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ABSTRACT

In many semiconductor materials, the photodielectric effect is
manifested as a decrease in the real part of the complex dielectirec
constant. This is due to a phase shift in the velocity of the ionized
carriers interacting with a high frequency electric field. The optically
induced dielectric perturbation is used to vary the resonant frequency of
a microwave cavity.

Amorphous semiconductors are known to possess various levels of
trapping centers, and it can be shown that the magnitude of the photo-
dielectric effect is proportional to the density and levels of these
traps. Both a fast and a slow decay of photoconductivity (a change in
the imaginary part of the complex dielectric constant) are known to exist.
The initial rapid decay is attributed to the capture of carriers by the
high density of traps below the mobility edges of the conduction band.
The long relaxation time is due to the slow decay towards equilibrium
through the processes of hopping and capture of carriers by deep traps.

Several different samples of 2A825e3’A82Te3’ A825e3’ A828e3’ A8253
and S1(3%) Ge(4%) As(38%) Te(55%) were used in the photodielectric tests.
However, none of the experiments, conducted at room temperature, 77°K, or
4.2°K, produced any photodielectric effect. Several reasis for the absence
of positive results were analyzed, and it was decided that low optical
absorption of the material, low mobility of free carriers, and short momentum
relaxation time were the reasons which best explained the negative photo-

dielectric tests.

The thermaily stimulated conductivity experiment provides a convenient
Qay to investigate these hypotheses by investigating the trapping centers

existing in the material under study. Analysis for the discrete case is



well documented in the literature, and a theoretical derivation is presented
to éxtend the analysis to the quasi-continuous case.

Samples of amorphous thin film A823e3 Were investigated in thialmanner.ﬂ
The material was found to undergo an irreversible transformation at 385°K
with a band gap of 1.35 eV before the transformation and 1.71 eV afterwards.
The untransformed material was found to possess a discrete trapping level
at 0.843 eV with a density of 9.73 x 10*% &3, The thermal velocity of
the carriers was 6.34 x 106 cm/sec, and the capture cross section was 2.7 x

-18

10 cmz. These results indicate that the Mott-Davis model is more ap-

Plicable to amorphous A823e3 than the CFO model.
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INTRODUCTION

The following final technical report is divided into two sections.
These sections correspond to the major efforts expended in examining the
conduction processes in amorphous semiconductors.

The photodielectric tests established that relaxation times are on
the order of 10-15 sec., or relaxation approximately every lattice spacing.
Hence, a low mobility 1s observed. All technical details are examined in
detail in Part I.

The results of thermally stimulated conductivity tests (TSC) show a
definite relationship to the Mott-Davis Model. A density of states is noted
at 0.843 eV which places them just below the half-gap energy. The states
behave as acceptors in agreement with p-type conductivity noted from thermal

power measurements. Thc detall of the TSC experiments are presented in Part II.

The graduate student participants and degrees earned are as follows:

1.) S. A. Collins - Master of Science - Electrical Engineering
2.) J. D. Bryant - Master of Science - Electrical Engineering
3.) A. K. Malholtra - Thesis in progress

4.) W. C. Wang - Master of Engineering

5.) J. G. Weatherwax - Dropped from school, personal reasons

Two papers were presented at the Fourth International Conference on

Amorphous and Liquid Semiconductors, Ann Arbor. The papers were published

in the Journal of Noncrystalline Solids, Volume 8-10 as follows:

"Identification of Trapping Mechanisms in Amorphous Compounds Using

Cavity Perturbation Techniques", Page 614-620.

"Minor Switching and RF Oscillations in Amorphous Semiconductors",

Page 432-438.

Other papers are in preparation and copies will be forwarded as soun as they

are completed. Z X
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PART 1
CHAPTER I ,
THE PNOTODIELECTRIC EFFECT

1.1 Introduction

The conductivity of semiconductors 1ies between that of good
conductors and good 1nSu1ators.and is determined in part by
temperature and free carrier density. At liquid helium temperature
(4.2°K) an intrinsic semiconductor sample can be described as an
insulator except for the fact that the valenc; band electrons are
bound much less tightly than those of a goo. insulator, This
provides the possibility that one or more electrons can gain enough
thermal energy to move into the conduétion band.

In well established material properties studies Arﬁdt, Hartwig
and Stonel) and Hartwig and Hindsz) havé shown that the complex
conductivity of semiconductors can be effectively changed by
photﬁn-iqduced free carrier cregtion. Irradiation of a semiconductor
sample with light of quantum énergy, hv, greater than the ionization
energy froduces free carriers at the exéense of bound charges, These
f?ee carriers, creatéd as electron-hole pairs, add to the
* conductivity of the material for a length of time determined by the
created carrier lifetime,

The photodielectric effect ig a decrease in the reai part of the



complex diclectric constant as explained by Stone3). This decrease
results from a phase shift in the velocity of the free carriers
interacting with the microvave electric field, This can be

characterized by a complex conductivity or mobility,

1,2 Cavity Perturbation

A method of measuring small changes in the dielectric constant
. of a material is to use such changes in the material to perturb the
inherent field patterns of a resonant cavity, Aceording to cavity
Perturbation theory, when the sample is excited by light photons, a
change in the dielectric constant of the material will effect a
change in the cavity Q and resonant frequency,
Tie complex angular frequency for a resonant cavity 1s

W= e+ Ju (1.1)

where

w, = real component

w, = imaginary component
Sucher and Foxa) derive the following equation for the frequency

perturbation, %2 » of a resonant cavity.

2
. £ f
Su.  Y27Y 4 Tpm Ty 1 1.
u T, T TE, YiGr-d g
2 2 2 2 E

In thi¢ equation the subscript "1" denotes the cavity loaded with en
unexcited sample and the subscript "2" denotes the cavity loaded with

the sample after excitation. Thus, through the above equation, {1t



can be seen that cavity perturbation contains both a change 1n the
resonant frequency and g change ‘in the cavity Q.

Stonc ) takes the dot product of Maxwell's equations

VXE= -jwuH
Vx H = jweE . (1.3)
und integrates over the volume of the cavity,Vc s to show the

relative frequency change due to dielectric samples to be

]( )E 'E dv- /(p ~u )i - H, 14V
1 071"

W, -
170 L T c (1.4)
W, w) 8 .
v/(eoEo' TASERLY
(o]
- - i
bmn e vl(o e)Ey’ E,av I(uo )y AV
2% 29 Ve Ve - (1.5)
W W,
2 2 J(e B E -y T H,)av
v coto B2 ¥l

c

vhere the subscript "0" denotes the cavity with no sample, the
subscript "1" denotes the caY;ty with an unexcited dieiectrié sample
and subscript "2" denotes the cavity with the sample excited by
light, Equations (1.4) and (1.5) are the general perturbation
equations that describe a change in resonant cavity frequenc;,
Frequency shifts caused by exciting the sample with light are
considered as perturbations on the original perturbations caused by
loading the cavity with the sample. The assumptions made in the

‘ derivation of the above equations are that the sample volume, V;, is



much smaller than the cavity volumc,Vé, and that in the cavity,
u0=ul=u2 and co=el=ez everyihere exccptlin the.samp?e. w

1f the sample is ﬁlaced in a position of maximum electric field
and minimum magnetic field and with its surface perpendicular to éﬁe ;
electric field then another assumption, that the sample does not
perturb the electric fields in the cavity, can be made. WiLh this

assumption the electric flux densities can be set equal, | |

D,= Dy =D, . (1.6)

eoEo = elEl = EZEZ a.n .
] !
Therefore, u,=u,=u. .is the sample and the:perturbation equations
17270 o

(1.4) and (1.5) can be written as :

{ 1 )
€. ~€

1

Awl 2 21 .VIZEOIEOer!'2dv
wy ](e Ey=iigHy ﬁi)dv | k}.a);
2
ffl 2 €2 ' rm;| W x i
Wy Je—— ;
v, ](e E .E2 po Hz)dv (1.9)

The ~ntegrals in the righti side of equations (1.8) and (1. 9)
are similar in that they are ratios of energy stored in the sample
to that 'stored in the cavity. ' These ratios are not easily
calculated because they require ;he knowledge of the E gields at

various points in space but may be expierimentally determined as a;



i o

geometric filling factor. This factor is a constant for a fixed

sample size and is denoted as G. Thus equations (1.8) and (1.9)

become
Aw €.~E
1 "0"1
—_—=-—=g (1.10)
wl el 1
Aw, . e.-¢
2222, (1.11)
2 2

In the integral over the volume of the cavity, it is assumed

that the dielectric constant of the material is such that the

— e — —

fields are undisturbed. Thus EO=E1=E2 and Ho¥ﬁi=H2 and therefore

G fG1=G =G.

2
i 2
J2e lE, |
- Vs 0 Orms

=2 =2
, S (egEy ngHly ) av
Ve

0
dv

G

2 fe lg, |%av

Vs rms
i 2 2
vf(eO|EO| +uO|H0| )dv
c

|2
~ ms
2 fe,le, |%av ' (1.12)
Ve rms .

fe |E v
Ve 0'%0

(Since electric fields are assumed real quantities, magnetic fields
y 2 2
.are imaginary and eg|E| =u0|H0{ 2
The change in resonant frequency that occurs when the sample

is excited is



Aw

[

L

—n ] (1.13)
W Y, wy
Substituting from equations (1.10) and (1.11)
Suw 1 1
g EOG['E— -3 ] (1.14)

2 1

Arﬂdts) developed the relationship bet;een the complex
dielectric constant ¢* = eo(e' - Je") and the physical properties
of 'semiconductors in order to predict the frequency and Q
perturbations. Using.a classical free carrier treatment, the

differential equation relating the forces on a carrier in a

semiconductor subjected to a periodic field can be written:

dV |, m*V jut .
K —— —
Ll + < eEe (1.15)
whaere E = the magnitude of the electric field

m* %% = accelerating force

m* = effective mass of the carrier

V = velocity of the carrier
m*
;-=-friction forea

T = momentum relaxation time

w -'dfiving angular frequency

e = charge of the carrier
The above equation is obtained from the relation F=ma=qE with the
‘ adldition of a retarding friction force due to momentum. This

equation is solveds)'for the carrier velocity and then an expression



for the complex conductivity is written as

ne T L WT

0= == [-— -3 5]
L 1+w212 l+m212

(1.16)

where n is the concentration of optically created free carriers,

The complex diclectric constant can be expressed as

e*

€ +§_u_) = CO(CL + 3—‘-(:’.‘:—(;) = E:0(‘3' - 3e") (1.17)

where

(]
-
L]

real part of the dielectric constant

imaginary part of the diclectric constant

lattice contribution to the dielectric constant

™
n

Substituting equation (1.16) into (1.17), the result is
2 2 2

ne 1 4+ e Ty
. *

WHE) yple?  Jueg™ 14,22

ek = eo(ez - (1.18)

with real and imaginary parts:
ne2 12

s' =lig) = r=—0r=
*
A ey gyt

2 (1.19)
n . Re T

* .
™0 l-Hn-Z\'Z

Thus the dielectric constant of a semiconductor decreases when the
conduction electron density 1s increased due to photon-induced
contributions,
Now the dielectric constants can be expressed as
€

2 kn
;‘a = (g,~kn) - (32



€ €.
2 ale ) - 1Y
o (ez ew) j(m) (1.20)
and
€
1
E—; =€, (1.21)
whefe
2 2 .
k=2 L (1.22)
m*eo 1+(w1')2 '
and
e¢ = kn
aP ¢ )
=YL
n oV (1.23)

= number of optically created free carriers
a = conversion efficiency
P¢ = incident light power
T, = free carrier lifetime

Planck's Constant

=
| |

<
u

frequency of incident light

<
]

volume of sarple subject to created-

free carrier density

Equation (1.205 expresses the dielectric constant as the difference
of the lattice contributions and photon-induced contributions.
Thermal contributions are neglected since the work will be done in

" 1iquid heldum (4.2°K).



Substituting equations (1.20) and (1.21) into equation (1.14)

results in
Sw Gl L eg = Jelll/m 5 - J-._.] (1.24)
(cz—ew) + (ePp/uwt) €

Referring to equation (1.2), the real part of equation (1.24) is

related to the frequency shift of the cavity. Therefore

Suw ] 1
Re(—) = G - =] (1.25)
v (t:,’-ew)2 + (ew/wr)2 €

Equation (1.25) has been useds) successfully to predict the free

carrier behavior of the photodielectric effect in Si, Ge, GaAs,

InAs, and InSb.

1.3 Traps and Recombination Centers

Once free carriers have been created they remain free until
.captured at an imperfection in the material. Generally, these
capturing centers are classified into two groups: (1). trapping
centers - if the probability 'of the carrier being re-excited is
greater than that of it recombining with a carrier of opposite
sign (2) recombination centers - if recombination is more probable

than re-excitation.

1.4 Effects of Traps

Bube6) discusses three principal hypotheses to explain the
' photodielectric effect. (1) It is another method of measuring the

photoconductivity of the material. (2) It is a real change in the
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dielectric constant of the material, causcd by the existence of
polarizable centers consisting of electrons loosely bound to traps.
(3) Lt is a real change in the dielectric constunt, but is caused
by the existence of space charges at material grain boundaries.

Hinds7) points out that the magnitude of the photodielectric
effect in CdS is directly reclated to the density and location of
traps in the forbidden band. The first free carriers created are
captured b; both hole and electron traps. Séon, however, the
electron traps are filled and all the electrons generated
subsequently move into the conduction band. This continues until
all'the hole trap; also become full and any holes generated are
free for reconbination. Figure I-1 shows the expected conduction
result. During the first portion (to—tl) both hole and electron
traps are filling and no conduction occurs. From t, to t,
conduction increases when the electron traps are filled and
electrons are collected in the conduction band, At t=t, the hole
traps begin to saturate and carriers generated are free for
recombination,

In a very complete discussion relating to the complex
dielectric constant to semiconductor properties Hinds7) shows that
the presence of traés has a distinct influence on the ;elative
dielecékic constant. This is done by adding a term, expressing an
. elastic binding force, to the previously discussed equation of

force on free carriers.
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. Fig. I-1 Curve of Conductivity vs Time Using Constant Light
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Equation (1.15), with this binding force added, becomes

2
x .
m*i’-’zi + 2 -g-’t—‘ + kx = eEed®t (1.26)
dt

wheve

k = effective spring constant of the bound charge

Eej“t = the electric field around the sample

m* = the effective mass of the carrier

x = the displacement, in one direction, of the particle

from equilibrium

T = the momentum relaxation time

e = the charge of the carrier
The first term represents the acceleration force, the second giveé
the viscous damping force and the third 1s the elastic binding
force.

Equation (126) is of the form required for a harmonic

oscillator of frequency wb-¢57m*. The solutinn of this equation is

2 2
Jut (w0 -ju/T)
eEe 0
X = (1.27)
m# (uo?-u?)a+@an)?

By considering surface charge densities it can be shown7) that

the relative dielectric constant. is expressed as:

1
€ "~ jut ) ex, +1 (1.28)
eOEe i

where



X, = the displacement in one direction, of the partical
from equilibrium

e, = charge of the carrier

Substituting equation (1.27) into (1.28) the relative dielectric

constant becomes

2

e, woz-wz-jw/r

€ = +1 (1.29)

r i m*ico (mzo-«:z)2+(m/‘r)2]i
In order to simplify equation (129) several assumptions are made.
Only the charges which effect the dielectric perturbation due to
light are considered and all others aré dropped from the summation.
Therefore only a few electrons, having the same mass.mi* and
charge e need to be considered and these terms are taken outside
the sum. The remaining electrons which do remain inside the
summation can be classified into selective groups such as free,

captured in deep traps, or in shallow traps. These groups are

represented by a new index J and Aer is written

e2 Z' : woz-wz-jw/t i , ;
Ae = ———— ) An 1.30
r " wrey 40N (0g 2Dy P a2

where AnJ represents the net change in the density of electrons in

13

the J-th group. Writing equation (1.30) in real and imaginary parts.

- |_ 1]
Aer Acr jAer

. and
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) 2 2
PR oy (P S ] (1.31)
Ae! = —— n .
r wkey §J (moz-mz)zk(m/r)z J
n__e w/t
beil = mie L dnyl—g—aiy——3l;  (1.32)

€0 J (wg =) “+(w/)

Again considering the classical oscillator it can be shown

that

2 29 -
0y’ = 1.70x10 <§;)E3<ev) (1.33)

where E(eV) is the binding energy expressed in electron-volts.
Based upon equations (1.31) and (1.33) the relation of E and Ae;
can be noted. For a constant w, different simplifications of
Ae; can be obtained as the binding energy is varied. When
0 >>U, the bracketed term in equation (1.31) may be replaced by
_(l/wo)2 and thus Ae; increases as E decreases. Now let
(w/t)>w 2, Ae; decreases as E decreases and
| w02

51
(w/7)

Ag' « [

(1.34)

As (moz—wz) changes fnom.positive.to.negative,.Ae; becomes zera. and.

then negative and may be expressed as
2 2.
W =W

be! « [— (1.35)
(w/1)
Finally when W>>u s e; remains negative and the bound electron takes

on the characteristics of a free carrler. For this case the

equation is identical to that obtained earlier for free electronms.
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2 2
ne T

(1.36)
m*?O 1+ w212

Ae' = -

1.5 Traps in Amorphous Semiconductors

In the previous sections it is pointed out that in many
materials the photodielectric effect has been exhibited due to the
presence of traps. Therefore it is suspected that various amorphous.
semiconductors should also show some photodielectric effect since
the models that have been hypothesized place many trapping sites in
the forbidden band,

Cohens) has applied the effects of trapping sites to the
amorphous semiconductor model developad by Cohen, Fritzsche and
Ovshihskyg). Andriesh and Kolomietslo) report the presence of
current carrier trapping centers in the forbidden band of the
amorphous semiconductor T228e°AszTe3. Also multiple trapping levels
- are reported in thg amorphous chalcogenide alloy '
As(SOZ)vTe(3OZ)-Gé(112)—Si(9%) by Botila and Vancull)J Kolomiets,
Lyubin aﬁd Averjanovlz) descéibe the existence of both trapping
sites and. recombination cercers in.Aszéea.u

Fagen and Fritzsche15 explain the band model for covalent
amorphous alloys which was projosed by Cohen, Fritzsche, and
Ovshinskyg). The important characteristics are a high density of
- localized states, shoim in figure I-2 as tails from éither band,

* and moﬁility edges Ev and Ec separating the localized and extended

states of the conduction and valence bands, respectively. These
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I-2 Band Model for Amorphous Alloys (ref. 13)
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tails overlap near the center of the mobility gap and cause

electron hopping from upper valence band states to lower conduction
band states. During steady-state irradation, Eg splits into
electron and hole quasi-Fermi levels, E; and E:. When the energy
source is removed, the photon-exci :ed carriers may recombine through
the recombination centers located between the electron and hole
quasi-Fermi levels. This accounts for the fast component of decay
of photoconductivity that has been reportedg). During this fast
decay, the quasi-Fermi levels move partly back toward equilibrium,
The slow component of decay of photoconductivity, that is reported
with the fast decay, suggests a relaxation process of phonon assisted

tunneling between spatially separated localized states,



CHAPTER II

EQULIPMENT AND EXPERIMENTAL TECHNIQUES

Many of the experimental tochﬁiques associated with the observa-
! i

tion of the photodielectric effect in an x-band rcscuant cavity have

not previously Been established in the Physical Elgctfonics L%boratorj

Therefore methods of material processing of amorphous compounds, use

of cryogenic techniques and operation of microwave equipment will be

i | 1
discussed fully. '

2.1 Amorphous Material.Erocessing

The amorphous compound 2A528e3 AszTe3 is made in a specially de-

L
signed oven in the Amorphous Semiconductor Laboratory. Tpis oven is

housed in an airtight enclosure to avoid tontamination of the room by
. ' . |
a possible explosion of the.ampoule containing poisonous material. A

rocking motor is also attachpd to,the_furnace in order to mix the con- :

stituents while the material is molten.

The material was made by combining twQ binaqies, As28e3 and As2

Te3, in the desired proportions. The correct amount of each of these

was weighed on an analytical balance and then loaded ipto'a vycor

_ tube. This was then evacuated and sealed using an oxy-hydrogen torch.

. |
The sealed amouple was then inserted into the oven (preheated to

. i ;
800°C) and allowed: to remain for 8 hours. During the last hour in the

oven the sample was agitated by r0ckihg to, assure a uniform mixture of

all components. At -the end of the 8 hout period the ampoule was re-

" moved and allowed to quinch slowly at room temperature. The sample
° . : N 1
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hardened into a solid ingot which was extracted by breaking the glass

‘capsule.

2.2 Sample Preparation

In order to obtain a sample for use in the photodielectric
measurements, the ingot was sawed into wafers'approximately 2 mm thick
using a jewlers saw. A fine grit sandpaper was used to lap the sur~
faces smooth. In order to attach tﬁe pfepared sample to the teflon
-hoider several adhesives were tried but Duro epoxy cement was found

to be the most satisfactory.

2.3 The Cryogenic Systém

The dewar system. In order to maintain a cryogenic envirenment,

the dewar system shown in figure II-1 is used. The evacuated .nve=
iope serves as a divider between the outer dewar containing liquid
‘nitrogen and the inner dewar containing liquid helium,

The circuit, a resonant cavity, is suspended at the end of the
stainless steel waveguide and is aligned with the lenses in both the
inner and outer dewar. The light is introduced through a small hole
iﬁ the cavity via these lenses. Tge plate which holds the waveguide
rigid in the dewar can be unbolted from the header assembly to allow
;asy removal of the waveguide and cavity. The "0" ring seal around

the header opening and a mica strip in the waveguide joint provide

vacuum tight seals.

', Pre-cooling procedure. In order to cool the dewars and the cir-

, cult properly, a systematic method must be followed. The dewars must



WAVE GUIDE SUPPORT

-

/ «—CQUPLING CONTROL
i |

PLATE ———> [ -
w———— HEADER ASSEMBLY
: S == ——VACUUM
MANOMETER Eem——
r_..lh_u __Eh_l
AT
i [
=l
= e INNER DEWAR
WAVEGUIDE — [*——OUTER DEWAR
LIQUID HEITIPd - - LIQUID NITROGEN
} }«~LENSES
CAVITY
VACUUM

Fig. II~1 Dewar System

20



21

be clean and completely dry before the Procedure is begun. First the
envelope of the inner dewar must be pumped out cowmplctely in order to
prevent ice frem thermally shorfing the 1liquid helium to the ambient,
Next the inner dewar is evacuated and held until it is time to trans-
fer 1iquid helium. Liquid nitrogen is now transfered into the outer
dewar to start the cooling process and is allowed to stand for approx-
imately eight hours. This Period allows the innexr dewar and the cir-
cuit it contains to cool approximately to liquid nitrogen temperature
(77°K). Thé vacuum on the inner dewar should be removed by pressur-
izing it to room pressure with helium gas. Care must be used to pre-
vent any air to enter the dewar during this stage of the pProcedure.

Liquid helium* is then transfered by standard techniques,

2.4 Microwave Equipment

Many different pieces of microwave apparatus were integrated into
the system, used as a tool to examine the amorphous compound. Figure
II-2 shows the arrangement of the complete system.

Resonant Cavity. A TE-011 cylindrical cavity ic used to house

the sample. The currents in this mode are circular in the end platee
thus no current crosses a mechanical Joint. This preserves the in-
herent high Q of the cavity. Also the TE-011 mode produces zero elec-

tric field everywhere on the surface, therefore the coupling from the

*For reference, liquid helium can be obtained from Mr. Frank
Fisher (713)944-3160, Houston, Texas or Linde Corporation (806)376-
4295, Amarillo, Texas. .
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waveguide into the cavity is chosen to be magnetic for convenience.
This is accomplished with an iris opening in the cylinder wall and a
small wire loop mounted on a teflon holder. 7The plane of the loop
is parallel with the short side of the waveguide. The wire can be
moved in and OQt of the iris, thus varying the position of the loop
in the TE—lO field pattern of the rectanguiar guide and the amount
of coupling into the cavity. Figure II-3 shows the cavity-waveguide
configuration with the sample in the position of maximum electric
field and the loop for magnetic coupling.
The field equations for a cylindrical resonator in the TE-011

mode can be derived from Maxwell's equationms

VxE=- jul _ (2.1)

VxH= jueE (2.2)
and the wave equation in cylindrical coordinates for a TE wave

propagating along the z-direction

2z 1_ z,1 __z__ .
2 ) r or + r2 942 kcznz (2.3)

vhere )
Hz = the z-component of the magnatic field, H.

k 2, 72 4 mzue :
c
“y = propagation constant
by manipulating the above equation and applying the boundary
condition that the tangential electric field muet be zero the

. components of the electric and magnetic field expressions in

cylind:iical coordinates are obtained for the TE-0ll cavity.

.
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P01 "

Hz - -jZAJO(r T)sin 32 (2.4)
E, = 2An .J "(r i‘-’—1-)31 X (2.5)
() "te Yo a g * *

£ Por,  x
Hr = =27 ZJ—-EE Jo'(r —a-'-)cos ik (2.6)
TE
. H¢ = Er - Ez = (2.7)

vhere
d = length of the cavity along z axis

P
Jo(r —gl) = a zero order bessel function

2 = nl1-(£92)71/2

Vs

A = 8 constant for the magnitude of the field

P01 = 3,81 (the first root Jo'(x)-O)

a = radius of the cavity
fc = cutoff frequency
Klystron. A Varian X-13 reflex klystron with a frequency
range of 8.1 to 12.4 GHz. is used as the microwave source. The

klystron is powered by a Hewlett Packard Model 715A power supply.

Oscillator Synchronizer. The oscillator synchronizer is used

to stabilize the.klystron frequency which is prone to drift from
its original setting. The instrument used is a Hewlett Packard
. Model DY-2650A which operates on the principle of automatic phase

control (APC). A small sample (approximately -10dbm) of the
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klystron's signal is mixed with a harmonic of the signal from a

temperature stabilized crystal rf reference oscillator, either
internal or external to the synch;onizer, to produce a 30 Miz 1-f
signal, This 1-f signal i{s then phase compared to an i-f reference
signal from a source, internal or external to th. synchronizer.
After the frequency is '"locked", any attempts by the klystron to
shift frequency produce a phase error and a phase comparator output
error voltage. This voltage is applied in series with the

klystron's repeller voltage to correct the frequency shift.

Transfer Oscillator. The Hewlett Packard Model 540B Transfer

Oscillator is utilized to extend the range of the electronic

counter into the x-band range of frequencies. The method used to
determine frequency is to zero-beat the unknown input signal with
a harmonic of an extremely stable signal generated internally and

measure the fundamental of this internal signal on the counter,

2.5 Frequency Measurements

Measuring the exact resonant freqyency of the TE-0ll cavity
required the use of the equipment discussad previously. In ordax
to determine the frequency shift due to the change in the dielectric
constant of the sample, the resonant frequency must be measured
both before and after exciting the material.

The first step in frequency measurements is to obtain a mode
patterg of the klystron on the oscilloscope. This is accomplished

by modulating the klystron with a ramp-signal and also using this
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\
ramp to drive the horizontal sweep of the scope. The resulting

pattern is shown in figure II-4. Next, the klystron is tuned to find
the cavity resonauce which is nanifested as a small dip in the mode
pattern since the cavity is operated in the reflection mode rather
than transmission mode. This dip should be placed at the top of the
mode pattern, as is shown in figure II-5, by tuning the klystron and
the repeller viltage.

The klystron should then be placed in the cw mode and the ramp
signal removed from the oscilloscope. This procedure will cause a
single dot to appear on the scope. This is an unswept representation
of the mode pattern and dip explained above. To tune the klystron to
the exact resonant frequency of the cavity the repeller voltage: .
should be adjusted to move the dot to the bottom of the dip.

‘Normally the frequency of the klystron is prone to drift from
the desired setting so some type of'stabilization is required. Tﬁe
klystron frequency.is "locked" using the oscillator syncﬁronizer
discussed earlier. The APC switch on the synchronizer is turned to
the on position and the klystron is locked by adjusting the external
rf reference source (General Radio Oscillator,.type 1208-B) until
the search light goes out, The.dot will now have to be returned to
. the bottom of thé dip by adjustiné the rf reference and VFO controls.
Often it is not an easy matter to re-tune for resonance using the
.external rf reference and several attempts are usually necessary

before the dot can be tuned to the desired point without loosing
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"lock".

The klystron is now tuned and locked to the exact resonant
frequency of the cavity. This frequency is measured using the
wavemeter, transfer oscillator and frequency counter., The frequency
can bc measured to two decimal places by tuning the wavemeter until
its dip coincides with the cavity, causing the dot to drop further
on the scope face. Then the transfer oscillator is tuned to a
convenient fundamental frequency of that measured on the wavcmeter,
When this is reached a vertical deflection will be seen on the
internal cathode ray tube. The gate control on the counter should
now be set to the external reset position so that the counter will
measure the transfer oscillator fundamental frequency at the precise
‘moment that zero beat is reached, Now the fine vernicr control
should be tuned to reduce the difference-frequency to as close to
zero as can be obtained. At the instant the zero beat is obtained,
the counter reset'button should be pressed to measure and record

the frequency.,

2.6 Optical Excitation

A He-Ne gas laser, LAS-2002, from Electro Optics Associates,
was used to ekéite the amorphous éample. This laser produced a cw
light with a wavelength of 6328 K at a power'bf approximately 0,5
milliwatts. This wavelength corresponds to a photon energy of
" 1.965 eV, A projector lamp was clso used as a white light source

when a more powerful light source was needed.
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In order to prevent unwanted light from exciting the sample
prematurely, the dewar system was covered and a camera shutter was

aligned with the lenses to provide precise control of the light.

2.7 Measurement of Cavity Q

" In order to determine that the sample is effectively dominating
the cavity, it is necessary to measure the Q of the empty cavity,
and compare that to measurements of the Q of the cavity loaded with
the teflon holder only and with the sample on the holder. A method
developed by Ashley and Palka14) is used to make these Q
measurements. The apparatus is assembled as shown in figure II-6
with the forward and Feflected wave channels each connected to a
vertical amplifier and the sweep output of the gemerator connected
to the horizontal input. The oscilloscope is used in the chopped
‘mode.

The sweep generator is adjusted to sweep through resonance and
far enough on either side to present a complete view of the
resonance dip. Slide screw tuner no. 1 is now adjusted so that no
small dips or peaks appear in the fncident wave. The vertical
inputs to both channels are now grounded so that both levels can be
adjusted to a éomyon reference. Then the inputs are placed in the
dc coupled mode and the two level-set attenuators just ahead of the
detector mounts are set to equalize the detector outputs with the

" test resonator replaced by a good short.
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With the precision attenuator set to zero, the incident wave

attenuator is adjusted to position the reference line at the bottom

. |
0 i
of the resonator dip. (Figure II-7a.) Now the precision attenuator

is adjusted until the line from theAresopant Ehannei coipcidés with

{ ' \
the 1ine from the incident channel as shown in figure II-7b. The;

sweep generator may have to be tuned slightly off of resonance so
i

: . |
that the flat top of the mode may be used in this alignment. The \
. 2 , : )
setting on the precision attenuator is a measurcment of the

reflection coefficient at resonance. | \

This value 18 now glaced on the abscisFQ of figure II-8' !
(calculated by Ashley and Palkglaj) ;nd-another setting of the
attenuator is read off:tﬁe ordinate. The new settfng will determine
the half power bandwidth of the resQSatqr. The precisiyn atlenu;torl
is set to this neir attenuation value and the férward wave channel

attenuator 1is adjusted!so Ehat‘bothlreférence lineSIco%ncide as

shown in figure II-7c. Then all attEnuatioq is removed from the '
reflected channel by returning the precision attenuator to zero dB., |

Figure II-7d shows the reflected channel dip, with all attenuation

t

. | . t !
removed, and the forward wave chamnel crossing it. Now  the <

bandwidth?fz-f1 of the resonator 'is measured bétwpen-the two

crossings of the dib by the forward channel.

Ty

\

Tﬂe oscilloscope screen grid is now calibrated in'frequency 80
. that the bandwidth can be réad directly. This is accomplished by
| ;

using the frequency meter 'to measure the total frequency change for

!
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" ¥ig., II-7 Oscilloscope Presentation of Q Data
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8 divisions along the horizontal (figure 11-7d). If the analog

voltage of the swecep generator is directly proportional 1o frequency

over this limited range, then a simple measurement of length gives

fz-flu
Now the loaded Q is calculated as
f
0
Q = (2.8)
L f2 fl

where fo is the resonant frequency of the resonator.

To determine the unloaded Q of the cavity, Qo, knowledge of the
coupling factor B is required. However in this method of Q
determination, it is sufficient to know only whether the cavity is
overcoupled or undercoupled. Slide screw tuner no. 2, just ahead
of the cavity, is used to determine this information. This tuner
is adjusted until the reflection at resonance is small and then the
tuner probe is withdrawn. If the bandwidth of the resonator
‘decreases as the probe 1s removed, the cavity is undercoupled; but
if the bandwidth increases, the cavity is overcoupled.’ When using
this method té determine B, if the slide screw tuner is several
wavelengths away from the cavity, care must be takén'that'the
losses in the waveguide do not affect the measurements,

Using this infofmation about coupling and the original
precision atteruator setting, the value of B can be determined from
figure II-8. This value of B 1s substituted into the following

equation and the value of the unloaded Q is calculated.

Q=GB+ (2.9)
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CHAPTER III
RESULTS AND CONCLUSIONS

Several different samples of 2A328e3~AszTe3, A828e3, AszTea,

A5283 and S1(3%) Ge(4%) As(38%) Te(55%) were used in the photodi-
electric tests. These varied in size from about 0.3cm in diameter
and O.lcm thick to 0.75cm in diameger and 0.3cm thick. The G factors
of these samples ranged from 0.00176 to 0.015. The experiment, as
described in tihe previous chapter, was performed on these samples at
room temperature, liquid nitrogen temperature (77°K) and liquid
helium temperature (4.2°K), however, no pPhotodielectric effect was
observed.

In order to estéblish that the apparatus was not at fault, an
Al doped sample of CdS, known to exhibit the photodielectric effect
at 900 MHz, was tested. The equipment, described in Chapter II,
performed properly and a frequency shift of 1.61 MHz was observed in
the resonant frequency of 11.9 GHz, for ful) illumination from the
HeNe laser. Q measurements were also conducted as described in the
previous chapter, and it was determined that the sample dominated
th= loaded cavity. Thus ary change in the sample polarization
would be directly oﬂservable as a change in the resonaﬂt frequency,
and anf.conductivity change would be reflected in the loaded Q of

. the cavity. 1In addition to establishing the integrity of the

electronics, the alignment of the optics from the ambient, through
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the 1iquified gases, into the cavity was verified.

In order to determine the general structure of the tested
materials, X-ray diffraction methods were used. The results showed
a generally disordered structure with some short range order existing.
This data agrees with the existing theories which postulate the lack
of long range order and the presence of some short range order in
these types of materials.

Although only negative results were obtained for the five
amorphous materials tested, it 1s premature.to postulate the lack of
a photodielectric effect to be a universal feature of disordered
materials. However, it is appropriate to investigate knowr material

_properties of the amorphous chalcogenides to determine if some
c;mmon denominator exists that would explain the apparent lack of
depolarization. Therefore, this chapter discusses several possible
explanations based upon the limited amount of data and partial

theories that do exist.

3.1 Optical Absorption

Optical data on the material 2A92823'A32Te3 is not available,

but several authors give optical absorption and photoconductivity

measurements fof.Aszse3, AszTe3, Té and Se. Rockstadls) measures

an energy gap of 1.75eV in Aszse1 by optical methods and shows

. absorption data (figure III-1) for this and related materials.

Davis and Shaw16) report data on amorphous Aszsea, Se and Te as



Fig. III-1 Optical Absorption Coefficient (ref. 15)
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shown in figure III-2. These curves suggest that photon energy
between 1.0 and 2.0cV might Le used to excite the material under

study. Edmond17) also rcports optical absorption data on As,Se

2773

which supports these findings.

Optical absorption data is given by Fagen and Fritzschela) on
an amorphous material of the formula: S1i(11%) Ge(l1l1lX%) As(35%) P(3%) .
Te (40%Z) (type A material). Since this compound is predominately As
and Te, the optical data should be applicable to the material under
observation. Figure IYI-3 shows absorption data for the type A
material which agrees with the reports of other authors on A828é3.
?igure III-4 alsc suggests the use of photons of energy greater
than 1.0eV.

From the above optical absorption data, it is seen that the
photon energy of the 6328 K Laser light (v1.95eV) might have been
marginal for band to band transitions in many of the materials.
Therefore, a mercury arc lamp, containing lines from 35(C0 K to
5461 R, was used in duplicate tests. However these tests also
failed to shov any positive results.

Althoush sufficiently energetic photons were provided for
band to band transitions or localized state to bénd transitions,
there is uncertainty as to the number of created polarizable
centers. In particular, if the available states in the forbidden
band are considered, optical absorption datalg) predicts an upper

16ev-1cm-3 gap states. However contradictory electrical

v lem™3 1n order to

"1imit of 10

datalg) sets the density of gap states at 10 "eV
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explain the lack of a field effect in several chalcogénideslg). If
the worst case condition is chosen, the density of states wduld be
-marginal for observation of polérization changes based on sensitivity
predictions for the apparatus used by Uartwig and Hindsz). In
addition, 1if the majority of the trapﬁing sites are located deep in
the forbidden band, Hartwig and Hinds show that the contributions to
depolarization are small since the more tightly bound traps can
provide smaller orbital changes and thus effect depolarizatiom to r
lesser extent.

Another possibility exists if the photon density is too low.
If all created free carriers were used to fill the deep traps withouf
ever saturating the less polarizable centers, then there would be no
observable photodielectric effect nor would there be a Q change since
there would be no conduction current to change the losses in the
material. Because there is no charge injected in this electrodeless
‘experiment, the contradictory obsérvation of photoconductivity .
twith carpier injection) in the materials without a coiresponding Q
change when th? material is in the pavi;y, is possibly explained.
Before these suppos;tions can be proved or disprovéd3 detailed-
thermally stimulated conductivity experiments will have to be

performed to determine the trapping dynamics which are present.

3.2 Mobility Considerations

Benedict and Shockleyzo)‘describe the change in the real part

of the dielectric constant by the equation
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¢t e, -mel ] IR (3.1)
oo™ e/mm? + o)

where .
€, = the lattice dielectric constant
n = thermally generated carrier density
e/m* = electron charge to effective mass ratio
w = driving angulaf frequency
u = mobility of free carriers

In analyzing the above equation it is evident that if the
mobility of the free carriers is sufficiently low, then no dielec-
tric change will be observed. Edmond21) suggests that in materials

in the system ASZSe3‘A52Te3 there may be local fluctuations in the

ratlo of As.Se, to As,Te

25¢, aTe, causing a lowering of the effective

mobility. Kolomiets and Lebedevzz) and Hartke23) report that
electron drift mobility in amorphous Se is lowered by the addition
of a few atomic percent As or Te. Owen and Robertsonza) show the

low hole mobilities for Aszse3 for fields ranging from 9.4 x 104

]

to 55 x 10% V/cm (figure III-5).

3.3 Momentum Relaxation Time

Equations (1.19) and (1.31) show the importance of the carrier
momentum relaxation time in determining the magnitude of the depolarization
when the process is due to free carriers or trappimg. Stone3 has shown

that the excitation frequency-relaxation time product must be greater than
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!

or approximately equél to unity for sufficient interactions of the created
© b

charge (freg or bound) with the appiied field. ;f wt<<l, then: 1ittle or

no photodielectric effect i{s observed. For an excitation of w = 2n
}

(11.8)109, T < lb_ll sec. would pe sufficient to ﬁggate the photodielec-

tric effect. Such a range of relaxation times in disordered matériais
’ -12

: . : |
is certainly possible since values of 10 sec. for intrinsic ‘crystal-

|
i .

!
line silicon at room temperatures are typical. Furthermore, the absence
17

of an electron spin resonance signal (;ensitivity of 107 cm_3) from .

o
chalcogenide films is attributed, by Eritzschelg, to a short relaxation

time, although no values are quoted. . ;o ! )

The experiment at liquid hﬁlium temperature showed no photodielec-
tric effect, thus, the upper bound on Tt éan be increased several orders
of magnitude aince T shéuld increase with dedreasing temperature. Ié
is interesting to consihér the possibility of relaxation on the or&er of

one lattice space which lead to relaxhtion times on the order of 10-15
: : !
18 ’ o I ;

}

sec. . |
1

Figures 3.6. 3.7, and 3.8 show the effect of éhanéing the momentum

relaxation time for a cavity.of'resonant ffequency 109 Hz. =The]effect

at X-Band can be Pbtained:by extrapolaLion since.the:effect of raiéiﬂg

frequency’is very near;y linear as!far as the photodielectric response is

concerned. The d/b ratio iP simply a loadiné factor which will not be used

other than to compare from one curve to the others. Theloverail eféect i;

seen to be the decrease in photodielectric response (y-axi;) as the relax-
;

ation time is_decreased.' The x-axis represents light power impinging

on the saﬁple. ' : I

H
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3,4 Recommendations for Further Study

. The energy levels of the trapping centers present in the
energy gap can be deté;mined more precisely by detailed thermally
stimulated conductivity (TSC) experiments.. In TSC measurements
the electri;al conductivity is ob&ained’aS'a'fuuctiun“of'tempcraturez
The procedure, outlined by Pickard and Daviszs), employs photon
excitation, at low temperatures, to generate free carriers which
can be captured by trapping cgnters. After photon excitatiou the

material is hecated and the electrical conductivity is monitored as

"a function of the temperature. During the heating cycle, the bound

carriers are freed from the traps, and the current measured in

excess of the dark current is defined as the thermally stimulated

gcurrent. Discrete tLrapping lcvcls.are indicated by the prescnce of
peaks in the thermally stimulafed current vs temperature curves.
These peaks can be further analyzed to give information about the
trap. depth in energy, the capture croés sqdpiou of the trap.,

and the density of trapping centers.

,For future X-band frequency measurements, a plug in frequency
extender for the electromic frequency counter should be obtained to
.

repiace the transfer oscillator. The method of zero-beat was found
to be unreliable for measuring frequercy changes of less than 0.1
MHz. Also, the practice of maintaining the exacf resonant frequéncy

while tuning for zero-beat was experimentally inaccurate because an

exact zcro-beat could only be approximated.
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Additional Optical equipment should be added to make the total
apparatus adaptable to various different types of materials, both -
amorphous and crystalline. Also, a more sophisticated klystfon
power supply, providiﬂg internal ramp modulation, would simplify
the experimental procedure and allow a whole mode pattern to be
displayed on the oscilloscope at‘one time,

The existing microwave system, with these modifications, can
be used as an effective tool to study the optical properties of

many different semiconductor materials.
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APPENDIX 1
AMORPHOUS MATERIAL PROCESSING

The procedure used in making the amorphous material is begun by
sealing off one end of a vycor tube, using an oxy-hydrogen torch.
To light the torch, the hydrogen regulator is set to 5 lbs. pressure.
and the oxygen regulator is set to 15 1bs. The oxygen is tﬁrned on
to purge the line and then turned off completely. The hydrogen line
is opened until a small flow can be felt at the nozgle. This small
stream is then lit and the oxygen is.turned on and adjusted until
the desired flame is produced. |

After one end of the tube has been sealed by twisting it while:
soft, tue vycor is then cleaned. In this procedure, nitric acid is
used as the cleaning agent and is followed by DI water and alcohol
rinses. |

The correct amount of each of the constituents is weighed on
an analftical balance 'and then loaded into the cleaned vycor tube-
This is then evacuated u;ing a vacuum pump and sealed with the
torch. When sealing the vycof, the tube ié'heated‘evenly in an area
_ near the open end and the vacuum is allowed to suck in the sides
slightly. After tﬁe.glass is softened, it is twisted and pulled
apart at this indentation, thus sealing the material in an evacu-
ated ampoule.

The torch is then extinguished by first turning off the oxygen
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and then the hydrogen. When all the hydrogen is exhausted, a dis-
tinctive pop is heard. Then both main valves should be turned off
and both lines bled off. |

The sealed ampoule is then placed.in the quartz boat and
inserted into the oven (preheated to 800°C) and allowed to remain
for é hours. During the last hour in the oven, the sample is
agitated by rocking to assure a uniform mixture of all components.
At the end of the 8 hour period the améoule is removed and quinched
cither slowly at room temperature or quickly in a water bath. The

sample is then extracted by breaking the glass capsule.
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Ill 1‘2 L3
r |
OVERTEMP,
PROTECTOR
START CLEGHTT | — Pt-PtRh
' STO_I:I A
i THERMOCOUPLE
| | RELAY |
L Ly '
[ -;c 1
g.“T {N c . = WHEELCO
1|2 - CONTROL
6_|
HEATER

‘Note: If the ovcrtempérature protective circuit shuts off the system,

the switch must be rotated to off and then back to the limit

position in order to emgage the relay.
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PART II

CHAPTER 1

THE THERMALLY STIMULATED CONDUCTIVITY

Introduction

In recent years considerable attention has been focused on
amorphous or non-crystalline materials. Although many of the
features of these materials'otrongly resemble those of more
conventional and better understood crystalline materials, several

(1-3)

important properties are found to deviate radically In an

attempt to explain the behavior of these materials, several theories

(4-13). Cohen, Fritzsche, and

and models have been proposed
-Ovshinsky(7-12) have done extensive research on various amorphous
materials and have proposed a model (commonly called the CFO model)
vhich departs radically from the theory of single crystal materials.
The most important differences of the CFO model include the absence
of an energy band gap in the density of states (see Figure I-1),

nd the existence of a mobility gap in which tLe carrier mobility
is extremely small. Moreover, the states in the "mobility gap"

are spacially localized (since the mobility is very small), and

the density of these localized states is approximately equal to

the effcctive density of states at the "conduction'" band edge(lz).
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Figure I-1 Proposed Density of States as Function of

Energy for (A) CFO model and (B) Mott-Davis

model (ref. 13)
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Mott and Davis(13) have proposed a theory based on the extension
of the theory of the degenerate semiconductor. The Mott-Davis
model includes an energy band gap with a narrow (< 0.1 eV) band
of localized states existing in the bandgap at the Fermi level
as shown in Figure I-1 (page 38}

Among the many amorphous materials which have been studied,
some of the more common are in the famlly of the so called
chalcogenide glasses which include the various compounds of §,
Se, and Te. The purpose of this thesis is to report on research
done on a particular binary compound of this family, A828e3.
Kolomiets and Lebedev(14) have investigated thin film amorphous
AsiSe3 by the method of space charge 1imited currents and report
a continuous density of localized states near the Fermi level

with a density of 3 x 1015 - 1.5 x 1016 cm"3 ev.l. Kolomeits

and Mazets(ls)

have performed th- thermally stimulated conductivity
experiment qualitatively on amorphous As28e3.1n the bulk and
conclude a continuous distribution of localiz;d states in the
energy range of .35 to .75 eV. The thermally stimulated con-
ductivity (TSC) experiment was chosen for this research so that

the density of localized states in the "band gap" could be

investigated. From the results of this experiment, it is pos-

sible to determine how the various models apply to this material.



Theory .

,
[

The Mott-Davis model postulates a quasi-discgeté density of
: ! !

. . [ '
localized states or trapping levels at the Fermi level in amorphous

materials. The CFO model postulate; that a quasi-continuous
' l
density of localized states or trapping levels exists. In order
!

to test these hypotheses, ithe TSC experiment was chosen to' '

investigate the trapping levels in the material under study. In

order to simplify the explanation of the thcory of the TSC
. | o

. { !
experiment, two discussions are g ren; a qualitative description

of the experiment itself, and a discussion of the equations
[ .

dpplicable to the experiment.

i

Qualitative Description O

It is assumed in the'followiﬂg;disbussion thét the experiment
T ’ ;
is done on a semi-insulating crystal with one trapping level .

(at Et) in the band gap as showh in Figure I-2A, and that

t
retrapping does hot occur.
}

At room temperéture a finite number of carriers will be
present in the éonduétiop band. If the crystal is copled, part
of these carriecrs will lose thermql energy and fall down into

the valence Land. At véry low temperatures (below liquid.nitrogen
: ' ' !
temperature) essentially all of the carriers will be in the valence
|
I | }

bandv : ' |
If encrgy is pumped into :the crystal while maintaining the
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Figure I-2 Band Diagram of a Crystal with One
Trapping Level at Et

t
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low temperature (for example, by a light source) carriers will be
excited out of the valence band to the conduction band or to a
trap. However, those which reach the conduction band do not have
enough thermal energy to remain there and fall back to a trap or
the valence band as shown in Figure I-2B (page 61). If this
process is continued long enough, the traps will eventually
become saturated.

If the crystal is then heated at some rate, the electrons
in the traps will begin to gain thermal encrgy and will be
excited to the conduction band as shown in Figure I-2C (page 61).
These electrons will cause the conductivity of the material to
{ncrease. As the traps empty, this increase in conductivity will
reach a maximum and begin to decrease back to the dark value. By
analyzing the change in conductivity, information can be obtained
about the traps such as their energy depth and their density.

If the material has more than one trapping level, the TSC
plot will have a corresponding number of peak; vhich may be
analyzed independently. However, if the material is characterized
by the CFO model, the trapping sites are quasi-continuous, and

hence, no discrete peaﬁs should be observed.

Quantitative Analysis

The TSC experiment has been conducted by various investigators,

and several forms of analysis for the TSC curves exist(ls-zs).

lowever, none of the above authors consider the general case with



both retrapping and recombination effects. Dussel and Bube
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(26)

have considered the problem in a general way, but their results

are much too complicated to be of practical value. Haine and

Carley—Read(27) have derived simpler expressions describing the

form of the TSC curve irrespective of whether or not retrapping

occurs. A summary of the derivation presented by Haine and Carley-

Read is given below.

Analysis for discrete trapping levels. Three rate processes

are important in analyzing TSC curves. These are the rate of

rélease of electrons from trapping levels, the rate of retrapping

of electrons, and the rate of recombination. These rates can be

combined into a general equation:

dn
_c=

dt

where: n
c

t

Ty

is

is

is

is

is

is

is

is

n 06 n

- ¢ M e (I-l).
£ a- ﬁ—) - L

'I‘t ¢ T

the density of electrons in the conduction band

the density of electrons in the trapping level

the equivalent density of trapp&ng centers

the trapping factor [0 = Nc/Nt exp (—Et/kT)]

the equivalent density of states in the conduction band
the depth of the trapping level

Boltzman's constant

the temperature in degrees Kelvin

the trapping time

the recombination lifetime
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t is time.

If the experiment is performed at a slow rate, any change
in n, with respect to time can be neglected (dnc/dt = 0), and
Equation (I-1) can be solved for n. By differentiating with
respect to temperature and neglecting the temperature dependence
of Nc, an equation for the trap density described by the slope

at any point on the TSC curve can be derived and is given as:

) 2
N_+N_ exp (-E /kT)} -
ey - dT (1-2)
t SN {F /k'r c/n }exp( -E /kT)

aT
At a current maximum, dnc/dT = 0, and Equation (I-2) can be

qimplified to:

szN E n, F 2 '
N (T+T ) = c exp(- ){1+ = exp(-—)} (1-3)
t t oo kT
e af Ye |
tdt

Equation (I-3) has Nt in terms of Et’ the trapping level.

Bube(zs) gives the trapping level as:
N ¢
= £ ' »
= kTm LOG(n ) (1-4)
cm

where: LI is the density of electrons in the conduction band
at a current maximum, Tm is the temperature at the maximum, and
the logarithm is to the base e.
Therefore. by use of Equation (I--3) and Equation (I-4),
Et and Nt.can id from the TSC maximum.
Analysis for quasi-continuous trapping levels. The previous




.65

analysis assumes that the material has discrete trapping levels.

In the case of quasi-continuous trapping levels (as postulated

by the CFO model), the analysis must be extended. In the following
discussion, it is assumed that electrons move from traps only to

the conduction band, and that thermal equilibrium is effectively
-maintgined between the trapping levels and the conduction band.

That is, for a given temperature, the Fermi level lies at the

energy level E, and all the trapping levels above this level are
effectively empty whereas the trapping levels below E are effectively
full. As the temperature is increased, trapping levels further
down in energy empty, and the Fermi level moves toward the valence
band a corresponding amount. Therefore, Equation (I-4) is still
applicable. It is also assumed that any retrapping which occurs

is effectively at the level E since carriers which are retraéped

at levels above E have enough thermal energy to return to the
conduction band, and the states below E are full so retrapping
cannot occur. There are three important processes for the analysis.

(1) Rate of release of electrons from tfaps (RR)

nte Nc
RR = — 0 = == exp (-E/KT) (1-5)
T, N,

wvhere: 'I‘t is the trapping time for an electron by trapping level
with zero occupancy.
n.= nt(E) is the density of electrons at trap level L.
Nc is the equivalent density of states at the bottom of

the conduction band.
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Nt = Nt(E) is the density of traps at E.
E is the energy depth below Ec.

k is Boltzman's constant.

T is the absolute temperature.

(2) Rate of retrapping of electrons (RTi

o lefl-f(B))
Rp T, (1-6)
vhere: n_ = nc(E) {s the density of electrons in the conduction
band.
f(E) is the Fermi function.

(3) Rate of Recombination (RC)

' n
- BE (x-7)
RC T
where: T is the recombination lifetime. '
These processes are related by:
dn_ _ no® n n
T e=R-R-R.=_t -_C [1-£f(E)] - _¢ (1-8)
C
dt 'l‘t 'l‘t T

.
1t is now assumed that dnc/dt can be neglected since the

experimental rate of change of n, is very small compared to the

relaxation time of n. (smaller of T or Tt) after a perturbation

27).

in the flow processes

L M8 e r-s) + e
Tt Tt T
or nt0 (1-9)



67

Faking derivitives with respect to E:

dn (]
t | df (E)
dn, O v+ GF + %t 0 dE (1-10)

dE 1+ 'rt/'r-f(r-:)

{1+ Tt/T-f(E)}z

(Assuming that Tt and T are constant. The assumption for Tt is
justified if Nt does not vary widely since Tt is inversely propor-
tional to Nt' This assumption is valid for the CFO model since
N, is postulated to be approximately equal to Nc).
But,

@0 o o% (1-12)

N
C
®" W, exp(-E/KD)> Gg =~ iT " W,

(Ehe temperature dependence of Nc is neglected)

and;
dn
f(E) = EﬁE ={§ + exp {EE%£ 1 : (1-12)
t
2 3 .
Define: f
dNt

Substituting (I-11), (I-12), (1-13), and (I~14) into (1-10) gives:

e[fm)g(m-%t_-%zs(E)l o+0£2 () exp (E-E£) /KT
dn_ . . Loy (1-15)
dE 1+ T /T - £() {1+'rt/'l‘--£('r:)}2

Equation (1-9) gives:

el er-2(m)) | (1-16)
e 0
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Substituting (I-16), combining, and simplifying gives:

E-Ef
g(E)| _Of(E) c f E ex KT + ¢
dE 1+T /T-f(E) kT {1+T /T-£(E)} kT (1-17)
From Equation (I-5),
N, o -
o = =& P (
E-Ef
o Ncexp(kT)f(E) - o2 (E)exp R - Net —\-o (1-18)
& 14T, /T-£(E) kT{1+T /T-f(E)} kT dE—\
Let:
' (-
c exp kT f(E) - n (1-19)
A(E) = 14T,/ T-£(E) £
aﬁd
EED gy dn (1-20
B(E) = cf (E) exp KT -_c )
kT{1+Tt/T—f(E)} kT dE
And: dN . s
g(E) = ——t- (-14)
Thus: dN )
A = B(EIN, *.
or
Ne - By N, =0 (1-21)
dE  A(E)

But, Equation (I-4) defines the relationship between E and T:

N
E = KT Loge(—n—‘i) = CT (I-4)
Cc
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Making the above change of variables in Equation (I-21) gives:

ay, S
¢ - 4T B(CT) N, = O (1-22)
dT A(CT) :
Let:
&E
_ @ B(CT (1-23)
H(T) ——-(——lA(m
Ny - w(ry Ny = 0 (1-26)

daT
T
-+ N, = N exp| / H(T)dT (1-25)
¢ 0

Equation (I-25) lends jtself to a simple computer solution provided

tHe various material parameters are known.
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CHAPTER 11

EXPERIMENTAL APPARATUS AND TEGHNIQUES

Experimental Apparatus

A block diagram of the system designed and built to perform
the TSC experiment is shown in Figure II-1. Three main divisions
of the apparatus require special attention namely the sample

holder, the sample heater, and the data recorder.

Sample Holder

The design of fhe sample holder was determined by the choice
oé the sample geometry. Several alternatives were considered, and
the structure shown in Figure II-2 was chosen. Thin film aluminum
side-by~side contacts are deposited on - a glass substrate, and the
amorphous material is then deposited in the space separating the
contacts. The spacing can be varied and carefully controlled for
repeatability by using standard photolithographic techniques. The
holder design was completed as shown in Figure II-3 subject to the
physical restraints of the Dewar system and the apparatus necessary
to perform the experimeﬁt.

A chromel-constantan thermocouple with a liquid nitrogen ref-
erence was chosen to monitor the temperatu:e due to its relatively

high output: voltage over the temperature range of interest (see

Figure II-4). The heater is composed of four, forty-seven ohm,
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Figure II-3 Sample Holder Design (not to scale)



two watt composite resistors cdnneeted in paraliel. An incan-
descent bulb;is used to provide the neeessary light wbich is car-‘
ried to the semple by a fiber optics bundle. Leeds are fastened
to the aluminum contacts by an ultrasonic. wire bonder using one
mil aluminum wire. Coaxial cable is'used to carry the signals to
the ambient. The entire holder was fabricated from a single plece

of brass bar stock.

Sample Heater

It was determined that a linear heating ratelwas needed to
simplify the data analysis as much as possible. In order to '

détermine the chatacteristics'of:the sample nolder system, a

cooling curve was taken (see Figure II- 5). As can be seen ftom

the curve, the system has a time constant of approximately 1.3

t

hours, and it is noted that a minimum of six hours is needed

for the system's temperature to stabilize.

H

A heating curve was made using a constant input voltage for
the heater supply (see Figure 17-6). The curve 1llustrates the
effect of the thermal capacitance on the'syqtem heating. In

order to compensate fot th16 effect, a feedback control system

was designed to control, the heater input voltage by compating the
t
system temperature with a predetermined reference. th a linear

. heating curve, the reference must approximate the voltage versus '
! }

temperature curve of the chosen thermocouple (see Figure 1I-4

(page . 75)).
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200 _

Temperature (°K)

100

§
|
[ B

P e

Time (Hours)

Figure II-5 System Cooling Curve (Temperature vs Time)

76



femperature (°K)

300 |

200

.

100

77

Figure II-6

i
]
10

U =

Time (Minutes)

System Heating Curve for a Consta

. (Temperature vs. Time)

15

nt Heater Voltage



78

Two regions of temperature for A528e3 were of particular
interest, 100°K to 300°K, and 200°K to 450°K. As can be seen
in Figure II-4 (page 75), Region I (low temperature) suggests the
use of a parabolic reference voltage, and Region II (high tem~
perature) suggests a linear or ramp reference. Two control sys-
tems were .designed to effect control in these two temperature
ranges.

Block diagrams of the control systems are shown in Figure
17-7. (See Appendix I-A for schematic diagrams.) In control
system I (Region I), a constant voltage (Vin> is integrated
twice by operational amplifier integrators to achieve a slow
rising paratolic reference voltage as shown in Figure I1-8.

The reference is then compared with the output voltage of the
thermocouple (amplified by a H.P. 412 VIVM) by a differential
amplifier which controls a Harrison 6267A programmable power
supply. System heating curves using this control system for
two values of Vin are shown in Figure II-9. gonttol system II

is identical to control system I except that Vin is integrated

only once to achieve a ramp reference.

Data Recorder

Several methods of recording the output data of the experi-
ment werc considerecd. There arc two independent data outputs
(temperature and sample current) which have to be correlated. It

was decided to record the data digitally using two E.A.I. 5001
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digital voltmeters and an H.P. 562A digital printer. Figure II-10
is a block diagram of the circuit used to correlate the meters and
control the printer (sec Appendix I~B for schematic diagrams).

The system temperature is recorded at the output of the H.P. 412
VIWM, and the sample current is recorded at the output of the
Keithley 602 electrometer (see Figure 11-1 (page 78)). The printing

frequency was arbitrarily chosen to be 0.5 Hertz.

Experimental Techniques

Preparation of Sample

* The samples were prepared on Corning cover glass substrates
using the procedures given in Appendix 171, After initial cleaning
(see Appendix II-A), the substrates were placed into a medium
vacuum system (2 x 10"6 Torr), and aluminum was evaporated onto the
substrates. The substrates were then annealed for four hours at
200°C to insure good adhesion of the aluminum, and contact patterns
were subsequently etched into the aluminum by.photolithographic
techniques (see Appendix II-B). The substrates were then loaded
into a second medium vacuum system and commercially pPrepared A825e3
(Ventron, Alfa Inorganics Co.) was evaporated onto the contact pat-
terns at a pressure of 5 x 10~6 Torr usjgg a mechanical mask. Film
thicknesses were on the order of 3680 X as determined by a standard

interferometric method, and the cross sectional arca was 2.06 x 10-'6

cmz. The sampiec was then mounted into the sample holder, leads wecre
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attached, and the systen was placed into the Dewar for cooling.

Experimental Procedure

Low temperature. After the initial cooling period (approximately

six hours), the sample was bizsed (V= 30 v), and linearly heated
‘to room temperature in ‘the -dark by the system heater using control
system I. The sample dark current was monitored by a Keithley
602 electrometer, and the temperature and current were simultaneously
recorded by the digital printer. When the sample reached room
temperature, the heater was turned off, and the sample was again
allowed to cool. After cooling, the light was switched on, and
the sample current was again monitored. When the current reached
a new equilibrium valte (after two to three hours), the heating
cycle was repeated.

High temperature. The high temperature experiment proceeded’
exactly as the low temperature experiment above except that control
system II was used in thec system heater, and the sample was heated

to 450°K.
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CHAPTER III

RESULTS AND CONCLUSIONS

Results
Electron microscopy studies showed tﬁat Aszs 5 thin films
made in this manner were amorphous(ao). The constants needed for

evaluation of the various equations include T, Tt’ ¢ (the carrier

mobility), m* (the effective mass), and Nc' T was taken as 7 x 10-4

sec(al), Tt as 6 x 10-3 sec(la), u as 10 cmzlvhsec(ls)

, and m* as
2.9 x m (the carrier rest mass)(la). Nc can be calculated from

the equation:

%
N = 2(2mmRKT,3/2

. hz (rt.af. 32) (111-1)

°F N =1.2x 1020 3

where h is Planck's constant.

A graph depicting the dark conductivity (o) versus temperature
curve for AsZSe3 at a 30 volt bias i1s shown in Figure III-1l. There
was found to be no substantial change in the conductivity at a bias
of 500 volts which indicates that field effects can be ignored.
Upor. initial heating, the conductivity follows (I) on the plot. At
a tempcrature of approximately 385°K, the material goes through a
transformation ((II) on the plot), and with continued heating, the

material follows (III) on upward. Upon subsequent cooling and

reheating the material follows (IV). A plot of conductivity versus
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T-l for (I) and (IV) is shown in Figure III-2. It may be noted
that the slopes of the two curves are different which indicates
that the "band gap" had changed during.the transformation.

The value of the bandgap is calculated from the curves of g
versus ‘I‘-1 by using the equation:

Eg = -2k EEEggggi (ref. 33) (I11-2)

4 (T
where Eg is the value of the bandgap. Calculations made on the
curves in Figure III-2 (page 88) indicate:

E8 = 1,35 eV (Region (I))

E, = 1.71 eV (Region (IV))

Due to the extreme instability of the photen excited material

after the transformation (Region (IV)), only samples which haq
not been transformed were considered for further study.

A plot of the conductivity versus T for the TSC experiment is
shown in Figure III-3. Three curves aré shown, the conductivity in
the dark, the conductivity after irradiation yy light, and the
thermally stimulated conductivity (the differe;ce of the other two),.
It may be noted that the TSC exhibits only one peak (at T = 380°K),
Just prior to the transformation. The TSC was negligible below
275°K which indicates that there are no shallow traps in this
material. A plot of carrier concentration (nc) versus temperature
for the TSC is shown in Figure III-4 for three different samples of
As Se3. .This Plot may be derived from the TSC by making use of the

2

equation:
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gy (by definition) (II1-3)
¢ Me

where e is the electronic charge.

An attempt was made to analyze the observed data for both the
discrete case (Equation (I-3)) and for the quasi-continuous case
{Equation (I-25)). However, Equation (I-25) yielded completely

unrealistic results (Nt on the order of 1026 cm-3

). There are

two possible explanations for this anomaly. If the density of
states in the forbidden region is discrete, Equation (I-25) breaks
dowa hecause the assumption of continuity of states was the basis
for the derivation. On the other hand, the density of continuous
s;ates in the forbidden region may be smaller than that postulated
by the CFO model. For this case, Tt would not be constant as.
implied by the CFO model, but rather could vary over a wide range
of values (e.g. Ttﬁw as Nt+0). Thus a suitable functional
relationship between Tt and Nt would have to be determined. The
former explanation is favored since the shapeéof the TSC curve of
Figure I1I-3 (page 90) is quite similar to TSC curves for materials
possessing known discrete trapping 1eve1s<27). Thus, the trapping
levels may be discrete or quasi-~discrete, and the existence of only
one peak indicates that there is only one trapping level in the

material.

The energy depth of this level may be found by Equation (I-4).

Tor the observed values of Tm= 380°K and non 8.5 x 108 cm_a, the
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trapping levei is found to be:

Et = 0.843 eV.

Then. by Equation (I-3), the density of traps may be computed:

N, = 9.73 x 1014 3.

The thermal velocity (v) of the carriers may be found by

using the eguation:

v = {-2-:-1%}1/2 (ref. 28) . (111-4)

or v =6.3 x 106 cm/sec.

The capture cross section (St) for the traps may be found

by using the equation:
- -1 -5\
§, = (N, vT)) (ref. 27) (1I11-5)

5, = 2.7 x 10718 o2,

Conclusions and Recommendations for Further Study

"
¢
v

The calculated values of the band gap (EgI = 1.35 ¢V and

E v© 1.71 eV) may be compared with reported values of 1.8-2.0 eV

gl
for A528e3 in the bulk (34) (31).

The change in the magnitude of the band gap indicates that the

and 1.7 eV for an evaporated film

atomic structure of the material itself changed. The existence

of only onc discrete trapping level in amorphous As Se3 indicates

2
that the Mott-Davis model is morc appropriate for this material

than the CFO model. It is premature to speculate on the chalco-




genide glasses in general, but for ASZSe3, at least, the Mott~
Davis model appears applicable.

1f the Mott-Davis model is assumed, since the magnitude of
the trapping depth (0.843 eV) is greater than one half of the
band gap (1.35/2 eV), the Fermi level must be below the middle of
the gap, and thus holes are the majority carrier in amorphous AsZSes.
Owen and'Robertson(34) have measured the thermoelectric power of
A328e3 and have found it to be positive which also indicates that
holes are the majority carriers.

In order to characterize ASZSe3 more fully, more research is

l needed in several areas. The change in the magnitude of the band

gap during the thermal transformation should be studied more

closely. Optical experiments and electron microscopy studies'might

yield valuable information in this area. Expansion'of the 1SC

%f ’ experiments to include various members of the S, Se, Te family

} could yield trends which may give a better overall understanding

% ' of the processes involved in these materials.
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SCHEMATIC DIAGRAMS
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APPENDIX II

EXPLRIMENTAL PROCEDURES

II-A Initial Cleaning

The substrates are placed in a quartz jig and cleaned

by the following procedure. Note: Steps 1-6 are carried out

in an ultrasonic cleaner.

(1)
(2)
(.3)
(4)
(5)
(6)

)

S minutes in Microclean commercial glass cleaner at 100°cC.
5 minutes in deionized water at 100°C.

5 minutes in deionized water at 100°C,

5 minutes in deionized water at 100°C.

5 minutes in boiling 2-propanol.

$ minutes in boiling 2-propanol.

Dry under dry nitrogen.



Q)
¢))
(3)
(4)
(5)
(6)
(@)
(8)
&)
(10)
(11)
(12)
(13)
(14)
(15)

- 11-B Photolithographic Procedure

5 minutes in boiling 2-propanol.

Bake ii oven for 5 minutes at 100°C.

Apply KMER-33, spinning at 4000 rpm for 30 sec.

Bake for 10 minutes at 100°C.

Expose in mask aligner for 15 sec.
Develop in xylene for 3 minutes.

Wash in 2-propanol for 3 minutes.

Slow rise on slowrise plate to 180°C.
Etch in aluminum etch.

(KMER strip) 5 minutes in A20 strip at 90°C
2 minutes in boiling trichloroefhylene.
2 minutes in boiling trichloroethylene.
5 minutes jn boiling deionized water.

5 minutes in boiling dejonized water.

Dry under nitrogen. 4

Note: Aluminum etch formula (by volume)

85% Phosphoric acid
10% Nitric acid

5% Deionized water

(15°C).
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APPENDIX III

1

OBSERVED VALUES OF TSC IN As
)

2

Se

3

100

TSC'(ohm-l'cm.l)-

3.23 x 101

1.2

2.8?
6.76
1.4,
2.86
5:75
1.1£
1.7%
1.95

X io‘lq

x 10710

x 10-:1p

X 10“9‘
x 1077



