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Electromodulation spectroséopy of sc and

fcc phase TICI and TIBr"
John Frederick McClelland

Under the supervis}on of David W. Lynch
From the Department of Physics
lowa State University

Electromodulation measurements have been made on normal (sc) phase,
CsCl structure, TICl and T1Br and the spectra have been reduced to the
electric field induced changes in the dieléctric function which are shown
fo be in reasonably good agreement with the calculations of Blossey.
A sampie pfeparation teéhnique was déveloped which, allowed the measure-
ments to be made near liquid helium temperature with a ibw Ievei of static
strain in the sahple and with no observed dynamic strain due to. the
_electric field'ﬁo&ulatibn; " Photoconductivity effects were controlled to
the extent that the electromodulation spectrum could be measured over the -
excfton and interband regiqn with substantially lower djgtortion than has
been rgported in electrOref]ectan;e measurements where structure is
nearly absent fpf the‘n=i exciton state. 'Electromodﬁlafion features were
observed which are tentatlvely,assjgned to ihtrinsic exciton state
splitting and to an exciton-phonon bound,state.'

Absorption and EA measurements were made on abnormal (fcc) phase,

NaCl structure, TICI and'T]Bk which. located the n=2 T1Br exciton state

* . ' . .
_ USERDA Report 1S-T-721. This work was performed under Contract
W-7405-eng=-82 with the Energy Research and Development Administration.



vi

energy and showed unusual EA lineshapes for two features in each compound
that have no established assignment. Sample preparation sensitivity was
observed for these features in the absorption spectra. The TIBr exciton

binding energy, band gap, and static dielectric constant were obtained

from the EA measurement.

7



CHAPTER |. INTRODUCTION

Background
Studies of processes Involving the interaction of light with matter
historically have contributed a great deal of stihulus to experimental
and theoretical physics. The interaction of light with matter in the
early 1900'svprovided the experimental basis for understanding the
quantum nature 6f light. Approximately 50 year§ late;,activity began

on the study of tHe optical properties of solids, which has led to a

. considerably more detailed understanding of solids than had been obtained

from previous efforts in tHis field. Much of the experimental work has
centered around the measurement of optical spectra of crystals, providing
information on electronic ;ransitipn energies and strengths. Comp[e-
mentary developments in theory have alloweq the comparison of spectra
with calculated one-electron energy band 'structures, from which spectra
can be calculated,Awith strengths determined by_electricAdipole matrix.
elements; When wavefunctipné could be obtained, matrix element
calculations have determined actual transition strengths, More:often,
the alluwed or forbldden nature of transitions has been investigated

by symmetry arguments.

' The Resolution Problem
Difficulties have existed in determining accurate trénsition ener-
yies from experlmental spectra for fitting to band structure because of
‘the ‘usual broad and overlapping nature of solld state spectra, due to

lifetime, thermal and strain broadening effects, and the close spacing



of states. Better resolved spectra, hpwever, can be observed due to
both intrinsic and extrinsic origins. For the case of semiconductors
and insulators, intrinsically narrow lines are observed for transitions
involviﬁg bound e*citoh states]_5 which are discussed in more detail

iﬁ the next chapter. For these transitions, an electron is excited by

a photon from the va]ence.bénd to an exciton state below the conduction
band. The final state is a bound state arising from the Coulomb poten-
tial Between the hole in the valence band and the excited electron. The
bound states of the coulomb potential are less crowded, resulting in
substantially more resolvgd'features.

More highly resolvéd features can be obtained extrinsically by
measuring a modulation'-spectrum6’7 which is a differentiél of the usual
spectrum with respect to an external ﬁerturbation such a§ an electric
field. The spectra of th}s_study are enhanced by both bound exciton

states and electric field modulation. The latter is discussed in

Appendix A..

TlBr and TICI
TIBr and TICl, the two. insulators selected for electromodulation
(EM) measurements, were chosen initially with interest in clarifying
aspects of botﬁ band structures and exciton States.' Very early in this
project the principal questions.were answered by structure éséignments.

8,9 10

to . improved band calculations and by magneto-optical measurements

‘'which resolved the exciton‘states in remarkable detall. A]éo during

la,b

this time,detailed theoretical calculations' were published for the

2



electroabsorﬁtion (EA) of excitons and this prompted the continuation of
the project because of the fundamental interest in excitons whiﬁh,do not
fit into the one electron theory'of ;olids.

Later in the course of the experiment interest developed in an
abnormal face centered cubic (fcc) crystal phase of TIBr and.TICl, which
normally crystallize in a éimplé cubic (sc) phase. |

Results of the expe}imgnts on»thé sc phase have not allowed a qﬁan- .
titétive test of the theory, for reasons discussed later, buf useful
information has been obtéinéd on various préperties including photocon-
dﬁctivipy{ electroref]ectfvity, phbnon sidebands, and the doublet struc-
 ture of the:exciton. The fcc data ha?e enabled the excitpn binding
energy, .band gap, and §tatic dieléctric‘constant to be cajculated for
TiBr. :An unusual EA structure has been observed in TIBr and TIC1 for
features previously.assigned to splitting of the exciton ground state or

to excited exciton states.



| CHAPTER 1I1I. EXCiTON ENERGY STATES

The ground state of an insulator consists of a set of fully occupied
electronic energy levels separated by an energy gap from unoccupied
higher energy levels. Electronic excitation occurs when absofption of
.a photon causes an electron in the occupied levels to be transferred to
one of the higher levels or when photons, not energetic enough for inter-
band exéitations, excite stateé which are not included In the oné elec-
tron picture of the crystal. This latter excitation is called an exci-
ton.]-3 An exciton comprisés.a problem ihvolVing the excited electron,
the previously occupied level, which fs called a hole, and the polarized
crystal. The solution of this problem requires simplifying assumptions
and, depending on which are appropriate,.excitoné are usually described
as Frenkel] or Wannief2 like.‘ Erenkel excitons occur when the excita-
tion is loca[ized at or near a particujar atom or molecule in materials

where atoms do not interact strongly.

Wannier Excitons

Wannier excitons, which are appfqpriate for descfibihg electronic
excltations In thé thallium halides, are not localized on atoms or mole-
cules. - In the band pictdre for these materiais;when'excitons are creafed
by photon absorption, an electroh makes a transition from an energy stafe
in the valence band to a Souhd.state with an energy below a conduction
~band. The electron is bound to.the hole left in the valence band by a
‘Coulomﬁ-pofential. The hole may be thbught of as having a positive
charge and the boynd electron-hole system as analogous to éthydrogen-

atom immersed in a dielectric medium. These excited final states have



hydrogenié radii which exfend over a‘distance of a number 6f lattiée
cdnstants.' The potential binding the electron and hble ideally has fhe :
coulomb form, modified by the static dielectric constant of the crystal.
Usually this is only approximately achieved and in materials with more
localized éxcitationé the optical dielectric constant becomes more appro-.-'
priate,due to the higher frequency motion of the_electron and hole. In
the thallium halfdes studied,algood fit to hydrogenic energy levels,0 is
obtained with the 1/r Coulomb potential, divided by a dielectriﬁ constant
equal to appfoximately half the static value or about.thkee times the
optical value. In very Ioéalized materia!s a potential with a differenf
radial depeﬁqence12 must be Qsed,resulting in a difficult Hamiltonian to

solve.

" Electric Field Effects on Exciton States' 2%

‘The theoretical description for this expefiment involves the absorp-
‘tion of light due to transitions to both bound and continuum Wannier
exciton states and the'effeCt of an electric field on these transitions.
The measurement§ are analogous to the Stark effect for the hydrqgen atom
but two differences prevent.the developmeht of the fhebry in the frame-
work of perturbation‘theory used in the case of the Stark effect. First-
ly, the electric fields which can Be.applied to the exéftdn'system can
easily exceed the ionizaffon field of the exciton while in the Stark
effect the field is a fraction of the ionization field. Secondly, the
exciton spectra for zero field are substantially broadened by-thermal and
other mechanisms causing électric field effects to be very small. In

order to detect éxperimentally the small electric field-induced changes,



a difference spectrum is meashred,which consists of the change in the
transmission due to the eléctriq field. Hence fhe theory calculates
both a zero and nonzero applied electric field spectrum for €95 the
imaginary part of the dielectric fuﬁction, whicﬁ is proportional to the
-absorption coeffi;ient, a. Since-small djfferences in rather large
quantities are being detefmined considerable demands are placed on both
experiment ana theory if results are to be compared quantitatively.'
The beginning point for'the theory is fhe one-electron energy band
picture]3 of the'ﬁrystal with a direct band gap at E = 0; nondegengrate
bands and }sdfropic effective electron and hole band masses. An exci-

I1ta,b

tonic theory will be outlined in contrast to the early one electron

15

and early electromodulation calculations

16,17

thedry of Franz]h and Keldysh
made in tHe weak binding limit. The theory is oversimplified for
the thal]iuh hali&es due to photocénductivity, band degeneracy, ph&non
coupling and anisotropy bu;,:nevertheless, is useful._

As discussed é;r]ier,the one electron ground state consists of a
full valence band anq empty conduc;ion band. A phpté-exciﬁed state
breaks the periodic lattice’translagional symmetry due to the cqulomp
interacfion betwgen‘the electron and hole and hence must be approximated

as a linear combination of the one electron band electron and hole

Bloch functions given by]8



are Bloch functions of the electron and valence bands, respectively.
-> : -

The coordinate vectors, r, and wave vectors, k, are subscripted to

designate association with electrons (e) or holes (h).

Neglecting a small exchénge term]8 the energy difference, E, -

between the excited and ground states can be determined from the fol-

lowing set of equations.]8

(e (k) - £ (k) = ETA (k_,k)

nk
. : - R AR ) c',v' 1 'y —
+ < éﬁe, VﬁhIV(Fe rh)|c Ke’ Vﬁh> A 5 (Ee’ﬁh) 0
c! _ﬁl n,
] ]
vkl
(2)
where Ec(ﬁe) and Ev(Eh) are the conduction and valence band energies
and the potential is given by”a’b
VG - F) = -etler - eE- T
e ‘h o ’

. . . . > > >
where € 1S the static dielectric constant of the crystal, r = Fo ™ The
and € is the applied electric field.

If V(F) varies slowly on the scale of a unit cell, the effective
mass equation19 can be derived from Eq. (2) to be18

. . ) c,Vv > =

[E(19g) - B (-iv) + V() - ETo” (Fo, 7)) =0, (3)
where
c,V,+ = 'Ke'?e + l-l:h'—':h c,v
o V(FLF) = & e ' AT (kLK) (4)
n,z €. %t n,K €
c’'n



which is the Fourier transform of'Ac’i(Ke,Kh). Assuming that the con-

n,k
duction and valence band energies near k = 0 can be written as

¥

E. = Eg + (f?kz/ng) and £ = -h2k2/2mﬁ, Eq. () becomes]8

[ - _23 v2 - W
. © ~
Zmé ZmH

2aevl e JF LRy =E 0 (FLF) . ()
n,k n,k :

h

where Eg, mg, and m# are the band gap and electron and hole band masses,

respectively, and

E =E-E . | (6)

After a center of mass transformation followed by substitution of

the wavefunction, .-

.+ . :
Y =R | (7)
n b . | _
in Eq. (5), the hydrogenic exciton Hamiltonian emergés as]8
[-— -V 4 =c ¢ (O, (8)
2y _ |
where
thZ :
& = En - —_— o (8)
2M : ' :

and the center of mass transformation is defined by M = mg + mﬁ,

*m * 3 Fr=r -r R= *F xr
u = memh/(me + mg), r Fo = o and ? (mere + mhrh)/M.

Fori§v= O,fhe bound state energies for Eq. (8) are given by
= -R/n2 ' ' ( I B (10)
En ’ . s & ‘

as in the hydrogen atom with the exciton binding energy or effective



Rydbefg given by

R=_FE - B L 13.6ev, - (11)

where e and m are the electronic charge and mass. The exciton Bohr

radius is expressed as

a, = —5 = —> -.5.29 x 1077 em , ' - (12)

and the ionization field,EiI, is defined as‘la,b

€= Rlea_ . | | (13)

Light absorption by excitons can be calculated by time-dependent
perturbation theory.20 The imaginary part of the dielectric function,
€5 which is proportional to the absorption coefficient, can be written

for allowed transitions as”a’b

e, () = 473 ¢ [T sea | 42(0) , | (14)

where hv is the photon energy and,ﬁcv,is the interband dipole moment

given by”a’b
> > % .
Wey = f%; f dr v ., Vv (15)
- unit c,k v,k .
cell

and ¢2(0) is expressed as!1asb

(€ v -h )
62(0) = in? 23 1 [o (0)]%0 —L—D_ " | (16)
R

n
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Equation (12) is for unpolarized light subject to the condition
that the periodic part of the Bloch functions, v(?,Z) varies slowly with
:. It can be seen from Eq. (14) that the absofption is proportional to
the ratio quaréd'of'the interband to exciton dipole moménts,multifA
plied by the term ¢2(0),which contains the sharp bound state and con-
tinuum exciton spéétra. When an electric field is applied to the
crystal, the shifting, splitting, and broadening of bound states is
reflected in ¢2(0),as well as field-induced oscillations of €, in the
exciton continuum region.

| Since thé.transitions are direct, K =,Ke + Kh =0, énd Eq. (7)
becomes | |

(-2 o2

2 : .
- — - e€z] ¢, (r) ‘En¢n(?) . : (17)
2u

r eEr
0

20 1la,b

Equatiqnj(l7) was solved by Elliott”" for&= 0 énd Blossey
obtained solutions when®# 0 thrqugh‘thg use of parabolic coordinates
and numerical integration of the resulting dffferential eéuétions.
Blossey calculated the shiff of the excitoﬁ ground state as a function
of electric field and his result is shown in Figure 1. The plot shows
that the perturbation calculation begins to break down atelel— 0.4,
which would correSpond to a field duffncult to reach in the case of the
hydrogen atom but easily obtained for excitons. Hg also calculated the
’ eléctromodulated imaginary part of the dielectric function, Be,, for an
M0 critical pount2] 22 and, using the Kramers-Kron'igv;‘felationships,23

obtained the real component.ASI for a range of electric field and

'broadening parameters. His results for Aez appear in Figure 2( The
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Figure 1. Field dependence of the exciton ground state predicted by perturbation and

nonperturbation calculations
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Electric field induced changes in the imaginary
part of the dielectric function versus (hu-Eg)/R

. for broadening parameter.values from 0.1 to 1.0 R

and applied field values from 0.2 to 5.0&',I
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values of the electric modulation field,© , and bfoadening parameter,

r g:kT, used in the calculations are given for the sﬁectra in Figu?e 2

as fract.ions of EI and R, respectively, withE_fanging from 0.2 - 5.08I
and T frqm 0.1 to 1.0 R. The large negative peak at hv/R = -1 is due A
to thé field broadening and shifting of the n = 1 state. Structure can
be seen for the n = 2 state for T/R = 0.1 (a negative peak) and T/R =

0.2 (a negative shoulder), but not for larger broadening. Above hv)R =0

the continuum oscillations caused by the electric field are seen.



W

'CHAPTER I11. THALLIUM CHLORIDE AND BROMIDE
TICl and TIBr are insulators,'as.mentfoned earlier, which normally

crystallize in a éc phase with a CsCl structurézu but which may form in

amorphous phaseszs’26

24,27

on low temperature substrates or in a fcc phase
NaCl structure, usually by epitaxial growth on cleaved alkali
halide substrates. The sc phase is an ionic structure with Iéttice
‘constantZA values of 2.84 R (TIC1) and 3.97 8 (T1Br) while the fcc phase
has a less dense configuration with lattice constant2h values of 6.30 R
(TIC1) and 6.56 & (TIBr).

RelatiQistic KKR band structure calculationé,8 as well as other
band calculation$,9’28—3q indicate that the sc phase band gap is indirect
(the valence and conduction band edges are not at tHe same point of
K-space) with the direcf gap at X while for the fcc phase27*30 the. band
gab is direct at L. The band structurgs for the compounds are shown in
Figures 3-6Afor both phases. TheAsc band structures are from Ref. 8‘and'
the fcc‘fkom Ref. 27. For sc énd fcc phases, adjacent to the direct gap,
there is a doubly-degenerate mixed s-p valence band and a p type cationic
conduction band, which is also doub]y degenerate. The sc upper valence
band consists of hal;gen p states with an admixture of thallium 6s states
at X. The upper valence band also rgceives a small (~10%) contribution
from 5d thallium levels 10 eV below tﬁe band. The lowest con&uction band
is madé up of thallium p states. Alth0u§h the sc phase is strongly
ionic, the band‘structures of this phase and the fcc phase appear to be
closer to the lead chalogenides than to ionic crystals such as the
alkali halides. This has been attributed to the two cationic s valence

8,30

electrons outside the filled rare gas shell,
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Figure 3. Band structure of sc TICI
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Figure 4,

Band structure of sc TIBr
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Figure 5.

Band structure of fcc TI1CI
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Figure 6. Band structure of fcc TIBr
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The band structures in Figures 3-6 are in good agreement with the
optical spectra for the thallium compounds. Band assignments for these
salts typically fit the experimental transition energies with an accuracy

better than 0.3 eV and often considerably better.

Simple Cubic (SC) Phase

A number of studies of the more stable sc phase thallium halides
have provided information that has been very useful either directly or
for perspective in this investigation. The emphasis of the following is
directed in this sense and is not indicative of all areas of research
activity ﬁoﬁcerning the thallium halides.

Early‘thin film absorption measureﬁents3l’32 on TICl1 and TiBr suf-
fered from strain effects due to the mismatch of the sample and substrate
thermaiAexpansions when samples were coolea to reduce the thermal broad-
ening of the spectra. In the Iafe 1960's a method of sample preparation
was develpped33 which minimizes the low temperature strain problem through
a substrate hade by suppbrting a very thin transparent organic membrane
on a frame cu# frqm a crystal of the material to be evapbrated. When
films eQaporated‘on such substrates are coo}ed, strain is minimized
because the thin film and frame have identical expansion coefficients
and the film thickﬁess exceeds that of the membrane.

This substrate and film system yields absorption spectra which

10,33,34

reveal features not observed in earlier absorption or reflec-

35

tivity measurements”” and their intrinsic nature has been supported by
reflectivity36 measurements on single crystals. The more highly resolved

spectra have absorption coefficient magnitudes consistent with the
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direct transitions predicted by the band structures and sharp exciton
and phonon features.
The n = 1 exciton peaks in TICl and TIBr are split in absorption

10,33,34 The splitting was initially attributed to strain

measurements.
but later én intrinsic origin was sUggested37 based on the lifting of
degenerate exciton states. The exciton wavefunctions are composed of
the electron wavefun;tions from the bottom of the conduction band and
the hole wavefunctions from the top of the valence band. The wavefunc-
tion of a given state comes from tHe bands at the same X point. There
are six equivalent X-points‘in the Brillouin zone, addiné to the total
exciton degeneracy.

The splitting has beeh calculated37’38

using the electron-hole
coulomb interaction between excitons in different.valleys and the elec-
tron-hole exchange interaction wifhin one valley and betweeh‘valleys.
The wavefunctions for the perturbed Hamiltonian were constructed from
linear combinat}ons qf exciton wavefunctions of three different X points
or valleys. Two of the resulting wavefunctions have terms from differ-
ent valleys while one is constructgd from wavefunctions of the same
valley. The above explanation is often termed inter- and intraval1ey
scattering of excitons. Recently it has been shown that the splitting
can be explained with only,the_exchange(perturbation and wavefunctions

39

The splitting phehomena have been

37

Investigated experimentally by static stress=’ and piezo—l-}0 rcflection,

and more recently, by magnetoabsorption?g’u' measurements. At photon

constructed from just one vélley.

energies above the first exciton state absorption, features due to
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phonon creation (phonon sidebands) and overlapping higher exciton states

10,33, 34

appear The first phonon sideband structure has been explained

as due.to the creation of an exciton-phonoh‘bound state, while higher
energy phonon sidebands are dué to the creation of free phonons.hz-hh'
Electroabsorption measurementsgs have been made on TIBr u;ing sam-
ples with subgtantial strain and thermal broadening,wﬁich prevented the
resolution of detailed structure,but'allowed the field dependence of the
n =1 state to be observed. Electroreflectance measurementsl'6 recently
p;blighedlappear to be dominated bf photoconductivitf effécts.
Magnefoabsorption measurements]0 have resolved -higher exciton states
which determined the exciton binding energies. These measurements have
also provided evidence of an exciton polaron (polarization.of the crystal
by the electric field of the exciton) effect.97 Other polaron aspects,
which have been inves;igaped.theoretically witﬁin the intermediate coup-

L9

. . Lg ., . .
ling regime, include anisotropic polaron masses,

50-53 54

exciton binding
55-57

energies, and excited states. Cyclotron resonance measurements

indicate that the masses are not highly anisotropic.

58-60

Two-photon absorption measurements have given particularly well-

resolved spectra of longitudinal optical'(LO) phonon absorption and emis-
sfon processes at the band edge. Thé LO phonon can couple strongly to
the electric field_of an electron-or hole, These meagurements-have

explained the temperature dependence of the band gap which increases

with temperature in agreement with other CsCl structure crystals. The
’ 29,61,62

hydrostatic pressure dependence of the 5énd gap has also been

studied and a negative coefficient has been determined. Other important
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information associated with the lattice includes experimental investi-

gatiods‘which have provided thermal expansion coefficients,63 latticezu

64,65 64,66

and dielectric constants, and LO phonon energies.
In concluding this chapter experiments on samples of very high
purity will be outlined briefly. This level of sample purity is unique
to the Japanese workers and has been especially important in luminescence
and photoconductivity measurements. The luminescence expe‘r'iments67—7]b
have provided evidence of transitions at the indirect edge with pure
and mixed crystals and these results have been supported by absorption

712-75 on the same samples. . The photoconductivity work has supplied

data
information on the temperature dependence of carrier trapping and mobili-
ties in sﬁrfacé and bulk regions. Evidence of carrier effects on appiied
electric fields has been obtained from electroreflectancel,’6 and electro-

75

modulated luminescence’” measurements involving surface and bulk regions.
Table | suﬁmarizes some of the properties of sc TIC! and TIBr. from
the literature which will be useful in discussing the experimental

results,
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Table 1. Properties of'sc TIC1 and TI1Br

TiCl TiBr
R (meV) 11.7°8 9.8°
a (R) 40-70 &P 40-80 A P
£, (V/cm) 1.7-3.0 x 10" P 1.2-2.5 x 10" P
F k=0 ( ) C d
® 0 meV 21.5 14.3

€ 37.6° 35.1°¢
e, 5.1° 5.41°

3Ref. 10.

bEstimates.

“Ref. 6h.

dref. 66.

€Ref. 65.
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CHAPTER V. SAMPLES

Simple Cubic Samples -

‘Developing samples which would allow electric field effects to be
measured qn‘well resolved intrinsic sc‘exciton states was thelmést dif-
ficult aspect of this investigatioﬁ; Early éamples were .in the forﬁ of
TIC1 thin films evaporated on quartz substrates. The specfra of these
sampies wefe distorted Sy static strain-a£ tow temperature,preventing‘
the observation of intrinsic excitén structure.

To impfove resolution, samples were prepared, as described earlier,
by evaporating films on véfy:thin’ transpérent organic membranes sup-
ported by frames cut from érystals of the material being evapora-

ted.]0’33’3h This method héd been highly successful for absorption and

10,33, 34

magnetbabsorption measurements but proved difficult to adapt to
electromodulation measurements due‘fo the tendgncy_of the film and mem-
brane fo‘couple and oscillate with the_modulating é]ectric field. The
coupling is due to elec;ric-field jnh§mogeneit3es in the sample region,
to-small wrinkles which often occur in the film when it is Eooled to

low temperature, and possibly to photocarriers in the film. |In the first
two instances the coupling mechanism js analogous to the force which(
draws a dielg;trlc info a high fieid region.

When the s;mplg couplés tp‘thé field, the transmitted light. is
modulated due to the strain shifting ana broadening of absofption fea-
tures. »This AC signal_is superimposqd on the_e]ectroquulation signaj,
Qith‘é.phase shift aug‘to mechanical damping, at the modulétion fre-

quency. |t cannot be separated from the electromodulation signal and
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prevents the undistorted detection of that signa]. The'spurious signal
cdu]d not be substantially feduﬁed by moduléting at highér frequencfes
within the limitations of the electronies. The strain coupling could

be directly observed with a microscope when the modulation freguency was
swept through resonént vibrations of the membrane which cqrresponded
with peaks in the EOdUIafed traﬁsmfssion as a function of modulating
frequency.

The lack qf success by pumerous efforts“to:control the field coup-
ling effect délayed progress in the experiment for‘several years.
Efforts involved various mefhods to reduce sample wrinkling at low tem-
perature, to generate a homogeneous' or a stabiliiing electric field in
the sample region, and to physically Support the film to restrict the
motioh of the sample. S;abilized T1Br samples were finally developed
using membranes suppofted:by solid T]Fl singlé crYs;al frames. The
TICl'crystai has a vgry simf}ar thermal e*pansion coeffjciént and ‘is
transparent in the spectral reéion of the TI1Br exciton structure, hence
" providing an.ideal support.. .Earlief efforts to evaporate TlBr on TICI

76

had proven unsuccessfulAdue_to diffusion " between the film and substrate,
which was re;ognized later. The organic membrane between the TICl cry-
stal and the.TlBr film prevénts diffusion at the_interface. In addition
it provides a slip plane to reducé strain in.the film. The slip p]ane
function of the membréne was observed in the electromodulated_;pectra

of a sample when the membrane énly parfially released. The spectra
showed the usual structure but with a rep]ita‘structqre'shifted_by strain

to -higher enerjy.
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In the final measurements Csl| was substituted for TICl because it
is transparent for the exciton region of both TIBr and TICl and has a

77

very similar thermal expansion coefficient’’ to the thallium com-
pounds.63 | |

The sc sample preparation protedure,‘for the final measurements,
was as follows. Substrates to support and stabilize the membrane were
cut from single crystals of Csl from the Harshaw Chemical Company. The
substrate blanks were cut in the form of recfengular solids 0.19 cm
x 0.33 ecm x 1.17 cm and dressed with 500 grade emery paper before being
glued together for polishing. Six blanks were glued togefher to reduce
the rounding of edges on the inner blanks duriﬁg~polishing (the outer'
blanks were discarded). Since Csl is hygroscopic, polishing was done
under water-free ethyl alcohol using 1.0, 0.5, and 0.03 micron alemina
(Linde, Union Carbide), in that sequence, on AB Mierocloth (Buehler Ltd.).
After polishing, the glue was'dissolQed,allewing the substrates to be
separated. Each received a final etch-polish with 0.03 micron alumina
under methyl alcohol, which contains some water, was flushed with ethyl
alcohol, and blown dry with a dual jet of dry nftrogen which cleared both
optical surfaces simultaneously._ ﬁesidues were prevented, in this way,
which interfere with fi]m'formationvand scatter light. The final cry-
stal dimensions were'approximately‘Q.IG cm x 0?50 cm x 1.14 cm.

The membranes p]aced_oh the Csl| crystals were prepared from Plexi-
glas (Rohm and Hass, v/811 UVT) dissolved in ethylepe'dichloride with a
trace of Formvar (Monsanto;v15/95 E) added. The concentration was 8 gm

ef Plexiglas per Ij;er of ethylene dichloride. The membrane was
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fabficated by allowing a'5-6 ul drop.- of the solution to drip from évmicro
syrfngg onto a surféce of disti[led waterAfrom a héight of 1-2 cm. The
Formvar brdmotes wetfing of the drop‘by the Qatér, resulting in a rapid
spreading of the drop over the water surfa;e,sdmewhat like an oil slick.
The membrane, which had é diameter of approximately 6.4 cm, was lifted
off‘the water by allowing an edge'to drape over a 0.020 cm thick smooth
metal plate (4.3 cm x 6.4 cm) with a centered.2.2 cm round hole. An
extension of the plate on one side, parallel to the 4.3 cm dimension,
servedAas a handle for raising the plate verticélly when lifting the
membrane off the water. The unsupported aréa of the membrane, over the
hole, was to be used on the éfystal and care was required to avoid
breakage. It initially was necéssary to lift the unsupported area very
slowly untilAthe film of water, which:adhered fo the membrane,}feleased.A
The 0.02 cm plate thicknéss was usefgl in reducing the thickness of

the water film énd.a]lowed membranes as thin as 200 R to be successfully
lifted. The membrane thickness was found to be approximately 250 R, for
the solution concentration and drop size specified, froﬁ measurements
with an interferometer (Varian, mbdél 980-4000) .

After the membrane‘wa§‘free 6f‘the water, it was inspected for
defects uﬁder a miéros;ope before moqnting on the Csl crystal. .A;jig
was used to mount fhe hembrane. It éllowed the membrane and substrate
to establish contact smoothly withouf causiqg wrinkle; or rips. fhe
mounting was complefed by smoothing the'memﬁrane to the surface of the
Csl crystai with a soft jet of dry nitrogen gas through a_hyp§defmic

needle before cutting away;the unused membrane with a razor b]éde{
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The substrates were secured between the plates (separation 1.8 mm)
of the sample holder wfth ;eflon pads cut from teflon tape. The teflon:
serQed as insulatioﬁ to block’elecfron injection luminescence, when the
electric_field was applied between the plates, and padded the substrate
during cool-down. A small glass plate was placed adjacent to the sémple
for interferometric filmAthickness determinatfon. The sample holder
appears in Figuré 7, which shows the sahple subsrate and glass plate
without the thin teflon ﬁads.

At this point the cryostat, with the samplé holder and substrate
.attached, was placed in its position above the sample chamber with the
cold finger extending into the sample chamber so that the substrate was
positioned for the evaporation and light beams.

The quarfz evaporation boat was. charged with chips of single crystal
TIC1 or TIBr of nominal purity frém the Harshaw Chemical Company. Thé
chips were etched before loading with Eoiling distilled water, to remove
any impuritieé which migﬁt have become imbedded/during chipping, and
. dried under vacuum. The qqartz boat was heated by a tantalum heater and
the evaporation beam was emitted by 3 secondary sublimation from the
thaflium halide deposited on the wall of the boat opposite the beam
opening by the initjal crystal sublimat#on in the boftom of the boat.

7

 When a vacuum in the high 107 to low 1076.Torr range was obtained
in the sample chamber, the evaporation boat was positioned directly in
front of the thickness monitor head (Sloan, 103-758) as shown in Figure 8.

An evaporation rate between 40 and 60 R/min was established by varying

the current through the tantalum heater by adjusting the resistance
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evaporation power supply-(Ultek, 60-300) output. The rate was determined
by plotéing the output signal of the thickness monitor (Sloan, DTM 3)
as a fgnction of time wfth the chart recorder (Hewlett-Packard, 71008B)
and calculatipg fhe.ratelfrom the slope of this plot. The electric power
was conducted, as shown in Figure 8, to the tantalum heater by its support
frame and by the linear translation rods which allow fhe evaporation
source to be positioned at the monitor or substrate locafioﬁs. The
linear translation vacuum seals were Cehco seals, modified to have two
0-rings, and:protected from heating by coaxial water cooling of the trans-
lation rods. Water cooling was also supplied to the thickness moni tor
head and vacﬁum jacket region adjacent'to the evaporation source posi-
tions. | |

After a stable evaporétion‘rate between 40 and 60 R/ﬁin had been
' obtainedhthe source was translated to the position directly in front qf
fhe‘substrate‘and left there for the time period necessary to deposit
the thicknes§ desired in a range between 500-700 R. A film was simul-
taneously depqsited auriqg this time on the glass plate which was posf-
tioned adjacent to the substrate for ﬁntérferometric thickness determina-
tion. The low limit on fi}m thiékﬁess was imposed by a problem of dis-
order oftén'fognd.in thailium halide film§ below 560 R thickness. The
upper limit was set by a nged to control photocarrier effects in the
electromodulation measurements rathef than by the large optical density
at the n = | exciton peak. |

After evaporation the Samplefwés left at room temperature for

several hours before being slowly cooled to liquid nitrogen temperature



to avoid thermal stréin..‘lt was then cooled more rapidly to the 5-6°K

range where the spectra were measured as described in the next chapter.

Face Centered Cubic Samples

The abnormal fcc phase sampies were eyapofated in the system just
described at very low ratés of 1-5 R/mfn, as in&icated by the thickness
monitor, and formed ebiféxially on KBr substrates freshly cleaved from
Harshaw single crystals. The evaporation rate was detected for sc phase
formation on the film thfckness monitor crystal. Films wére.evaporated
to monitor thicknesses less than 100 R because the fcc is stable only
for thicknesses below 200 R. 'The evaporation wés done at a pfessure in
the IO-5 Torr range to promote epitaxial film growth. After evaporation
the vacuum was quickly pumped to the low 10-6 Torr range and the sample
was rapidly cooled to liquid nitrogeh tempefature where the fcc phase is
more stablé. ‘Measureménts were made often at both 77°K and in the 5-6°K
range,although very little reductioﬁxin broadening occurs at the lower
: temperature.due to the hfghér Debye temperéture of the fcc phase,félative
to the sc phase. To obtain'higherlf%e1ds for the fcc samples the sample

capacitor plate separation was reduced to 1.4 mm.
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CHAPTER V. EXPERIMENTAL MEASUREMENT SYSTEM

The experimental measurement system enabled the determination of
thé‘transmission, T, and electromodulated transmission, AT/T, spectra of
samples at low temperature.‘-A schematic view, ffom above, of the measuring
system appeérs in Figure 8. It includes thé optical arrangement, sample
chamber with holder, and the evaporation system. The vacuum pumping and

cryogenic systems and electronics are not shown.

-Transmiséion Measurements
. The operation of the system in the transmissiqn mode is shown in
the block diagram of Figuré 9. Starting in the upper right-hand corner
at the lfght source (General Electric Quartzline 500 watt tungsten fila-
ment lamp) the optical bath can be followed to the tuniﬁg fork chbpper
(Bulova-Amgfican Time Products L40 driven by oscillator;AME-SA) which
gives the beam an AC comp;nent for compatibility with the detection
electronics. The beam reaches its first focus at the entrance slit of
'the‘monochromator (McPherson 218, 1200 grooves/mm 5000 R Bléze grating)
and passes through the m§nochromator,refocusiﬁg at the exit slit in a
wavelength band of 26.5,R/mﬁ of slifvwidth. Slit widtﬁs ranged between
30 and 60 microns corresponding to band passes from 0.8 to i.6‘xlor
apprpximately 0.7 to 114 meV. _Thé‘beam is focused from the exit slit to
the sample and the fraction that is transmitted falls on the photocathode
of photomultiplier 1 (RCA 1P28), which is ppweredlby a constant high
voltage supply (Keithley 244). A small fraction of the beam is re-

flected, before the sample, from a quartz plate to photomultiplier
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2 (RCA 1P28), which is part of .a servo loop for maintaining a nearly
constant incident beam intensity on the sample. The high voltage s;pply
(Power Designs 2K4IQ) for photomultiplier 2 is also held at constant out-
put. The servo loop can be traéed in Fngre 9 to the lamp servo circuit
and power sdpply (lhstruhentatibn Group, Ames Laboratory MF211) before
returning to-the lamp. The servo loop removes épurious spectra from the
incidentibeam due to the lamp spectrum and optics bybadjusting the power
to the lamp-afger automatically comparfng a feedback signal from photo-
multiplier é with a reference sfgnél from a mercury battery. The servo
system enables the absorption spectra to be directiy observed without the
superposition of the highly wavelength dependent unservqéd incident beam
variation which distorts the spectra. The AC signal from photomultf;Iier
I,thich is proportional to the transmitteq béam infensity,‘is measured
by a lock-in amplifier (]thaco 353) which receives a synchronizing
reference signal from the chopper drive circuit. The synchronous lock-in
detection allows the detector to have a narrow band width response, thus
improving theAsignal-to-noise }atio. The DC lock-in output signal is
recorded as a function of wavelength by the chart recordef (Hew[ett-
Packard 7100 B) after having wavélength rqference pips added by ;hevwave-
length encoder whi;h was calibrated with~Osram spectral fineisouree lamps.
.Finally, the sample and substrate transmission are obtained by taking a
ratio of this plot to a similar plot taken with the sample and substrate

removed from the beam.
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Electromodul;ted Transmission, AT/T, Measurements

The AT/T measuring system mode is shown in Figure 10. Again the.
light path can be followed from the lamp thfqugh the monéchfbmator to the
sample, where the transmission is modulated by the applied electric fieldf
In this mode the AC signal is developed at the sample rather than at the
tuning fqu chopper. The modulating. field is applied between the plates
of the sample mount capscitor (Figure 7) by mesns of a voltage applied
across the capacitor plétes from the high voltsge'square wave generator,
which is discussed later in the chapter. The transmission modulation
occurs at photon ene;gies where field-sensitive absorption features
exist, such as the'n = 1 ex;iton line, which isAbroadened and shifted
by the field. This causes the supérpositfon of a‘small AC signal, which
is proportiQnal to AT/T, oﬁ the DC fransmission signal. Both of these
signals go to the constant DC sﬁgnal sefvo system which is described be-
low. The.servs system maintains a constant DC transmission signal lsvel
by varying the photomultiplier high voltage snd hence'aufomatically causes
;he AC signal to be prsportionalvto AT/T. It also separates the AC and
DC signal components. The former is measured by the lock-in and the out-
put, SAC? is recorded with the DC signal, SDC’ on the:chart.recorder after
the wavelength has been enqodea. In terms °f<$AC and SDC’ AT/T is
obtained from’AT/I.= 2'SAc/(SDc _ASAC); The servo system feedback loop
which holds §

DC

constant is shown in Figure 11. The signal is generated
when the modulated beam causes electrons to be emitted at the photo-

multfplier cathode. Secondary electron emission occurs at each of the 9

dynodes which electrostaticélly_accelerate the electrons to the anode,
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producing a multiplying éffect. Elecprons are condqcted from the aﬁode
to ground through the IOO K Q résistor.  The AC component of the vo}tage
signal develoéed acfoss.tﬁe,resistof'is conducted through the 0.22 uF
capacitor to the lock-in input. The DC signal appears at thé input of
‘the 741 operational'amplifier afferithe AC has been filtefed by the 0.1 uF
capacitor. The 741 operatibnal amplifier has unit gain and serves to |
match impédence between the photomultfpiier and the Kepco operationai
power supply (Kepco OPS 2000) and to supply the DC signal level to the
chart recorder. The imput;of,the Kepco 6PS 2000 is the nﬁll point of the
servo system. It receives a constant voTtage from the 6.2 V supply whiﬁh
may'be adjusted by the 10 and 100 K resistors. This constant voltage
level determines the DC transmissioﬁ signal level whichlwill be maintained
-by the servo system. The null pqiﬁt also receives a voltage from the 741
Operatiopal amplifier. |If this is greater (less) than the constant
voltage from the 6.2 V source as the spectrum is scanned, the Kepco OPS
ZQQO autqmatically_reduces‘(incfeases) the high voltage across the photo-
multiplier, thus reducing (1ncfeasing) the gain of the tube and ré-
establishing the null. ‘The Kepéo’0PS 2000 also has a»dirgtt AC feedback
through the 0.005 uF capacitor to reduge-any AC noise that is pi;ked by
phe control circuit. Before the high,voltage reaches the photomultiplier
it passes through a 170 K@ prote&tion resistor and is monitorgd‘by a

0 - 2.5 kV meter.

High Vol tage Square Wave Generator78

The high vbltage square wave generator is‘shown'schematically in:

Figure 12. The low voltage square wave generator was constructed from
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a sineéwave oscillator (Hewlett Packard Model 200 CD) which turned a
transigtor alternately on and off to generate a square wave with a'dufy
Cycle thch could be adjustgd by the sinewave amplitude to a vqlue of
50%. The oscillato} also provided a reference signal to the chopper.

The square wave was coupled to the grid of a high voltage triode with a
capacitor. The triode was turned on and off by the grid causing the

0 - 10 KV high voltage power supply (Sorensen 5010) connected across the
sample capacitor to be shorted out periodically, generating a square wave
electric field on the sample. The hfgh vé]tage square wave was monitored
by an oscflloscope (Textronix 531A) through a voltage divider. The high
voltage supply had a current capability of 8 ma which was protected by a
current limiting resistor. The current limitation provided the restraint
on theﬁfrequency response of the generator. With a low capacitance cable
to the sample capacitor, ope;ation at 200 Hz was possible with veryilittle
digtortion of the square wave. A 50 percent duty.cYcle sq;are wave
moduléfion was required by both the lock-in amplifier and the mbdel‘used
Ain the calculation. The lock-in output is sensitive to the input duty
cycie, while the theory involves taking the difference between sbectra
calculated for two fields (€= 0 and & # 0), thus requiring square wave

modulation.

Vacuum System
The vacuum system provided a low pressure atmosphere in the sample
chamber which was necessary to enable the sample to be isolated from

thermal contact for cooling to low temperature without condensation and
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the |hrsitu evapofation of thin film samples. The light beam incident

on the samples after evaporation entered and exited the evacuated chamber
through Suprasil quartz windows sealed with 0-rings.

'Thé'vacuum pumping system consisted of a liquid nitrogen cold trapped
diffusion pump (T-M Vacuum Products TM 241 AC) mounted directly below the
sample chamber and roughed by a mechanical rotary pump (Welch 1405). A
combiﬁation poppet/butterfly type valve between the cold trap and sample
chamber allowed rapid cycling of the system when it was‘necessary'to open
the sample chamber. Cold cathode vacuum gauge instrumentation (Instru-
mentation Group, Ames Laboratory MF-14-A) measured the pressure in the
sample chamber. The pressure could be adjusted between 10—5 and 5:]0-7

Torr by'throttling the diffusion pump with the poppet/butterfly valve.

Cryogenic System

The_éryogenic system was necessary to reduce the thermal broadening
of the'spectra.' The system consisted of a Iiéuid nitrogen shielded
liquid helium cfyostat which was mounted directly above the sample. The
cryostat had been used in the group previous to this investigation. The
sample holder (Figure 7) was bolted to the ﬁopper cold finger which was
fn contact with the liquid helium reservior. The 0.8 liter reservior
capacity allowed approximately 3 hours between fills. The cold finger
and: sample holder were shielded by a concentric copper tube which was in
contact with fhe liquid nitrogen contaiﬁer. The tube had holes cut in
its sides‘tovallow the passage of the evaporation and light beams. An

Au + 0.03 at % Fe vs. Cu thermocouple was attached to the sampie holder
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with Géneral Electric 7031 varnish. Thermocouple emfs were measured
with a digital microvol tmeter (Newport 2400) relative to ice. Tempera-
tures between 5 and 6 K were measured when liquid helium was in the
éryéstétg:.Unfortunately it was not poésible to control the temperature

between this value and nitrogen temperature.
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CHAPTER VI. DATA REDUCTION AND INTERPRETATION METHODS

The reduction and interpretation methods used for the data fit into
two categories. In the‘first, the AT/T and T dafa obtained for the normal
(SC) phase samples were reduced, usnng the standard thin film formulas’?
derived from Maxwell's equations, to provtde values of the complex lndex
of refraction (N =n + ik) and dlelectrlc constant (e = e + 152) and
the electric field-fnduced changes in ;hese'quentities. The reflectivity
and electromoduiated'reflectivity were calculated from the above results.
The T1Br abnormal (fcc) phase AT/T data'werelinterpreted in the second
method using Wannier exciton'theory with no centrai‘celi correction to
obtain the exciten bindfng energy and Behr radius, bandgap, and static
dielectric constant. A lack of well-resolved.structure prevented the .
normal (sc) phase data and the abnormal (fcc) TICI ‘data from being
interpreted by the second method and the lack of sufficient data to. yleld
values of the complex ihdex of fefraction restricted the first method

from use with the abnormal (fcc) phase data.80

: Normal Phase Data
in the first metﬁod,.values of n and k were obtained as a function
of photon energy from data in tﬁe literatufeal and the experimentally
measured transmission. The ]itereture values had to be adjusted to
fit Lhe higher broadecning associated with fhe spectra of thie investiga-
tion. This was aceomplished by programming thefcomputer to search ever
ranges, defined by the 1fterafurelvafues, of n and k to locate values

which produced a calculated transmission within a specified tolerance of
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the experimental measurement. This procedure resulted in multible
solutions.énd the final'vaiues of n and k were determined by starting atA
low photon energy where‘k = 0 and n is known, and working graphically to
higher energy, usiﬁg requirements of continuiiy of nAand k pairs, the
known genéral functional form for n and k'in this region, and‘numerous
check plots to coﬁpare the éalculated and measured transmission. The
values of n and k ffnally obtained for both TIC1 and TiBr gave calculated
transmission spectra which Qere coincident with the experimental spectra
within the resolution of the incrémental blotter.

~The transmission was calculated from the two-layer normal incidence

79

thin film formula with‘boundary,meaia of vacuum on the incident side

and Csl on the transmission side. The first layer was the evaporated

.tﬁéllium hélide film and the second, the plexiglas membrane. The neglected

reflection at the Csl-vacuum interface was corrected for by a factor

calculated from the Csi index of refracfion, which was nearly constant

in ﬁhe range of interest. The indices'ofArefraction at liquid nitrogen

temperature fof the Csl crystal and the plexiglas membrane were obtained

in the former case from the‘iiterature82 and in the latter from a Lrans-

mission mgasﬁremeﬁt on a spe;trophqtometef,(Cafy 14). THeAtranSmission

data were reduqed us ing thelsiﬁgle-layer thin film formula.?a‘ Sinqe In

this photon energy region né Sharptstruc£ure exists (k = 0) ;he values

of n are expectéd to be valid also in the 5-6 K region for both materials.
The'prpgramioutlined above ;o,obtain thé complex index of refractﬁon

of TICl and TIBr was used because the limited spectral range of the data

prevented a Kramers-Ktonfg analysis, which would have provided two
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equations for the determination of nand k. In effect, this program
obtained two unknowns (n,k) froh one equation (the sample transmission)
and additional information not in the form of an équation. For'this
reason the accuracy of n and k is subject to some question. In view of
the uncertain reliability of some Kramers-Kronig analyses, which require
additional approximated data for execution, the program does not seem un-
reasonable,

KrémerSjKronig analysis was used on the AT/T(hv,E) data to obtain
the electric field-induced change in the transmission phase shift,
A8(hv,E) , éf the electromagnetic wave associated with light transmitted
through the sample. The equations for AT/T and AS provided the two equa-
tions necessary to obtain the field }nduced changes in the complex index
of refraction, An and Ak. The Kramers-Kronig integral could be evaluated,
in this case, in the region of measurement because other regions make a
small contribution to the integral, since AT/T in those regiops has a low
amplitude which is not enhanced by the functional form of the integrand
when A8 is calculated fér'photon frequencies in the region of interest.

This can be seen from the expression for A@ given by

lni[l. + AT/T(v,E)] dv,

*h
86 (0,€) = =P f 5
% v Y

'3 0

(18) .

where v and € denote the photon energy and electric field. The symbols

v, and vh define the limits of the measured region. Equation 18 was

L
obtained from the Kramers=Kronig phase shift formula83 due to transmission



b7

by §db$tituting the expressions: T(vo,EL= 0) and‘T(vé,E}# 0) =
T(&a,é/% 0) + AT(vo,Ei# 0) into the formula and subtracting the two
resulting equations. . The integration to obtain AG(hv,EL)’wag done by
computér;_ | |

The values of An and Ak were derived from the following

equations
_lat 1 e -
AT/T = 555 Bn+ g 7 Bk . (19)
216=22 an +29 Ak (20
on ) .

with the partial derivative quantities obtained from the two layer thin
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film formula’” and the compléx index of refraction results discussed
earlier. All 6f the above results were then used to calculate the complex
dielectric constant and the electric field induced changes in that

quantity USinQ the following expressions,

e, =0 - k (21)
Me, = 2nAn - 2kbk (22)
€, = 2nk - (23)
Ae, = 2kén + 2ndk . ' (24)

in addition, R and AR/R were calculated from
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R = En—1;2+k' _ R _ (25)
n+ 1
L T €3
where
SR %E)"[<n+x>2 + k% - zgﬁ;l)'[(“f')z e (27)
Ty - 2 |
2 (W) [aeD)? + K%

~'Abnormal Phase Data
The abnormal phase data were interpreted by using the Wannier
exciton model with no central cell correctnon, to calculate the band gap

energy, Egd, and ‘the excnton binding energy, R. Equations (6), (9), and

(10) give the energy dffference, E, between the valenee band and the nth

exciton state for k = 0 as
3 . ) o | a
E = Eg - R/n". (28)
From Equation (28) spectral structure associated with the nth exciton
state is expected at.photonaenefgies,‘hvf'given by
_ - 2 L '
(hv) = Eg - R/n . (29)

The exciton transstuon energues, hv, are expected to closely coincide

wuth the negatlve EA peaks, since fleld broadenlng and spllttlng are
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dominant in deffning EA structures for excitons. The n=]1 and 2 features
are usually most clearly resolved. Eg and R can be determined from the

two equations obtained for (hv%, andl(‘hv)2 from Equation (29).
Eg = 1/3 [4(hv), - (hv),] | - (30)

R=W/3 [(W), = ()] . ED

The static dielectric constant, éo, énd the Bohr radius, a,» can be
calculated from Equations (11) and (12) using the electron and hole
effective masses from the band structure calculations. Equation (13)

then allows the ionization field,Eil, to be calculated.
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CHAPTER VI1. RESULTS:

Normal (sc) Phase Results for TIC] and TIBr

Normal phase results for both compounds are given in the form of the
AR
R

voltages used in the measurements. The. unmodulated spectra are included

glectromo@ulatidn spectra, AT/T, Ae1, Aez and at two of thg applied
in each plot for comparison.  Additional figures show AT/T and Aez on the
same plot to contrast the inpuf and output of the data reduction program.
Absorption and EA specfra for TIC1 and T1Br are shown from runs which
were not reduced by the data program. Finally, an interesting example
of the effect of phofocbﬂddctivity is shown in the electromodulation

spectra of TIBr measured over a range of sample temperatures.

AT/T'sbectra

Figures 13-and 14 ‘show the speétra forAT]CI'and'TlBr, reépectiVely.
In the TIC1 transmission spectrum the shoUider-marked 1' 'is due to the
splitting of the‘héh ﬁgak‘markéd'l. Strain broadening prevents the
observation of the actual doublet in Figure 13. The shoulder is not ob-
served in the TlBr‘spectfum'in Figure 14 due to a shalier spTitting and
more thermal broadening caused by the lower bebye.témperétufe for tﬁis
chpound. At higher photon énergieé, in'bbth,spectra,'the higher split .
and unsplit exciton states ‘and pﬁonbn features are marked at lo&ations
designated by the spectra, when possible,or at Iocatldn; caleulated from
the exci;on‘binding gngrgies and LO phqnqn eﬁqrgies.lo The‘éxgitoni_
phonon qﬁasibound sfate f§ désigﬁated by»q'apd the free bhonon sideb;ﬁd

by B for the normaL phase.
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The AT/T spectra show4m0re4structure than ;he T speetra, especially
in the,oase of TICl, because of the higher exciton binding energy, lerger
splitting, end lower thermal bfoadening,relative to TIBr. |In the TICI
AT/T spectra for 1.5 kV, the '1' feature is positive,due to the shifting
and broadehlng of the~state byithe electricAfleld, which causes.enhanced'
transmissioﬁ_at the ‘photon energy region corresponding to 1'. The posie
'tive feature on the low energy side of 1' is thought to be due to -
luminescence caused by photocarriers accelerated by the applied electric
field, and not to excitoo states. The positive AT/T feature on the high
energy side of 1', in the absenoe of the n=1 splitting, would be expected
at the location designated by 1. It is at higher energy due to super-

' position of the n=1' strocture invfhis region. Other features in the
1.5 kV spectra are thougﬁf fo correspond to the n=2' and 2 exciton states.
At photon energies above n = » the oscillations in the modulated trans-
mission are seen which are siﬁller.to‘the structure seen in Blossey's
calculated Aez spectra ln_figure 2. The TIC1 AT/T spectra for 6.0 kv
show features at 1' and 1 with the oscillatory structure above n = =,
The l' and | AT/T peaks counc1de closely with the correspondlng trans-
mission peaks, |nd|cat|ng that the superposntlon shuftlng effect |s less
active at higher flelds.m The n=2'.and Z_features have dlsappeared due to
ionization. |

" The spectra for TlBr‘in Eigure 14 show the sensitivity of the spectra
to the lowef,pindlng eperoy and largerlthefmal'broadenlngxof TiBr. - The
_detailed structure_observed in the TlCl speotra ls absent at the.fields

shown and also at lower and intermediate fields.
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égq séectra .

. In Figures 15 and 16 the calculated £ and Ae] spectra appear for
- TICI! and TiBr, respéctively. The main effect of the electric field is to
broaden and attenuate tﬁe posifive énd negative e].peak heights. This is

most clearly seen in the T1Br and high field TIC1 Ae, spectra.

Ae, spectra

Figures 17 and 18 show the ez.and Aez spectra calculated for TICI
and TIBr, respectively; Thg Tlé] n=1 €y peak is narrower than the trans-
mission feature with the shoulder (peak) corresponding to the I"({)
transmission feature shifted 1 meV to higher (lower) photon energy.‘ The
electromodﬁlated A;Z strﬁcture shows that the ez'peak‘fs broadened and

‘feduced in height by the field. The TIBr ¢ spectra also exhibit a

2
narrowing of €, relative to T with a | meV shift in the €, peak to lower:
photon energy. The Aez spectra are simiIar to the TICl spectra but less

resolved, as were the TIBr AT/T.spéCtra.

.AR/R spectra

Figures 19 and 20 show the calculated R and AR/R spectra,which were
calculated for TICI and‘TiBr'to compare with recently reported measure-
ment‘sl’6 discussed in the next chapter.

AT/T and Ae,

spectra _
In Figures 21 and 22 the AT/T and Ac

2
same figure for TICl and T1Br to allow comparison of the input and out-

spectra are plotted in the

put of the data reduction program, The spectra show some shifting of
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Peak positions and zero crossing points similar to the unmodulated spectra,
but the relative peak heights are quite similar especially in the TIBr

spectra.

Electroabsorption (gﬁg.sgeétra

in Figures 23 and 24 the absorptioﬁ and EA spectra are plotted for
TiCl and TIBr for runs which were not reduced with the data reduction
program. In the TICI EA spectra of Fjgﬁre 23, the 1', 1, 2', and 2 |
featureé ére'resolved,as they were in the earlier AT/T spectravat 1.5 kV.
The 1' and 1 EA features are shifted noticeably'to.lower energy from'the
“estimated énergy of the 1' and 1 absorpfion peaks. Tﬁfs spectrum is not
as bfoad as the earlier TICI spectra and the 1' and 1 EA‘features may be
more sensitive to shifting due to photocarrier effects and to super-
positfob.when the peaks are broadened by:the electric field. The TI1Br
speéfré in Fiédre 24 ére similar to ‘the earlier spectra but less highly
broadened and sh{fted by strain._ A higher level of photoconduc;jvfty is
'thought to be Présent in this sample because of the negative Iumlniscenée
peak at 3.0 eV. The 1.5 kv speétrum:shows a structure between the o and
8 positions whiéh is not predicted.by thé theory discussed in Chapter |I.
Figure 25 shows the behavior of the feature, labeled a,, as a function of
applied field frqm another T1Br run. The field dependence of the |

luminescence and the 1' feature are also shown in.this figure.

"Electromodulation signal as a function of temperature

Figure 26 shows the electromodulation signal aé the sample tempera-

ture drifted from 5-6 K to above liquid nitrogen temperature. The
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Figure 26.

Eight scans of the electromodulation signal (arbitrary units) vs.
photon energy as the sample temperature drifted from near liquid
hzlium temperature in the upper left hand corner to above liquid
nitrogen temperature in the lower right hand corner
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spectrum in the ubpgr.left-hand corner was measured at 5-6 K beforé the
liquid helium in the cfyostat’had evaporatéd. The spectrum was‘reécanned
és the sample warmed énd the résulting spectra are shown with saﬁple
tempefature increasing for the spectra showﬁ acroSs.the top.of thé

figure from left to right and ;ontinuing in the same direction across

the béttom. The two speétra (top and bottom) shown én the left side of
the figure have an opposite polarity,which indicates a 180° phase shift
in the signal. An explanation of this effect will be giveﬁ in the next

chapter in terms of photocarriers.

Abnormall(fcc) Phase Re;ults for TICl and TI1Br

The abnormal (fcc) phase results consist of aBsOrptidn and EA spectra
for botH compounds and calculated quantities obtained from the T1Br déta,
‘using the Wannier excitoh model, as discussed in Chapter VI. The spectra
of a TIBr doublet (sc and fcc) phase sémple are included‘in'this secfion.

Figures 27 and 28 show the absorptiéﬁ and EA spectra of TICl and
T1Br, respeétively. The solid vertical lines designate the positions of
structure identified in the absorption measurements of reference 27.
The‘dotted vertical lines mark the locations of structure obtained from
this investigation. The n=1 po;itions of reference 27 are not shown, due
to the_hearQCOingidepcg with the locations determined by fhi;:study for
both TICI1 and TIBr. Theln=l TiC1 absorption peak is seeﬁ in Figure 27
;o be narrower than the TIBr peak,wﬁi;h has a more prominent wing on the
high energy side dUE‘tQ”th? higher!excigqn st;tes; _Above the_n=l peaks

the a and 8 (not to be confused with the o and B phonon features in sc



70

WAVELENGTH (A) -

ARBITRARY UNITS

34100

3300 3200 3I00 3000 2900
n=| . |

ABSORPTION

TIClI 5°K
fcc '

|
|
[
|

ELECTROABSORPTION

. | | |

L ! | | |
36 3.7 3.8 39 40 41 42 43
PHOTON ENERGY (eV)

Figure 27. Absorption and EA spectra of TiCl (fcc)



WAVELENGTH (R)

ARBITRARY UNITS

/ \ FLECTROABSORPTION

fcc

39|OO BTIOO 35|OO 33100 3IPO
' . |
- a
ABSORPTION | |
n7| : ! b
| , ,B
n=2 |
IE a |
I W TIBr 77°K

| | ] | | | |
3.2 3.3 3.4 35 36 37 38 39 40

PHOTON ENERGY (eV)

Figure 28. Absorption and EA spectra of T1Br (fcc)

1L



72

spectra) locations of reference 27 are shown. The corresponding features
in this study are marked o' and B' for TICl and are shifted to lower
energy. In TIBr they are in close agreement with the eérliér measurement,
as are the a and b featufeé,which were out of the range of measurement
for TICl.  Structure which may be analogous to the a and g features was
observed in the sbectra of the T1Br sample after its thickness had been
increased to 700 R. This céused a phase transition to the normal phase
and broad, overlapping ébsérption peaks were observed above the n=1 exci-
ton peak (3.02 eV) and the bénd‘gap (3.03 eV) at 3.04 and 3.06 eV.
The n=1 EA features invFjgures 27 and 28 coincide Qith the energy
‘positions of the absofptioﬁ peaks, as expectédAfor bound exciton states.
In the T1Br spectra the feature .at 3.321 eV has been assigned to the n=2
exciton state. It wasxnot_péssiblé to resolve a similar feature in. the '
'TICi spectré dué probably to the siéhal-to-noﬁse ratio. ”At higher energy
the negative EA features corresponding to the a and B absbrption peaks
are shifted to lower energy and have an unusual line shape. In the
TIC1 spectra the absorption peaks are at 3.812 and 4.000 eV with the EA
features at 3.803 and 3.975 eV. Similarly,in the TIBr spectra the
‘absorption peaks are at73.h58 and 3.550 eV and the EA at 3.447 and 3.525
eV. The TIBr EA feature_corresponding to a has the expected lineshape
and position while the b feature ié similar to the o and B structures.
‘Table 2 contains the quantities calculated'from the n=1 and 2 photon
energies obtained from the EA speqtré”and the band masses of reference 27,
using the Wannier model with an uncorrected Couiomb potential as discussed

in Chapter VI.
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Table 2. Properties of fcc TIBr

L "~ fcc TIBr

Eg(eV) o ‘,. 3.327
R(ﬁeY) .A 24,2

a_(R) - 2

€5 11.8
Ex(v/cm) o 9.7 x 10"

Figure 29 shows the-absorption and EA spectra of a double-layer sc
and fcc sample at 77 and 5 K. The spectfa are broadened more than the
single-layer spectra due to a higher level of strain but several inter-
esting observations can still be made. The opposite sign for thé tempera-
ture shift of the sc and fcc n=1 ﬁeak can be seen. The sc peak shifts
approximately 12 meV to.higher eneréy while the fcc peak shifts approxi-
mately 6 meV to lower energy when the sample temperature is raised from
5 to 77 K. The most significan; aspect of ﬁhe Spéctra, in terms of
exciton effects, is the switch in the relative n=1 peak étrengths of the
two phase$ betweén the absorption and EA spectra. In absorption the

fecc n=1 absorption is stronger but in EA the sc n=1 feature has the



Figure 29. Absorption and EA of a two layer sc and fcc TIBr sample
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highér.émplitude. This will be explaingd, in terms of the exciton

parameters involved, in the next chapter.
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CHAPTER VII{l. - DISCUSSION

Normal (SC) Phase Data
One Qf the primary 6bjectives of this investigation was to compare
“measured electric field-induced changes in the complex dielectric function

a,b This has

with‘the detailed predictions of Blossey's calculations.
not been possible in the}most ideal sense but some progress has been made
in this direction. AhAideal comparison has been hindered by aspects of
‘the thallfum halides whicﬁ do not fit the Wannier exciton model used in
Blossey's calculations (n=1 doublet structure and phonon sideb;nds), by
photocarrier effects which pre;ent a well-defined electrié fiela modula-
Ation, and by strain and thermal effect sensitivity which distort measure-
ments due to unwanted perturbations on the exciton states. |In éddition,
the reduction of the AT/T data to obtain Ae, and Ae, may have been in-

1 2

fluenced by the suspected inaccuracy of the values Of,Ei and g, deter-

2

values obtained

mined from the transmission measurements. The €, and €

1 2
from this study are not in close agreement with an earlier determination,

81

'sincg the earlier ¢, values for the n=1 peak are approximately half

2
the values ;hown in Figurés 12 and 13. However, it is not clearlthat

the values of this study are in error to thjs extent since fecent'measure-
ménts39 indicate that the'earlief‘values are too low for TICl. Obvious
structure artifacts‘due to this inaqcuracy appear to be minor in theA
derivative‘spectra, as in the case of the small shoulder seen in the

6.0 kv Aez TiCl spgctra‘in Figure‘lj between the positions marked 2'

and 2.~



78

Figure 30 shows thelfie1d-ihduceq changes in €y ane €, as a function
of photon energy for the Wannier exciton model with peak heights and zero-
'crossing widths designated. Blossey'calculated'the dependence of these
quantities on the applied field and these predictions w?ll be compared
with the measured field dependence. Before the comparisons could be'made,
‘an eetimate of the level of spectral broadenipg iﬁvolved was needed. The
kT factor for thebexperimental spectta is approximately equal to 0.05 R,
which is lower than the broadening of T = kT ='0.2R used in Blossey's
calculations,whicﬁ gives an € Iinesﬁape and n=1 half width in best agree-
ment wjth the experimental lineshape and'e2 half width value oanpproki;
mately 0.5 R for both compounds; A lergeﬁ broadening in thelexperimental'
spectra, than would be expected from the thermal mechanlsm, is not un-
expected, since a certaln amount of |nhomogeneous straln broadenung was
-an ‘unavoidable side effect'of stabilizing the sample so that it would
not be driven by the electric field, as discussed earlier. Table 3 gives
a perspective on the compromise that had to be made to stabilize ‘the.
sample in terﬁs of the n=1 strafn shift. The membrane/thallium halide
frame sample yields a nearly-intrinsic spectrum and is a good reference
for both the shifting due to strain and the half width. An increase in
the half wndth of the n—l peak strongly degrades the resolutlon of
higher states, since the exciton bnndlng energy is only apprOX|mately
10 meV. The shffting due to the membrane/Cs| substrate fs substantially
lees than for the KBr ane quartz substrates. Half widths for the latter
substrates are not useful for comparison due te the large distortion in

the spectra.



‘Figure 30.

Designations for peak heights and zero crossing
separations of the electromodulated complex
dielectric function, Ae] + iAez, as a function
of photon energy
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Table 3. Strain shifts near liquid helium temperature in the n=1 peak
: position for TIC1 and.TIBr evaporated on various substrates
relative to the peak position for a membrane/thallium halide
frame substrate. The n=1 transmission half widths are given
for the membrane substrates. Units are meV

Substrate TiCl “TIC1 . TiBr . TIBr

Shift Half Width  Shift Half Width.
membrane/framea o 0o . 8 0 5
mémb?ane/Cslb 5 ‘ 13 3 8
KBr¢ " 20 o 8
Quarez® 3 | 18

aReference IO.V
bThis Stydy.

CReference 81.

It was decided to use the results of Blossey for the Ael and Aez
spectra, calculated with the I = 0.2 R broadening value, for comparison
with the measurements even though the experimehtal broédéning is mainly

due . to stfainArafher than thermal mechanisms. The first comparison is of

AE2 forArz, identifiedAin Figure '30, as a function of applied field,&.
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The dependence 'is éhown in Figure 31, plotted asAAEz/R vs.S/EIlfor TiCl
and T1Br,with the electric field determined from the voltage across the
plates and their separations, without a local field correction for polarizé-
“tion, sincé the Bohr_radius of the exciton is a factor of ten larger than
the lattice constant. Above_6;0 lethe experimental lines (solid lines)
haVe slopeé ;lose to the calculatgd line (dashed line). At voltages be-
low 6.0 kV the slope of the experimental lines is approximately half of
what is expected from théory. This plot indicates from the viewpoint of
the theory that either (1) the field seen by the exciton is considerably
less than that calculated from the voltagé and that the field éncreases
too slowly with applied Qoltage Below 6.0 kV or (2) the 482 values

are distorted.

The di;agreement between the calculation énd the measurements seen
in Figure 31 is thought to be primarfly due to photocarrigr'effects.
Several other observations suggest that the field seen by ;he exciton is
due to the superposition of the applied field and the field of thé photo-
‘carrier charge distribution: Hence argumentv(l) is faVored. Since the
electromodulation measurements of this study were ﬁot designed to measure
the very sample-dependent photocarrier and trapping effects in the thin
film samples, some aspecté, such as the origin of the photocarriers,
can only be tehtativélytsuggested. The photocarriers in the exciton
region are thought to be generated both by indirect band to band
transitions and b; tfépping éf either the'eiectrons or holes of excitons,
thus freeing the opposite.charges for conduction. Carrier multiplica-

tion may occur due to impact ionization by field-accelerated photocarriers.
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Thé first évidence df photocarriers to be discussed supports the
<sque$tion that they are mobile and hence could distribute to form a
field obposing the applied field. The positive (negative) peak on the
Tow enefgy ;ide of the AT/T (EA) spectra is ghogght to bé due to impact
luminescence caused by radiative de-excitation of electrons or holés ex-
cited by collisions with field accelerated photocarriers and not by
electrsmodulation of the luminescence from the de-excitation of states

75

excfted by photon absorption due to the sign of the peak. Hence this
feature is not due to modulation of the beam tranémission but to light
generation within the sample, which is in phase with the modulation
field and detected by the photomultipliér. The impact luminescence
appears in the AT/T (EA) spectra as a spurious, enhanced transmission
(atteﬁuated 5b$orptioh) as indicated by the positive (negative) peak.
TBe transmissiﬁn (absorption) is known to be attenuated (enhancéd)

in thig region by the applied field because the‘field broadening of the
n=1 peék has the result of increasing the absorption. The impact
luminescence peak is sample- and field-dependent and can be seen clearly
at low fields in Figuré; 13, 24 and 25 with the Iétter showing the field
dépendéﬁce of the feature (the negative peak at 4130 R). The disappear-
ance bf the feature at high fiélds méy indicate that the impact lumines-
cenchis not excited as efficiently by more highly accelerated carriers
or th;t‘the luminescence signal does not grow with field as fast as the
EA signai. lh Figure 25, the 9.0‘kV spectrum amplitude is aftenuated by
- approximately a factor of 30 relative to the 2.0 kV spectrum in Figure

25 and the intermediate spectra amplitudes are reduced by smaller amounts
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to fit into the fighfe.. | '

3 thé negative.nél peak of the 9.0 kV EA spectrum of Figure 25 is
compared with the corrésponding feature in the 9.6 kV spectrum of Figure
2huthe‘formér peak appears strongly attenuated relative to the latter.
ThiS'ié thought to be due to a large reduction in the field due fo a very :
high photoconductivitytfor the n=1 photon energy region in the former
éample. In thicker samples, the n=1 peak actually was cut off compietely;_
although the sample transmission had not cut off and modulation could
occur if a sufficien#ly stfong field was presént. The better-ordered
crystalline $tructuré of the thicker films may allow substantial carrier
multiplication:by impact ionization of the large density of n=l excitons
being created in this photon region, thué supplying sufficient carriers
for a dynamic scrgening effect. Saméles used in the measureménts.were
made with tﬁicknésse; beiow‘approxima;ely 700 R to reduce the distortion
of the applied field by pho;ocarrier§.

A similar'stfong photocarrier éffect~has been identified, bu; per-
haps not fully reqognized,'by othgr workers in eiectroreflectance measure-
ments46 on TIC],énd TiBr singleicfystals. ‘These workers have discussed
a.seVerg phétoéarrier‘effect which, at very low temperatures (1.8 K), has
prevented detection of any gignéi thrqﬁghout the exciton region In TICl.
By increasing the temperature (QO_K) and reducing the incident beam in-
tensity, they have obtained a spectrum above the h=i region,but do not
observe the expected strong negative peak in_ghe ﬁéi région. Examination
of my Célcuiated'eiectroreflectance,.AR/R, for TIC1 explains the prdbable

cause of the missing structure. in Figure 19, at a low field (1.5 kv
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spectrum), the negative peak near the posftion marked 1 is just beginning
to form. At 6.0 kV in Figure 19 and 6.0 and 9.5 kV in Figure 20,the peak
is seen easily. On this basis it seems‘very likely that the aBsence §f
the expected n=1 structure in the electroreflectance measurements is due
to a strong reduction by photocarriers in the field.seen by the excitons
in this photon energy region and to the larger field required to modulate
the n=1 gtate relative to the less closely bound higher energy states.
Before leaving the sbectra of Fjgufes 19 and 20 it should be pointed out
tHat while fhe ;alculated reflectivities have an unusual stfucture in
_comparison with ekperimental measurements,l'6 they are qualitatively
similar to reflectivity calﬁﬁlated from transmiésion_data on TIBr by
other workers.8l The general form of the AR/R sbectra is similar to data
- on Zn08h which has an absorption spectrum85 like those of the thallium
halides. For this reason it is not unreasonable fo assume that the
spectra are qualitatively valid even with some distortion introduced by
the reflectivity. |
The behavior of photocarriers in modifying the applied field in the

single crystal and thick film samples is thought to be different from the
thinner films of this stud*. In the more disordered thin films the
photocarrier response is inflgenced by the lower carrier mobilify énd a
higher density of traps, éllowing less carrierumuitiplication by impact
ionization. These properties, and the limitation on photocarrier geﬁera-
tion‘due to the'incident beam intensity,indfcate that photocarriers may
contribute.an essentially static field‘which,is.superimposed on the

applied field. Evidence of such a static field, which is also not
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strongly photon energyidenehdent,AisAgiven in Figure 26. The figure.
consists of eight scans of(the‘excfton region as the sample warmed frem
5-6 K to above lfqnid nitrogen temperature with the spectra undergoing a
180° phase shift before being washed out by thermal broadening in the
lower right-hend'corner,j'The upper and loner spectra on the left side of
the figure show little distortion but are shifted in phase by 180 degrees
ane the shift can be exbleined in.tehms>of the photocarrier field which
is larget for the’lowet spectrum due to an increase in the photocarrier
4response with temperature in this region.86 The phase shift is explained
by the'waveforms:in Figure 32 whieh are for three levels of photocarrier
reeponse. The response is dependent en‘verious factors, including

sample temperature, sample depth, incident photen energy,‘and film
structure which,are important jn terms of trapping centers that maylthem-
selves be modulated by_the,high'electric fields app]fed. The applied
field waveform is shown at ‘the tob of the figure with the photocarrier
field waveterm below which is ceusee by photocatriers generated in the
illuminated region,of the sample being swept by the applied field into_l
~the dark region where'they are trapped. The distrihution of positive
(holes) and negatiye (electrons)~charges that results provides a field
that opposes the applfed field.: It is_thought to be primarily a static
fiefd with a smail.AC‘eomponent due to new charges being swept up by

the field and the decay of the fleld by recomblnatlon and the collapsnng
separatlon of the posntlve and negative charges when the applled field

is off, It is lnterestlng to note that, in terms of thlS picture of

the field,,the photocarrier field would appear to have:saturated in



_Figure 32. Schematic of waveforms which contribute to the electromodulation of excitons
in the presence of photocarriers in thin film samples. The exciton is

not sensitive to the direction of the field and hence senses the absolute
value of the total ‘field waveform function

© e
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Figure 3] at the positions marked by 6.0 kV for both TiCl and TIBr at the
temperature of 5-6 K. | | |

The total field waveforms. ﬁhoﬁn in Figure 32 are the sum of the two
waveforms aSove and differ only in DC components for different‘responses.
The exciton-sensed waveform functions are the absolute Qalue of the total
waveform functions because the exciton ‘is not sensitive to the direction
of the field. The low regbonse exciton waveform amplitude is atténuated
relative to the applied field and'shiftea in phase (less than 90°) when
detected Ey the lock-in due to the square wave d?stortion;and both 6f
these aspects have been observed in the measurements. The waveform-in-
dicates that the Iightltransmission is being modulated between two non-
zero vaiues of applied‘field. This explains why some of the electro-
modulation'spectra'haye slight shifts initheir peak positions relative to
transmissfon and AT/T spectraAat different fie]dg as fof examblé ih ng-
ure 23 for‘the n=1' and 1‘peaks. ‘ |

~The mediumlresponse‘waveforﬁ shows how the AC modulation field can
be ﬁearly cancelled By photocarriers,even thpggh the carriers do ﬁot
scfeen in a dynamic séns¢: This condition is approximately shown by_the
highly attgpua;edrspgctrum in the midd]e of the upper part of Fjgpre 26.

- The high‘photécarfigr response eXCi;qn weveform{shown1in_Figurg 32,
has a 180° phase shift relative to the applied waveform and is proposed
ég.the,mechanism to gxplainlthe }86 degree shift in the electromodulation
signal shéwn in ?igur¢“26; JWhen ph&técarrierifields of this.magnitﬁde
exist; some ffeld,iﬁhqmogeneity is expecied across the illuminated

‘region of the sample dﬁe to the approximate line charge Histribution of
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photocarriers. If‘the line charges form in the dark regioh, well separa-
ted from the illuminaféd.region, the inhomdgeneity will notlbe as serious
bin modulating the transmission and thié may be the case in the lower

spectra on‘the Ieft-hand side of Figure 26 which shows little distortion.

“In view -of the dffficulty in determining the field on the exciton
from.the voltage and platelséparation, it was decided to calibrate the
'field for éach spectrum from the theoretical &Qrve of AEZ/R for Aez shown
in_?igure 33 thus‘allowing a test of the internal consistency of the cal-
culation. - This curve was chosen, because it is independent of broadening
and fhe AEi separation is less éensitive to aspects of'the thalliuh
halides not consistent with the model used in the calculation. The
method of calibration has the added benéfit of giving the field in terms
QfEiI which is ngeded_;o compare the other peak heiéhts and zero-crossing
sepa'rations. to the calculation. Had it been necessary ﬁo ca,lcul'a_te» 61
ffom Equation_}3, another source of error would have been introduced be-
cause accurate values:of 50 do not éxisf,

The experimental zero—;rosSing séparatfons for,Aez and AeI are
shown in Figures 3&; 35 and 36 for TIC1 and TIBr with the solid lines
calcu}ated byABiossey, 'UnfOftunater, the cajculatiqns did not go to as
Iow'fiefds as the mgaSurements,but.couldlbe extended with $ome confidence
to lower Fields,since théy appear tb be nearly iinear in this range,
although phe lines have not peeh,e#tended in thg figures. Fjgu}e 34
2 hjgh field.TlBr gxﬁerimgntaf values for AE] are in

~ good agréement with theory while the TICl values are somewhat low,

shows that the Ac

possibly dué to a decrease in the Ae] separation by the lafgef splitting
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of the exciton as seen in the 1' and 2' features of Figures 13 and 17.
As the field decreases, the AEI/R, values are increasingly low and this

may be due to a growing sensitivity of the AE ' separation to the splitting,

1
~which is apparent in the low field spectra of Figure. 17 when compared to
the higher field structure. The AE] and AEZ vélues of Ae];shown in
Figures 35 and 36, show a similar trend when compared to theory, in that
agreement is rather good af high fields.but deteriorates at lower fields.
The'scatter of fhe high field experimental zefo crossing‘valués for both
~and Ae

Ae can be compared to the scatter of the AEZ/R of Aez theoreti-

1. 2
cal values shown in Figures 31 and 33 and appears to be fairly similar.
Before comparing the'éxperimental peak heights toAtheory it was
necessary to scale the expgrimen;al values. The calqulatgd h3 of Aez
,peak.heights were used, sjnce they are most closgly associa;ed withrthe

2 2
37 shows the calibration curve which was extended from € = 0.56I to .

AE, of Ae, separation which was used for the field calibnation. Figure

{ower fields using a dfaftins curve so that the lowgr field peak heights
couldlpe scaled.. Figures:}S and_39_show»the hr énd h2 of Aez peak heights
compargd to thgory. The eXperimghtél points are high fOE,h| possibly

due to a [ower phqtocarriér respbnse in this region whekélthe absorpfion
is low. It is.interesfing to note fﬁat the expectedlredqétions in the

"
in determining the peak height. The h

height due to thé n=1 splitting and to luminescence are not dominant
2 experimeﬁtal points are_in good
agreement at high fields but only fair at lower fields due probably to

both photon energy.dependent photocdnductivity and to static strain

broadening which is‘of.less_significance at,higher fields.

“



o7

- PEAK H‘E'IG‘HT"C'AUB_RAT'ON CURV.E | | e |

C/CI‘ .

. Figure 37. Theorétical curve used For scaling the peak
heights for AEZ and‘ AE:] from the TI1C1 and
TIBr h3 experimental Ae, peak heights



98

|
10 T T I T 7 T 1
- A -
o TIBr
- aTICI A —
- A —
A A
' A
Fa¥ A
— A —
a ba o
(o]
o (o]
L °© o _
(o}
IOO- | | | | | | | |
10-!
»e/eI_
Figure 38. Experimental values of h, compared to theory

(solid line) for Ae, after field calibration
and peak height sca?ing for TIC1 and TIBr

100



99

102 _ ‘ T . I
Lo = n
A
0% o .
Zl;ez
o TIBr
s TICI
| | 1’
10-! ~
10”"! - 10° 10! 102
'C!/CLI

‘Figure 39. Experimental values of h, compared to

theory (solid

line) for Ae, after field calibration and peak

height scaling for TIC1 and TI1Br



100

Flgures 40-42 show the experimental’ values hl hz, and h3 of Aei
¢compared to the calculatlons for these quantities. Flgure 40 shows that
the h values are too. high as ‘was the case for the Ae2 h] values. The

1
experimental points for h2 and h, are scattered more about the theoretical

3

lines than the Aez values of h2 but - do not show the trend to diverge from

theory at low fields.

The deviation from theory of the field;induced changes in the d}-
electric function is not indicatfve of defects in Blossey's calculation,
which assumes no modification of the applied field by photocarriers or
spectral distortion due to statitlsttain. It‘appears that photocarrier
effects ano static'strain,'espeoialjy'at low fields, are the principal
causes for the.deviation. Static stra}n is thought‘to play a more impor-
tant tole at low fields through inhomogeheous strain btoadening because'b
the electrlc field broadenlng |s not as domlnant as at high fields. Only
a small part of the deviation is believed to be due to distortion of the -
spectra by the intrinsic exciton splitting and phonon sideband effects,
and to inaccuracy in the dielectric function values used in the data
reduction. | |

The electroﬁodulation spectra'show two interesting features which
are not in the scope of Blossey s calculatlon The assignments‘for.these

Afeatures are tentatlve, since they have not been investigated in detall
Fiqures ]3 and,23 show a feature marked 2' in the 1.5 kV spectra of TIC],
which is thought to be possibeldue‘to the splitting of the n=2_exciton
state. Both theln=l and n=2 states appear fn the spectra to bevsplit

by approximate[y 5 meV. |If the splitting is primarily due to the
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‘Figure 42. Experimental values of h, compared to theory (solid
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exchange interaction, the-equal~spl§tting would not be expected because |
the n=2 exciton radius is a factor of 4 larger than the n=1 radius. The
edual splitting would also not be expected for the Coulomb interaction,
hence the assignment of this feéture should-b¢ subjected to further in~
vestigation; |

The second feature is marked e, in Figure 25 and coincides wi;h thg
expected energy position for the n=2 exciton-phonon quasibound state in
TIBr. Again the assignment of this feature is not well established, but
it is interestiné to note the difference in the field-sensitivity of this
feature relative to thét of the'exciton. The n=2 exciton feature, if
it were resolved, would be expectéd to wash out due to ‘ionization at

approximately 2.0 kY, but the a, feature is seen to persist until 8.0 kV.

Abnormal (fcc) Phase Data
The fcc TIBr band gap energy, Eg, and exciton binding energy, R, in
Table 2 were calculated from the ngl and n=2 exciton EA peak energies
using the Wannier model, with no correction to the Coulomb potential, as
discussed in Chapter VI. The value obtained for R and the calculated

27

band masses™’ were then used to obtain ao, €7 and€I. The fcc phase

exciton is expected to be less Wannier like than the sc phase exciton

27

due to a smaller predicted Bohr radius and Iarger'laftice constant.
The sc phase is useful for comparison with the fcc phase,éince energies

10 and an approxlimate

have been determined for the s¢ n=1, 2, and 3 levels
onset of Wannier behavior (energy levels fit a hydrogenic series) happens

to occur with the N=2 energy in the normal phase. Such an onset of
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Wannier behavior is expected with increasing n,since the orbit of the
nth state is proportfonal to n2 and the Wannier médel becomes valid'whén
the inequality, exCitonfradfus >> lattice constant; is satisfied. Often
this occurs at a value of n where stétes cannot be resolved but in sc
TIBr it was possible to resolve n=1, 2, and 3 quite accurately with a
magnetic field pertt_.lrb_ation.]0 Hence the 60rmal phaseISUpplies states
which can be used to calculate quantities similar to the fcc results |
that will have errors due to deviation from the Wannier model (using n=l
and 2 energies) and QUan;ities that will be closer. to what would be ex-
pected with a better fft of the mode]‘to reality which the Wannier model
does in thfs case for n=2 and 3;

Table 4 is useful for discussing the fcclTlBr results. The first
two columns contain quantitie; calculated from the nél and n=2 energies
for both phases using bénd masses from Referenée 27. The fcc resu]ts |
are from Table 2. The third column contafns the Wannier Timit values
for the sc quantities and the'fourthland fifth colgmns are calculated
estimates using_é corrected potential.27’59
The fcc Eg value:determined with the n=1 and 2 energies‘is an upper
. bound for the actual band‘gap due to deviation fromAthe'Wannier model .
Values of Eg calculated‘from simul taneous equations generated from
~Equation (29) will approach the actual value in the limit of the ideal
Wannier model. The upper bound aspect can be aemonstrated wfth the n=1,
. 2, and 3 energiés of the normal phase data which give band gaps of
3.0203 eV and 3.0198 eV using the n=1 and 2, and n=2 and 3 energies,

respectively, in Equation (29). The 3.0]98 eV value is usually taken as



Table 4.

Properties of TIBr obtained by various methods. The first two columns are calculated
~ from the n=1 and n=2 energies and the band masses with no-correction to the Coulomb
- potential. The: third column is calculated in the Wannier limit and the fourth and fifth
are estimates made using a corrected potential. The band masses are from Reference 27
TIBr Wannier Estimates
fcc sc Limit sc fce sc
E,(ev) 3.327 3.0203° ©3.0198° -- -
R (ineV) 24.2 10.3° 9.8° - 60-100° 4.9¢
€y 11.8 13.3 16.1 10-15 -~
a (B) - 25.2 52.8 63.9 12-16 n 4o
GEI(v/cm) 9.7 x 10 2.0 x 10 1.5 x.10 -- --

aRef-erencg i0.

bRe’ference 27.

CReference 50.

901
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the actual band gap enefgy for sc TIBr since the n=2 state marks ﬁhe
approximatev onset of.Wannier behavior.
The TIBr fcc exciton binding energy in Table 4 obtained from the n=]
‘and n=2 energies is also an upper boﬁnd with the actual Qalue given by
the difference between the n=l energy and thé Wannier limit band gap
energy. Agafn the normai phase T1Br values are i]lustrati?e. The  sc
binding energies are 10.3 and‘9.8 in meV when calculated from the band gap
obtained with the n=1 and 2, and n=2 and 3 energies, respectively, with
the ‘latter Valge usually considered the actual binding energy. |
Since.ﬂannier behavior essentially begins for sc TIBF with the
n=2 state, the simultaneous equations generated from Equation (29) with
the n=2 and n=3 energies provide a_binding energy R' = 6.5 meV which is
valid for calculating the bindjné energy of higher-hydfogeniﬁ states with
- n > 2, their radii, aﬁ& the effec;ive static diglectric cohstant, ez,
for the exciton.. In the sc phase caée, a valﬁe'of.ez = 16.1 is c;lcula-
ted from Equatiqn (11) which .can be compared with values obtained from

64

the n=1 and n=2 energies, éo = 13.3, and from the literatu_re,'eo = 35.1,

- where the band masses for the reduced mass were taken from Reference 27.

- Hence the fcc eo.vajug obtained from‘the n=1 and n=2 energies and band
masses also from Referen;e,27 can be expected to be low with respect. to
both the exciton effective and actual static dielectric constants.

The Bohr radius in Table 4 for the fcc phase can be expected fo be
low relative to its Wannier limit from the sc~values_given. Since the
Wannier limit value for the actual n=l radfus is usually considered to

be high? the ionization fields in Table 4 calculated with the fcc value
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may be quite good for ffeid ionizatidﬁ of the n=1 exciton state as de-‘
fined by Equatfqn 11. .

The fcc estimaées27 of Table 4 can be compared wifh fce experiméntal
.Values in view of the frends indicated by sc values since the Wanniér
limit and the central qell ;drrected estimates should bring the quantities
of both methods to'the‘same place, namely the real crystal properties.
On this basjs the fcc estimated static dieléﬁtric constant aﬁd radius
appear to be somewhat low and the binding energy high. .The table also
indicates that the onset of fcc Wannier bghavior should be expected after
the n=2 exciton state in cqntrast to the.SC case. |

Figure 29 providesladditional gvidence of the larger ionization
field for‘the fcc'phase relative fo the sc phase.due to the greater field
sensitivity'of the S¢ n=1 feature which has a smaller absorption peak
'height bu;}a larger EA negative peak at n=l.l
| The'assignment of the o and.B features which do not have a place in
the band structures has not been esfabiished,although Heidrich 93_31.27
suggested thét they might be'dué to either the n=2 exciton state or
. intervalley scat;ering of n=1 exgitdns. The n=2 assignment would not be
consistent with the n=2 location from the TI1Br EA measurement of this
stﬁdy. The electromodulation structure associated with the 1' split’
peak in the normal phase, if applicable to the abnormal phase, would not
support the interyalley scattering origin for a and‘B since the unusual
lineshape associated with a and B ‘is not observed. TWo characteristics

of a and B have been observed which bring into question the intrinsic ‘

nature of these features including their sensitivity to sample preparation
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and,the occurrence of>the two nonintrinsic peaks above the n=l energy

in the normal phase when the fcc sample thickness was increased to 700 8.
In view of these facts, more investigation is needed of a and B and an
explanation of the unusual EA lineshape may help to clarify the origin

of these features.
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CHAPTER IX. CONCLUSION

.The electromodulation spectra of the normal (sc) phase TICl and
TIBr samples have been reduced to values of electric field induced changes
in the dielectric function that are in reasonably good agreement w}th the
calculations of Blossey”a considering the experimental problems ‘involved
with the measurement and the scope of the calculation which did not in-
clude phdtoconductivity effects. A sample preparation technique was
developed which allowed the measurements to be made near liquid helium
temperature with a low level of static strain in the sample and with no
observed dynamic strain due to the electric field modulétion. Photo-
conductivity effects were controlled to the extent that the electro-
modulation_spectrum could be measured over the exciton and interband
region with substantially lower distortion than has been reported in e-
lectroreflective measurementsl’6 where structure is nearly absent for the
n=1 exﬁiton state. Electromodulation features were observed which are
tentatively assigned to intrinsic exciton state splitting and to an
exciton-phonon quasibound state. These features should be studied in
more detail with efforts directed at improving reproducibility aﬁd
resolution.

The results indicate the importance of photocarrier effects in both
theory and experiment in the electromodulation of exciton states. In the-
future, calculations should include fhe effect of photocarriers on the
field seen by the exéiton and experimentally samples should be developed

with known and reproducible photocarrier properties with' temperature
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control between‘liquid helium and nitrogen temperatures and bipolar
modulation fields. - |

The abnormal (fcc) phése.EA measurements-have demonstrated the use-
. fulness of the modulation method in resolving exciton‘sfates by detef—
mihing the n=2 energy in TIBr. This has enabled a number of duantities
to be calculéted fromlthé Wannier e*cfton modéi.‘ The resolution of the
n=2 energy in TICl is probably aiso possible with an EA meésurement and
patience with the signal to‘nqise'problém. The a~and'B features are
still unassigned but the unusual EA lineshape and sample preparatign
sensitivity found in thié investigatipn may prqyé useful in making

definitive éssignments in conjunction with future work.
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APPENDIX: ELECTROMODULATION MEASUREMENT

The electromoduTation:method used in this inVestiQation~involves ‘f
modulating the light transmission through the sample by'applying a
" square wave electric field to the sample perpendicular to the light path.
The AC field is used rather than a DC field to avoid prohlems inherent
in Tow level DC_measurements such as time_stability. |

The square wave_electric field causes the'transmittedllight inten-
Asity to have an AC component which depends on_the incident photon energy.
If the photon energy corresponds to the maxima of an ahsorption peak, |
which is broadened,‘shifted and possibly split by the'fie]d, the tranSj
mission will beienhanced at this energy and will have an AC component
' which is in phase with the»applied‘field A photomultlpller converts
the modulated llght |nten51ty |nto a voltage signal, across a resustor to
ground, whnch is ampllfled by a. phase sensutlve (lock-nn) amplnfner
Since the sngnal |s in phase wnth the applled fleld which provides a.
frequency and phase: reference to the lock-ln, the lock-in output is
posntlve |nd|cat|ng that the fleld has caused an |ncrease in the trans-
mission of the sample.' A fle]d—lnduced decrease4|nvthe.transm|5519n
occurs when the fncident photoneenergy‘corresponds to a ]ocation jn_a
spectrum Qhere the absorption is fncreased by the»field,as occurs.in the
wnng of the absorptaon peak dlscussed above . The decreased transmission
when the field is on causes an AC signal component which is out of phase
180 with the app]ied field,resulting in'a negative amp]ifier_output which

corresponds with the reduced transmission. The broadening of bound
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fexcuton state absorptlon peaks is due to a reductlon in the llfet|merf:
* the state by the electrlc fleld and’ the shlftlng and spllttlng of peaks
-|s due to m|X|ng of states by the fleld perturbatlon.”a b

Above the band . gap, where the contnnuum states exnst, rounded
oscullatory structure is seen in electromodulatlon spectra as is shown :
in Figure 2.. ThlS structure does not have a simple physical explanatlon'
.‘SImllar to the bound state case but each peak ‘has been recognlzed from :‘

the calculatlon as due to a’term. in-a- serles whlch |s summed ]lé,b
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