide a very useful adjunct to conventional techniques,

and take their place along with photoconductivity, Hall effect, optical

~ quenching, thermally stimulated conductivity, etc., as a standard tool -
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of measurements and analysis. Thus, the fact that no chmic contacts
are required is of great practical significance, since in general the
technique. of alloying ohmic contacts on a material neceésarily con-
' ;aminatés it; for high-purity materials this is especially undesirable.
PD measurements also obviate the non-linear thermoelectric and photo-
voltaic effects often observed at contacts, and give confidence to inter-
pretations of PC and PD transient phenomena. | Furthermore, whereas
defect states do not manifest themselves directly on photoconductive
experiments unless the charge accumulated at them significantly alters
the recombination dynamiés, they show up directly in photodielectricv
measurements. |

gAlthough the experiments for this work were limited fo_‘ tem-
peratures below about 55°K, there is no reason why photodieliec'u'-ic |
measurements cannot be performed at liquid nitrogen temperatures
for many materials.  Shallow 5 meV states require that any cohvenf
tional experiment be carried out at very low temperatures, as indeed
they have been for pure GaAs. However, 80 long as the wpf pro-
duct can be made comparable to unity, PD measurements can be per-
formed at higher temperatures. A suitable material for such measure-
ments would have sufficiently deep impurity levels to ensure at least
partial de-ionization at 776K and also a high mobility s0 that the w p’

product is high.  Materials such as InAs could conveniently be
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studied by photodielectric methods at liquid nitrogen temperatures.

The seﬁsitivity of the‘technique can ‘be increased by two
methodé:

i) -by increasing the filling-factor of the cavity. Since
cavity dimensions are much smaller at 24GHz and 35GHz, measure-
ments at these wavelengths (for the same sample size) would greétly
enhance the sensitivity of measurements in addition to resulting in
more compact equipment, and

ii) the stability of the feedback oscillator can be improved
by avoiding 1/f noise effects through the use of an ac modulaton tech-
nique, and wi‘_th, improved mechanical and thermal stabilization of the

system.



APPENDIX 1

Mechanism of Sub-linear Ph.otoconducu‘vity

In the steady state the left-hand side of Eq. (5.7) %r% is zero,

‘ and the solution of Eq. (5.8) can be written as

3 2 3D dn, 2 _
n- - 3ni n=x = ('CE) A _ (AlL. 1)
At the surface, the diffusion current is

1t = _eD%le (AL 2)

' ‘ dn
as Zz—w, N —n andJZ+—oO a-.z-~0

which, with (AL 1) yields A = 2ni3

Using this value in Eq. (AL 2)

32 (et ()’

Q.

n3 - 3n 2n +'2’n.3
i i

where L =vDr is the diffusion length.
The above equation can be solved to yield

dn 12niC

ki el =y

-z/L (C+e-z/L) (g-e

atz=0,],=qG-qStm-n)=-qD P&
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The term qG represents the photogenerated current and
qS(n - ni) represents surface recombination component. S is the
surface recombination velocity.

Thus,

G-121"1i cs(c-l)-2=12ni g— c(c+1) (c-l)"3
or Gr=12n Le(c+1+ac -a) (c- )7
St eyt y1/2
where =1 = S_('D’)

Now the total excess electrons per unit area

N=f(n-n)dz;-3ni'[-—40_—Lz‘-/—IJ =-c-_3-1—
’ c-e o

Gr =N (1+ H§F>A<1+a.+ ﬂﬁ—i’}-)

The photo current is directly proportional to N. At low_

intensity i.e. when N << 12 nL. we get the linear photoconductivity

relation, N = Gr, At higher intensities, such that N >>12 n, (1+a)
- 3

the relatdon becomes N =Gror N = (G)l/ 3 which corresponds

' 72n SEZ '

i
to the experimentally observed relationship.



APPENDIX II
Hot-Electron Photodielectric Effect
In Chapter II, it was. assumed that "mom’® Vs independent
of carrier energy, i.e. of the driving field. Likewise, a constant

energy-re_laxatioﬁ time was implied, equal to -

mom® These assump- |

tions are, in géneral, "not valid. For instance, when the cévity .ﬁeld
is high, or one is dealing with a photo-diode with deplet:iori-region fields
of several kilovolts/ém, the momentum relaxaton time becomes field
dépendant. : Modl:llation of the relaxation times gives rise to additional
in-phase and quadrature t!‘erms, and it is then quite possible for the

free carrier susceptibility to be of the same sign as the lattice' con-

tribution. A »simpliﬁéd theory, based on Conwell's"13 work, foliows.

Consider a'.; sit_qgtion where Tho m.i,s‘ gifren by
= a€™Mm : | - (AIL1)

where n, is non-zero and € is the carrier energy. A similar rela-
‘tion, with index n, characterizes the energy-dependarice of Ten® The

equation of motion is now

2 4 wt
r 1 dr E_ e

L - 4 E (AIL 2)
dt:!’ a€ ndt m®

This non-linear equation is difficult to solve for the general case.

If .a small ac field is superposed on a system already heated by a
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‘steady field to energy & , ‘the analysis can be linearized by writing

-.1 r '1

‘m " m L+ n, ?éﬁ') (AIL 3)
) (o]

A similar equation can be written for Ten'

S T | A€ | .
m " e (1 My 75  (AIL4)

The two exponents n, and ny are, in general,_‘_di‘fferer{t. Thus, in
GaAs, at low temperatﬁres, ™ is determined by iOnized-impurity'
scaftering and n, by polar optical latuce scattermg |
Substituging (AIlL.3) and(AII 4) in (All. 2) and making the sim-
plifying assumpuons that (o r ) <<1 and Ton > 'm’ the resulting ex-

pression for ¢'(w) be‘oomes43

G 2 2
€(w) = ¢ - 4xNq m ("m- o°* ) (AIL.5)
. - '

-m .‘ Huw =
where N is the free carrier concentration, and Q is given by

Q= 2n1 (60- gth)

(AIL 6)
en €o
Th being the energy of thermal-equilibrium electrons, also,
- . ’ -1
T2 T (LY +0y) (€ - ED] T -
: eno [ 1 2 0 th (AII.7)
o .

An equation for "(w) can also be Written, oontaimng these constants.

e e e e e et o s m e e e PR e e v m e e e - -
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Eq. (AILDS) is similar in form to Eq. (2.12) and the two become iden-
tical when- n'1 =n, ='O; The cpmposite factor = now plays the role
of the felaxation time 7 .

When n, >0 the sign of the second term of (AIL.5) is positive,
i.e. the free-carrier ané lattice susceptibilities have the same sign.
For ionized impurity scaftering n, = 3/2 so that the necessary mechan-
ism for this effect exists, especially at low temperature. The experi-
mental results of Conwell et. al. (Fig. AII.l) show that a normally -
negative dielectric constant of Germanium can be rendered positive,
and made to exceed the Elattice contribution substantially, when carriers
are heateid by a superimposed dc field. A large-amplitude ac field
will ca@s:é stronger modulation of the 's and the non-linear effects

are then expected to be pronounced.



SMALL-SIGNAL DIELECTRIC CONSTANT

23 80 19 10 23 )
OC FIELD (kV/em) '

FIG. All-1 Dielectric Constant of Germanium
at 35GHz as a Function of Carrier Energy,
Using DC Bias to Raise Mean Carrier '
Energy. (After Conwell Ref. 43)
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