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‘WAVELENGTH MODULATION SPECTROSCOPY OF SEMIdONDUCTORS
| Ricardo R. L. Zucca
Inorganic Materials Research Division, Lawrence Radiation Labofatory’

‘and Department of Physics, University of California
‘ Berkeley, Californisa

ABSTRACT

A sénsitive wavelength modulation spectrometer with a spectral
range from 1.75 to 6.0 eV is described. The spectrometer employs a
two-beam system with two feedback loops in order to compensate the
dispersion of the optical components. The principles of operation,
chstructién details and operational techniques are described.

Wa&elength modulation spectra of GaAs, GaSb, InAs, InSb, Ge and
Si at 5, 80 and 300°K are presented. The results are compared with
electroreflectance and thermoreflectance data. vNew structures are
found in the spectra of all crystals.

Wiﬁh the hélp of existing band structures of theée crystals, all
the reflectivity peaks can be consistently assigned to proper criticai

transitions between the valence and the conduction bands. Values of

‘spin-orbit splittings at several symmetry points can be calculated.

Temperéture effects on the band spectra are discussed.
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E I. INTRODUCTION

In reéentvyears the subject of band structures of semicdnductors
has again attracted much attention. Aithough the gross features of the
band stfﬁctures of the most common materials were.already well known,
the availébility of high speedvcomputers stimulated attempts of mofe
precise calculatiops. Céiculations from first principles, i.e. starting
from free.ion potentials héve been attempted wiﬁh some success,l but due
to the complexity of the problem, they must rely‘on simple modelsvthat
hamper the accuracy greétly. The introduction of the empirical pseudo-~
potential method2 has led to a great improvement of the calculations with
a bettér agreement with the experimental data. Further progress requires
improvement of the resolution of experimental speétra.

Experimentally, some of the early information about the band
structure in the vicinity of the gép came ffom'cyclotron resonance

measurements.3 But the most powerful tool for obtaining information

“about the band structures of semiconductors is the measurement of

optical transmissivity and reflectivity. The first givesvinformation at
energies below and about the band gap and the latter above the gap.- A
large amount of optical spectroscopiéal work has already been doneh'in

this direction and was the basis for the early band structure calcula-

‘tions. Recently the application of optical derivative spectroscopy has

greatly improved the resolution of the optical spectra, and has had a

strong impact on the recent advances in band structure cglculations.

-

Many different modulation schemes have been invented for derivative

spectroscopy. For measurements of reflectivity spectra of solids,

5,6 7,8,9 10,11

electrbreflectance, piezoreflectance, thermoreflectance
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12513 Jethods have been most successful.. In

and waﬁélehgth modulation
all these:scﬁémes,'except the wavélength‘modulation mefhod, modulation
of the ;igﬁf beam is obtéined thfough,application of & direct ac
pértﬁiﬁﬁti§n1on the solid, and'henéé, interpretgtioﬁ of the derifative»
spectrumvdepéhds very much on how_the_solid'respénas to the perturbation.
Thus, iﬁ éiectroreflecténce, we muét knoﬁ how the bénd struc%ure of thé u
solid chépéés with an appliedielecfric field.lh 'In'éiezoreflectance

and thermoreflectance we must know the variation of‘the band structure

15

as a funqﬁion of pfessure and tempefaturell respectively. Unfortunaﬁeiy,
our knowledge of these properfiés of sblids is generally rather limited.
Therefore; the fact thaf no perturbation on the solid is needéd‘makes

the wavelehéth modulation.method most attractivé. »Sincé the wavelength
ﬁodulation spectrum ié simply the derivétive-of the normal spectrum,

there is no ambiguity in the intefpretétibn;

Howéver; unlike the other»modulation schemes, wavélength modulation
requires,garefﬁl construction of the experiméntél system in order to
'eliminaté.a>huge baékgrounﬁ in thé défivative spectrum. This béékground
\appearS‘as a result of wavelengfh modulation -on the spectra of various
optical components in the system. in particular; because of the mﬁny
étrong spectral lines in the arc source, it is difficult to apply the
scheme to the.uv region. For'this reason wavelength modulation hasvnot
been as.popular as thé.othef modulation schemes. Work done with wave-
leﬁgthbmodulation has usuélly been limited to a narrow region in the
visible and hear infrared.l2’l3’l6’17 |

In this work we present a wavelength modulation spectrometer which -

practically eliminates &all the background by employing'a feedback'system.

]
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Tﬁe sensitivityvbf the spectrometer is as large as.AR/R = lO_h.’ This
spectrometer has been used to obtain defivative épectra of Si, Ge,‘GaAs,
Gashb, ‘InAvs and InSb from 1.75 to 6 eV. In order to reduce lifetime
broadening aﬁd to resolve fine structures in the spectra, the measure-
ments have 5een made at liquid nitrogen and liquid helium temperatures.
The results of our measurements will be presented and discussed in the
followihg sections. While the gross features of our spectra agree with

>~ new structures and more fine details

the results of otheré,
generally appear in our spectra, pafticularly in the uv region.

In the following section a complete descfiption of the experimental
set-up ié given. This section is divided into four parts: part A
contains the principles of operation of the spectrometer; part B g
descripfion of the spectrometer and operation procedures; part C a
descriﬁtion of the Dewar; and part D a description of the samples and
their preparation. In Sec. III the wavelength modulation spectra of
the six semiconductors at 5, 80 and 300°K are presented. In Sec. IV
the theorétiéal situation is discussed. Stérting from the basic
assumptions of band structure calculations, the pseudopotential method
is déscribed and recently calculated band structureé of the six semi-
conductors are presented and described. The exciton problem is aléo_,
Briefly introduced. In Sec. V the experimental dafa are compared with
the theoretical calculations: the derivative spectra are analyzed and,
with the help of the existing band structures, various reflecﬁivity
peaks aré assigned to prbper critical transitions between bands..
Emphasis is on the new structures observed. Variation of thevderivative

spectra with temperature is also discussed and some comments on the

contribution of hyperbolié excitons to the spectral structures are given.
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II. EXPERIMENTAL DESCRIPTION

A. Principles of Operation of the Wavelength-Modulation Spectrometer.

Let'S(AO) be the signal response of a photomultiplief to a quasi-
monochroﬁatic light beah with & spectral distribution function -
7 I(A)g(l—kd),‘where g(X—Ao) is a normalized, symmetric slit function
& centerea.ét thé ﬁaveiength‘io with‘éﬁ,effeétiﬁe_béndwidthiw. Then,vwé

- have

Q0

s(1)) = / g-a) 6(A) T ax (1)

[e o3
where / gr(}\-)\o) dX = W, and G()A) is the coefficient for converting

0

the input light signal to the output electrical signal.
' 18

If;nowni varies with time, such that
A= Ao + A coswt _ (2)

Let T(A)VE"I(A) G(X). Then Eq. (1) becomes

s(Ao,t) = f g(A'-AO-A coswt ) T(A')ar" - (3)

-00

In dfder'to understand the effect of the modulation better, let us

expand T(Ai) in a power series about Aof

S()\o,t‘)v = [ ig(}\'-)\o—A coswt ) [T()‘o)+T_'(A§)()‘"}‘O) + %T,,()\o)(?\'_xo)g .

Q0

4+ eee]an’ - ) ()4)

Such an expansion converges quickly if A and W are small. We now

integrate term by term, taking advantage of the symmetry and normalization

AR

w
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of g(X) and; after some algebra (see details in the Appendix), we
finally obtain:

S_(Ao,t) = [WT(AO) + % (§2w2+ %AQ)WT‘"()\O) + ees] 4

+ [WAT'(A)) + 3 WAGEGW + £ AZ)T" (X)) + -++] coswt +
+ [+e°] cos2wt + e | ' (5)

where Eg.is_a constant of order one (€2 =1/6 fér the ideal slit
'functionZof-Fig. 1).

For our wavelength-modulation spectrometer we are only interested
in the dq_component and the component varying with coswt. If we retain

only the leading term in each component, then we have:

SDC(

s(h st) =870 ) + s*C(0 ) cosut (6)

where:
sDC'(xo> = wr()) (7)
sAC(xo)eWAT'(AO) o | (8)

Equations (7) and (8) show that sPC is proportional to the signél
intensity per unit wavelength T(Ao) at the wavelength Ao’ whilé SAC is
proportional to the first derivative of the intensity T(Ao) with respect
to the wavelength at Ao. But we must keep in mind that this is an
approximetion valid only as long as the effective bandwidth W and thé

modulation amplitude A are kept smaller than the width of the narrowest

spectral structures of T(AO) (see the Appehdix for details).
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Up to this point we have seen how a waielength—modulafion spec-
trometef_c;n’méaéure'T(A) and its‘derifativé T'(X), but we notice that
T(A) is ﬁrbporfional to the product of the spectravof'all fhé"optical
compoﬁénté'in the optical:path from the light source to the photo-~
*mnltiplief,. Usually the sample spgpt;pm:is,ﬁeak,gomparéd,ﬁith1those ofv_
other Optical compénents. In order to get a good sémple spectrum wéh
must eiiminate the baékgroﬁnd spéctfum‘due‘to bther components. This is
often done by a two—beam;methqd._ In our systemlthe twb beams have
idénticélfoptical paths except fér the fact that:the fsample Beém"
undergoes an extra reflecfion fromvthe samplé.

At the output ofvthe photomultiplier we detééﬁjthe ac and tﬁe dc
sigﬁals coming from the two beams, both beiné wavéiength-modulated.’

Then, from the reference beam we have, following Eqs.l(7)vand (8),
DC, oy - | . .
Sp ()= Wr (1) - (9)

AC, . S
8 () = WA(qu/d,” B | (10)

where,To(A) is signal intensity'per unit wavelength from the reference
beam ap-A. ‘The signal intensity‘per unit wavelength from the sample
beam is R(A)TO(A), being R(A)_the-reflectivity of the sample. Therefore

bwe have from the samplé bean:
sg (1) = Wr_(MR(V) o

: sgc(x) = WAd(ToR)ydA = WAR()(QT_/aX) + VAT _(A)(dR/d\) (a2)

and, replacing Egs. (9) and (10),

¢
¢



g;

~T-
sa_(A) = S2°(A) R(A) | . - (13)

sgc(x) - sgc(x) R(A) + Asgc(x)(da/dx) | (1k)

For transmission measurements R should be replaced by the transmissivity
T.
By means of two feedback loops (described with details in Secs. II.B.1

and II.B.2) it is possible to simultaneously make
SEC(A) = V, = constant (15)

and

spo00) = 0 | | (16)

Equations (13) and (14) then yield:

DC _ : o

85 (A) = v, R(}) an.
AC, : .
Sq (X) = V_ A dR/dX (18)

The system therefore measures R()X) and dR/dA simultaneously.

With another choice of feedback loops we can make

SS (A) = Vc = constant : | . (19)

instead of (15) and (16). We then find, from Egqs. (13) and (1L),

oPC

s2°(A) = V_/R(A) | (21)
AC , : |
SS (A) = Vc A "dR/RdA : (22)
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The system measures 1/R and dR/RdA = d(&nR)/dX éimulténeously.

As a final remark for this section, it is convenient to discuss

«

why we pfgfef to measure dR/dAX (or dR/RA)A) instead of simply improving
conventionai measurementsiof R. The reason is that while direct | 7
measuremenfs of R are qgite sufficient for obtaining general shapes of
spectra, small fine structures hidden in broad péaks.are often of‘great
importance iﬁ the optical 3pectroscopy.of solids, as it is trﬁe in most
fields éf optical spectrbscopy; These small structures can be most
easily recognized by thé defi?ative spectroscopy, a fact well known in
magﬁetic resonance spectroscopy. An example is given in Fig. 2 where
the curves‘resulting ffom'the.superposition‘of two Gauséiaﬁ peaks at
three différent separafions.are comparéd with their corresponding
A derivatives. We notice that when the smail peak starts hiding behind
the otﬁer,vthe derivative Still-shows thevsplitfingvvery clearly.

"The ébove example indicates that derivative spectroscopy has
better resolution thanvcénventional spectroséopy. ‘It is also interesting
to coﬁpafe sensitivities. We may do this_by comparing two ideal exper-
iments, a standard reflectivity measﬁrement and a ﬁavelengph modulatedv
rgflectivity measurement , both performed with the same basic equipment
(1ight sbufce; photomﬁltiplier; spectrometer, étc;), both empleing-
two-beam systéms,‘and'differing only iﬁ the use of modulation. We
- assume bptﬁ techniques having their best signal-to-noise ratio, which is
reachéd when all the noiSe»introduced by the measﬁring electroniés is 7
negligible with respect to the photomultipiier noise. Under such
conditioné the amount of noise is the same in both éxperiments. The '

signal-to-noise ratio for the wavelength modulation experimént is



1/2 .

2 ,2 ' '

(s/N),,, ~|\BLAAL A ' (23)
2
N

where A is' the modulation amplitude and N is the noise.

In order to compare tﬁe standard reflectivity measurement with the
wavelenéth modulation measurement Ve differentiate the reflectivity
spectrum; the noise, superimposed on the reflectivity specﬁrum, is also

.differentiated. Therefore the S/N ratio is:

1/2
dR/AN)°

)2

(8/N)g ~ (2k)

(aN/dax

For a comparison of the two S/N ratios we can reasonably estimate

-(Nz)l/2 ~ [(dN/dA)2]1/2 AM/L, A) being the average period of the noise

variation. We obtain, after replacing (dN/dA)2 in Eq. (24),

1/2
(25)

(ar/dA)2 (an/1)2

N2

(S/M)g

If we compare Egqs. (23) and (25), we notice that, as long as we choose
A > A\/L, we get (S/N)WM > (S/ﬁ)R. which means mofe sensitivity for the
wavelength modulation experiment.

Unfortunately we cannot increase the modulation amplitude A at will
if we want to avoid distortion of the spectra, because A [see Eq. (12')
of the'Appendix] cannot be chosen larger than the width of the narrowest
spectralrpeak of the spectrum. Such a width éan also be taken as an
estimated value of the average noise period, because the electronic

system cuts off all wavelengths smaller than the width of the narrowest
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speciraI peék; for maximum noiSe elimination. Therefore the restriction
on A for distbrtioniess spéétra can be writtén as A < A\, and we are
limited'to piay with A in the interval AA/h_< A < AA. Consequently
(S/N)WM.éénnof Ee improved abofe h(S/N)R, if we are hot willing to
accept sdmé distortion of the spectra. o

Thefé”aie alsézpractical consideratiéhs to beér in mind when- '
discuséing_tﬁe advantages of ﬁavelenéth modulatibn. Among ﬁhem an
imporfant_one is that it 1is éaéy.to reach high ﬁensitivity with wave-
length médﬁiation,'e.g. AR/R ~j10—h in our spectrometer, because we ére
handling-differential'quantities.. Reaching the same sensitivities with
standara:reflectivity isAdifficult.when there is a large background, .as
in the'spéctra of solids; matching fhe sehsitivity of our spectromefer,
fof exampie; would fequire a Lk-digit accuracy from a conventional .
',spectrometer. These fécts,‘coupled'to the'better_résolution-and the.
improveﬁéht of sensitivityistrongly supbort of 6ur éhoice'of waveleﬁgth
modulation.

B. The Actual Experimental Layout

1. fhe Opfical System_

The'bIock diagram of the optical system is‘shdwn in Fig. 3. The
s?ﬁeme‘is'typical of a two-beam system. Different parts of the system
are'deséfibed separafely in the following.

a. The'Lamp. Above 3500 A, a quartz-iodine filament lamp is used. In_

the uv;'between 2000 and 4500 A, a 75-Watt xenon arc lamp is employed.

b. The Spectrometer. A 1/2 meter Jarrel-Ash monochromator is used.

The slits are adjustable with a maximum opening of 3 mm. The exit slit

width is chosen as a'coqpromise between spectral resolution and output
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light intensity. The entrance slit is kept at its maximum opening.
However an éxternal slit S (Fig. Y4) with narrow slitwidth is insertéd
vbetween the lamp and the entrance slit E, at the image position of the
entrance slit E. It is this external slit which does the real function
of the entrance slit.

c. The Modulation System. Several devices have been proposed to produce

wavelength-modulation: a guartz disc that vibrates or rotates in the

19,20,21

optical path inside the spectrometer, a mirror that oscillates

inside the spectrometer,22 oscillation of the exit slit of the
spectrometer12 or oscillagtion of an external slit after the spectrometer.23
They are all based on the same principle that consists of perturbing

the light path inside the spectrometer and they differ only in the
technical scheme to achieve this purpose. The choice between systemé
depends only on practical considerations.

We designed our own system, slightly different from the others, such
that no modification of a commercial spectrometer is neéessary and that
the light beam passes through the modulation device before entering the
spectrometer. Wavelength-modulation is achieved through the vibration
of a mirror M between the entrénce slit.E and the external slit S (see
Fig. 4). The mirror oscillates about a vertical axis, driven by a‘
power oscillator through a piezoelectric bimorphous solid, with a
frequency édjﬁstable in a small range about 100 Hz. The image of the
external slit S is focused on the plane of the entrance slit E by thé

concave mirror C. When M oscillates, the position x of this image also

oscillates on the plane of E with

X = a coswt (26)



’.where a is the geometrlcal.amplitude of osc1llat10n a can be selected
2 by varylng the amplltude of the electronlc 81gnal that drlves the mlrror
M, but cannot be larger than one half of the max1mum openlng of the
-;entrance sl1t (3 mm. ) e | “
| The effect of this oscillatlon 1s the eame as 1f an- entrance sllt :
:w1th the size of the image of S were osc1llat1ng The nearly monochroe
"matic llght beam which ex1ts from the spectrometer has a modulated |

.'wavelength
A= AO*AvCQSQt‘; IR S (eT)

: ﬁetween'x;and'(X—X6§"there”is'a:one tovone.oorrespOndence_given'by ‘

g gex e

'where dl /dx is the rec1procal llnear disper81on of the spectrometer at
.the‘entrance-sllt. Therefore the modulatlon amplltude A 1s connected

ffwithﬁthe?geometrical amplitudevg'by .

.7Here, dA /dx varies With A © For bﬁrféPeét?OﬁeterJWQ derive from the
"geometry Of the 1nstrument' oy

l"d'?\,-o/,dx = ,1,]6.9 [(1 b /16900)1/2
,where A is in Angstroms From 2000 t6 7000 A dA /dx varies by 6%.

' Slnce a is. kept constant durlng a wavelength scannlng, and . s1nce SAc is
'proportlonal to dR/dA (Eq. (18)), or to dR/RdA ( (22)), through the
.»proportionality consta?t" A the output SA must ve dlvided by dA/dx

1

g

-@gen

&

"+ on0.’083/16900]‘  A/mm S (30) %



in order to cdmpensaterthg”variation of A with A. This correction is

done numerically whéh'the-butput is processed (see Sec. II.B.3).

d. The Feedback Diaphragm. A diaphragm is used as a feedback control

AC
R

cangellafion. This'diaphragm, called D in Fig. 4, is located at a point

fo'make S°Y = 0 as required bvags; (16) and (20) for background
in thé opticél ?éth in froﬁt:of thé entrance slit. The openihg of the
'diéphfagmfié Just asiiarge QS'neceéséry.in order that the diaphragm
edges.don;t ﬁouéh tﬁe oscillating béam when the diaphrégmbis.at a
cénteréd pbsition as in‘Fig.'Sé; HowéVer,'#hen the-diaphragm is shifted
from sﬁch a centered ﬁosition as in Fig. 5b for example, part of the
beam intensity ié éut off b& ﬁhe‘diéphragm edge. This cutoff is made
gradual by giving_tﬁe diaphragm edges a sawtooth shape and‘also by
having the diaphragm at a point of the optical"ﬁath‘where the beam is
rather bfoad.v |

In order t§ déscribe the effect7of the'diaphragm on the electronic
‘signals, we want tb plot the tdtal'éignai SR (Ao;t)kof the refereﬁce
beam, & function of timelgiven bvaq. (6), ésfg functidﬁ of.x; the
geomet?ical'pdsition of the 05cillatiﬁg beam. We obtain by inéertingu
v.Eq;'(26) in Eq. (6),

X AC(A )

_ DC x
Sp(A,-x) = 8¢ (Ao) + % 5 o (31)

If the diaphragm is centered, the function SR(AO,X) is given by Fig; éa.
If tbe diaphragm is shifted from thefqéhtere&tpbsition, as in Fig. 5b,
sR(Ao;x) changes to Fig. 6b. As & result of the disphragm cutting off
the light, S | o

SAC also decreases. If the diaphragm is shifted farther, SAC becomes

R(Ao,x) decreases more and more as X-»a. Correspondingly,

SR R
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‘ smaller and smaller untll we flnd a p051t10n such that Sgc =J0'as5shoun"

in Flg. 6c. ThlS is. the de31red pos1t10n for background cancellatlon.u

It would. be Stlll better if we could get Sg (A ,x) to be perfectly flat

' llke the dashed llne of Flg. 6c but such a perfectlon could be achlevedl_-4'

only w1th a very careful and dlfflcult de81gn of the edges of the
dlaphragm and the dlstribution of light 1nten51ty w1th1n the beam ThlS

1s not necessary because we are only 1nterested 1n SAC the amplltude of

R ®
the Fourler component of S (A t) that goes llke coswt Lackrof
llnearlty of S (A X)) only 1ntroduces hlgher harmonlcs of w in. the ac
s1gnals that are completely flltered out by the lock-ln detectors of’ thev.
v electronlc system (see next sectlon) -

| Flnally we want an automatlc operatlon, i. e., the dlaphragm must ‘
adjust 1ts p051tlon automatlcally to. make SAC . 05~_Thls is 6551l¥'
achleved by negatlve feedback u51ng SAC as an’ error'slgnal‘to'driVega'
de motor whlch p051t10nsvthe dlaphragm Therefore whenever SAC

dev1ates from zero the dlaphragm moves untll Sgc is brought back to-

zero.,-

o é,' The Beam Chopper. The!beam comingﬁout’of the‘spectrometer—is split

-"1nto two by a rotatlng wheel whlch has holes ‘on the lst and 3rd quadrants._

| The llght beam 1s then alternatlvely pass1ng through or reflectlng from
the wheel The sw1tch1ng frequency is chosen to be 5 Hz-, much smaller
than the modulatlon frequency, in- order not to 1nterfere w1th the
detectlon of the ac 51gnal | -

f._ The Detector. An EMI 9558Q photomultlpller w1th a quartz w1ndow

and &n S—2O spectral response is used
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g. The Overall Optical Setup. Alumimum mirrors coated with MgFe are
used to'direét-the beams in ordef‘to'ensuré a good refleétivify in the
'ultréviole£.2h” Quartz ienséé‘havé good transmissi&ity-in the uv, but
‘theirvfocal lengthé vafy aﬁpféci&bly with the-wévélengtﬁ}

'Asvdescfibed in Sgc; iI.A, the samélevand:the nefergnce‘béamé
should be matched'such-that'wheﬂ the samplévrefléctivity R ié 1, the two
beamévshould yield thé»saﬁeiintenéigy at the phqtomultiplier. " We ﬁusf
therefore do our best tO'maké the two beam paths equivaienf. Fdf this
' reason thé.ééuivalent.mirrofs in the:tWO ﬁaths were coatéd togétherm |
When thg.saﬁple is in the éptical dewar, a'set-oquuértz platés is
| insertéd invthé refefence beam to ﬁatéh the windows of thévdewar;
Matching is also the réason‘for our choice of a design that empioyS»the
‘“same-photomultiﬁlier to detect the refefence.and the'sample beam. Two

separate phdtomultipliers would ease both the optical and electronic

18,22

design, but'at the expensé of an imperfeCt matching of the specﬁral
: responseé; |

We.shqw:in-Figf_7 the arrangement of the twé-béam system in defail}
It looks ;ather ¢0mpliéatéd_5ééause‘the'beams éross several times, but
it ha§>se§§ral.merits: the number of mirrors is minimim, a convenient
*condition’becauSe éach reflection impliés a loss of liéht intepsity;
the angles of incidence of-tﬁe light beams on the spherical mirrors are
.rather ;ma;i (less than 25°), keeping the image distortion low; the
angie of ipcidence on the.samplé is only 4.5°, a good approximation to
normal'incidence;zsjfihally the’anglesvof incidence Qf the light beams
on the photomultiplier are only 6° simpiifying-thé problem of matching

the response for the two beams because at'oblique incidence, the response
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'Tf fwould depend on the angles very critically.‘ With thls arrangement we>

'::get a good matching of the sample and reference beams if the optical
,alignment is done carefully. Certainly we could have found some . other

7 arrangement with a simpler geometry of the optlcal paths, but

I}

'_'only at the expense of lsrge angles of incidence on the mirrors ¢~h5°)'

-'1f the number of mirrors were not to be increased thus specially

',designed toroidal mirror _y uld_be necessary, a choice not convenlent

for a first design when'quick changes for testing are’ useful o
| We tested a scatterlng chamber 1n front of the photomultiplier23
ﬂiln order to make matching ea31er by averaglng small dlfferences of
:1nc1dence angles and beam 51zes, but the advantages d1d not justify the .

_ loss of light 1ntensity due to backscattering from the: chamber. There-'“.
.fore we chose to focus both llght beams directly on the photomultlpller
fcathode taklng care to get spots of the same size. at the same place.

For tests of beam matching we would like to have a good
reflect1v1ty standard but unfortunately, such a material does not
exist nevertheless we can do satisfactory tests by observ1ng the.

’ spectrum of an alumlnum coated mirror whose lack of . fine structure in |
'the spectral range of our 1nterest 1s well known 26 Thls-test is also.
v«used to check that there 1s no- structure 1n the spectra due to .

',}condensatlonlon the WIndovs of’theldeWgrsafter_seVeral hours ofloperation'

vat.low-temperature,r.'
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2. The Flectronic System

The block diagram of'thebelectronic System is>ShownlinuFig 8. The
modulated sample and reference beams h1t the: photomultlpller alterna—
tlvely.' Slnce the inten51t1es of the two beams are usually different
the output from the photomultlplier appears as a 5 Hz. square wave w1th
~100 Hz ac modulatlon superlmposed on 1t (see F1g 9a) The frequency of
the square wave is equal to the frequency of the optlcal ‘switching (5 Hz).

The photomultlpller output is fed 1nto a hlgh input impedance
'preampllfler whlch shifts the zero level through the addltlon of a

- constant voltage Vc and ampllfles the shlfted 1nput wlth a constant -
gain vy. The preamplifiervoutput is shown in Fig. 9b.

o After the preamplifier an'electronic.switch unit,; operated
synchronously with the optlcal switchlng, separates ‘the s1gnals from ’
the sample and the.reference beams into two channels. Capac1tors are

_connected at the output termlnals of the electronlc sw1tch in. order to
hold each output at a constant level Just before the output termlnal
is swltched off. The two outputs are shown in Flgs. 9c and 94.
| After the sw1tching unit each channel has a lock-in detector_to
AC: AC

measure the modulated ac comp0nents SR and SS . The detectors

‘ actually measure aRYsgC'and asysgc where aR and o

S represent the gains

of the lock—in detectors. The lock—in‘detectors are synchronized»with:
the modulator. | | | B

| The. output from the reference channel aRYsA ‘:ampllfled by a: power
tl amplifier, is used to drlve the dlaphragm'sovas to keep aRYSR =0 |
ahd_hencefsgc'% 0. As described earlier in Sec. II.B.1, this is

required for background cancellation (see elso Egs. (16) and (20);f A



recorder is used to monitor the s1gnal uﬁfsg ln_order”to~assure‘the.

correct functlon of this feedback loop
The output 0, YS (A) of the sample channel 1s recorded on the chart

-recorder Th1s output 1s, accordlng to Eq (18),under the condltlon of

(15),

-fd~;jf7’ac output sysAC(A) sy/A7VéﬁdR/a1?=,¢bnst;-xde/dA-k (32)

' VitH. the_condition of Eq. (19), the output is (from Ea. (22)),
‘acVoutput-E aéySé?(k)Lé'aéy'A’véfaR/BaA‘= const. X dR/Rdx - (33)

In parallel w1th the lock—in detector, each channel has a dc,
B ampllfier and fllter to measure the dc components The outputs are.
YB»(SV~'¥ v, ) and YB (S - V ) where B and Bg are the galns of the dc

.ampllflers ' In one mode of operatlon we would llke to keep SDC V =

c
\‘constant‘(Eq (15)) Thls is done by us1ng “the output YBR( gc»— v, ) as
”_an error 51gnal in a negatlve feedback to control the galn of the

photomultlplmer Thls keeps YB (S - V ) at zero and hence Sgc Vo

’Correspondlngly, the other dc output 1s

ac output esy(sgc ) = ye (v RV) -'ys v (R 1) _i‘ . '_("314)' o

'“[(see Eq (17)] Thls output goes to & recorder The output levels

: agorres"'ding to R 0 and R l can ea811y be callbrated (see Sec II B 3).

dﬁf’t‘;orﬁthe other mode of"peratlon we would 11ke to keep Sgcvconstant
“L(Eq;'(l9)] |- Vc) Should be used 1nstead of
iYBR(SR“' V;)'as the errof signalffor negatlve feedback Consequently

_the other dc output 1s

<
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R 1aDC = Cn L
e output & yBR(sR -V, ) YB,(V /R - Vc) = By V (1/R-1) (35)

We notice in Eqs (32) to (35) that all the outputvsignals contain

the voltage shift V at the preampllfier as & common. factor . Therefore

a choice of V implles a ch01ce of the gain of the whole system This

'-overall galn is no longer determlned by the photomultlpller gain, as it

v would be in a system without feedback

In what follows we give a brief descrlptlon of each electronlc

component.

a. The'Oscillator The frequency is adjustable between 90 and 100 Hz,
with amplitude and frequency stablllty better than 0.1%. in'order to>

drive the piezoelectric bimorph that moves the mirror to modulate the

_'llght beam, the oscillator output is ampllfied by a commerc1al audlo

'ampllfier

The Photomultl‘liervand HV Power SuEEJ[ The EMI 9558Q photomultl-»

pller tube has the conventional voltage-div1d1ng network for dc measure-.
ments with its cathode at high negative voltage

"The high voltage power supply is a commerc1al un1t with a
modlflcatlon such that the output voltage can be controlled by an

xternal feedback ThlS is done by applylng the external error 51gnal

-to the 1nternal feedback loop for voltage regulatlon in the power supply .

7c.v The Preampllfler. This is an operatlonal ampllfler with high 1nput

and low output impedances. The constant voltage V is subtracted;from

'the negative photomultlpller slgnal (F1g '8) by applying & negatlve

Z'e negatlve 1mput of the operatlonal ampllfler The constant

rom a mercury battery through an adjustable voltage

}Thempreampllrler is linear (10KHz. bandwidth) and the galn Y
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_can be adJusted between l and lOO by steps of 10

4. The Electronic Switching Unit This un1t con51sts of two mercury s
_-trelays (A and B of Fig lO) and the1r control 01rcu1ts.‘ Flg lo shows
_that relay B performs the swltchlng between sample and reference channel . '1;
”'while relay A disconnects both channels whenever 1tvmoves to p051tlonl2 ;
';The timlng of the relays is shown 1n Fig 9e. If‘wevcompare th1s |
'dlagram w1th the s1gnals before and after the sw1tching unlt, shown 1n‘
1:Figs. 9a, 9b and 9c, we realize that relay A determlnes a short blanking

1nterval encompassing the actual switchlng between channels Thls

o blanking is necessary because the optical sw1tch1ng of the llght beams :

f_by the beam chopper is slower than the electronlc sw1tch1ng. The :' ’
..blanklng 1nterval given by relay A assures that each channel 1s ".b
connected only when the proper s1gnal w1th 1ts steady value 1s fed 1n.

The sw1tch1ng system 1s triggered by an adjustable lamp—photocell )
'unlt mounted in front of the beam chopper to monitor the passage of |
ikthe edges of the mirrors.n The photocell trlggers relay A beginning
-the blanklng 1nterval that has an adJustable length ~A delay c1rcu1t l
triggers relay B after relay A the actual amount of delay belng
’immaterial, as long as it is short, 31nce both channels are dlsconnectedi"d
‘-’durlng the blanklng interval The beginning and the length of the
'4'b1ank1ng period are chosen such that 1t is as short as poss1ble in

i order not to waste 81gnal 1ntens1ty ' | - _
The capac1tor at the output of each channel (F1g 10) holds the - ;".;Ex
'eoutput signal constant when the channel 1s dlsconnected because 1t can |
“dlscharge only through the high 1nput res1stance of the following dc

ampllfler (see Fig..8).} When the relays connect the_channel, the*time

|
4
=)
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constantﬂis”lowered bY'the low output resistance of the preamﬁlifier and

the capaCitor does not affect the signal

e{_ The dc Amplifiers. They are built with operational amnlifiers
working as active low pass, filters. Gains are adjustable. The de
plifier whose output is used as an. error 51gnal to control the photo~

multiplier voltage 1s usually operated at a galn of 200

f. Other Electronic Components. The lock-in detectors‘are standard
unitsé7 w1th a conventional design, they allow for a w1debch01ce of gains
(i to 1000) and time constants (0.01 to 100 sec). The recorders are
commercial units built by Hewlett-Packard (68OM models). |

3.' Operation Prooedures

Theluse of feedback controls in our wavelength-modulation spec-
trometer mekes the'operation‘automatic, requiring only'a simple

surveillance while scanning over broad wavelength ranges. Therefore

there is nothing important to say about operational techniques during

measurements. On the other hand the criteria for choosing some paramé

eters of the system such as slitwidths, modulation frequency, ete. -

deserve some consideration.

We start by discussing the choice of’ modulation amplitude A and '
slitwidth For this purpose the effective bandwidth W defined in

Sec. II—A.can be aSSumed.equal to the slitw1dth measured in Angstroms.

‘We notice in Eq. (8) that the ac signals are directly proportional to-

W and A; therefore both must be chosen as large as possible in order to

maximize the signal, and hence the signal to noise ratioc. However W

and ‘A cannot be 1ncreased at w1ll “they must be kept smaller than the

width of the narrowest peak we want to observe without distortion



» -%22-':-. o

(see A pendix) Since such an upper bound is the same for W and A '
' [Eqs. (ll ) and (12')]/ and the ac 51gnals are dlrectly proportlonal to
hboth of them, the best choice is to keep W and A approx1mately equal and

"faS large as poss1ble w1thout dlstortlon.. A convenient procedure 1s to ' &._

}:ease does not modlfy the lineshapes of the spectra.

, r restriction'on W and A is determined by the maxlmum opening
of the spectrometer entrance slit E of Flg. h;' In order that the
';oscillairné.image of S never touches the edges of E (2A+W) must be
»smaller than the openlng of E Slnce thls opening 1s Sl A in our
.spectrometer, W and A if chosen approx1mately equal, cannot exceed '
,117 A we did not reach this limlt in~ our measurements, however, if -
necessary, the llmlt can be ea51ly raised us1ng a dlffractlon gratlng

'w1th less dlapersion.' This may be convenient for spectra w1th very -

broad peaks.

'?’_ther important opegatlonal choice’is the nodulatlon frequency w.p
"Although at least l KHz would be de51rable 1n order to reduce the l/f )

| electronlc noise the low mechanlcal resonance frequency of the
'ioscillating mlrror forces us to choose w at about 100 Hz /'Thls-frequency

'1s below resonance of the mirror and ensures a. good amplltude stabillty

.fsof the oscillatlons. An important precautlon is that w must not coincide

w1th a multlple of the beam sw1tch1ng frequency (5 Hz) because sw1tch1ngy
.1ntroduces some noise at thevsw1tch1ng frequency and 1ts harmonlcs bﬁf_-f'
'choice ierY.S-Hz., The 2 5 Hz difference from the next multlples of 5 Hz Hf‘-:
”is larger than the bandwidth of" the phase sensitive detector Jn 8 typlcalv

operation and the switching noise cannot 1nterfere with the signal
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Thebéhoice of time cénstant of ‘the lock-in detéctor which detects
Ac . .
S

‘speCtrometér and must be keptvaé large as“possible #ithout distorting

Se (sanmple chanhei in»Fig.'B)vdepends on»the-scannihg'rate of the
the spectrum. -Déta 6f Sec. III weré obfaihéd with a time constant of
10 sec at a scan rate of 50 A/min. For the other lock-in ‘detector, the

one thﬁtvdetects SACvand whose‘output.contrOls the diaphfagm for back-

R
gfoﬁnd_cancellation, the same choice,would be éonvenient. However, since
the motor‘that positions the diaphragm has a fést’féspbnse and the gain

'ofvthe feedback loop is very high, a long tiﬁe_constantvwould make fhé
éystem oscillate. Therefofe'tﬁe time conétant is kept low- (0.1 sec for
the‘sp6cfra of Sec. III) ‘at the expensé 6f sOmé Jittering motion of the
diapﬁragm'due to noise. This jittering of the diaphragm adds extra;

noise to thevSignal SAC which is nevertheless eliminated effectively by

S
the otﬂer ;éck—in detector.

'Here'we conclude Qﬁr diséussion of chqice of3dpefational parameters.
We only téuchéd thosevparaméters that deservé épeciavaOnsidefations
assoéiated with the design of the wavelength-modﬁlétion épéctrOmetér;

_ omittingvthose éarameters that are chosen fqlldwihg Staﬁdafd rules,'i.e.,
electionic‘gains,_écan rateé; etc.

We ﬁow deséribé how‘we procesé'ﬁhe raw‘recorded:output of our
waveléngtthOdulation spectrometér_in order fo have.the spectra the way
théy‘are ﬁresented in Sec. Iii% suitable‘forva‘theofetical discussion.
The first step is to determine the scaleé of the recorded sbéctra._ Thé-
de outpﬁt that is proporfiénal to (R-1) in_bne mode of opération
[Eq. (34)] and to (1/R-1) in the other mode [Eq. (35)] can be calibrated

to read directly R (or 1/R) on the recorder chart: we first block the
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o llght of - the sample beam (or reference beam) and the recorder for the N
DC s1gnal 1nd1cates R=0 (or l/R—O) We then set the recorder 1nput

81gnal at zero thls corresponds to R—l (or at l/R=l 1n the other modelxr

LR

of operatlon) - The: first operatlon is rlgorous because blocklng the
sample (or reference) light beam is strictly equlvalent to make R*O

(or l/R—O) The second operation however,vls done electronlcally ‘and
'1s therefore sen51t1ve to errors due to loss of llght 1ntens1ty, such

as llght scatterlng.by 1mperfect10ns of the sample surface ' Therefore'

» many careful tests would be necessarv 1f we were 1nterested 1n éood

' abSoluteimeasurements-of R Slnce thls ls not our . goal we prefer tov
'vregard our R values as given in arbltrary scales, although we notlce that

'our reflect1v1ty data agree w1th1n 5% other reported reflect1v1ty ‘
.neasurements. |
The callbratlon of the ac. output [Eqs. (3?) and (33)] in unlts of
'_dﬁ/dl (or dR/RdX) is 1nd1rect. Tt can be' done only by comparlng the |
inteéral*of dR/dA (or dR/RdA) w1th-R for some sample whose absolute'
.reflect1v1ty R is prev1ously measured accurately ngain,'since'our
.main concern is w1th detectlon of small spectral structure and only
relative“comparlson between spectra we choose to- work w1th.an arbltrary
‘scale. Nevertheless we scaled the spectra presented in Sec. IIT byA
}roughly comparlng R and dR/dA for GaAs, such that the ac - scales,
'>although arbltrary, reflect the approx1mate magnltude of the actual

scales. Ratlos between scales for dlfferent measurements are accurate

-

because we took account of changes of electronlc galns and modulatlon
amplitude._ Scale ratios between different’samples are accurate within

' 5% estimated above for? scales, for the'same'reasons.
{
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The ac spectra, either dR/dA_or'dR/RdA, as recorded, need the small

‘correction for changes of sPectrometer dispersion, indicated in Sec. II.B.l.

- The ac output is d1v1ded by dA/dx glven by Eq. (30). We actually

normallze Eq (30) such that dar/dx’ 1s equal to one at the center of the

wavelength interval covered by the spectra.

For a theoretical discussion of spectra-it is also necessary to
convert the wavelength scales of the recorded spectra 1nto energy
scales. The relatlonshlp betVeen wavelength A‘and energy E'lS

A = C/E " o )

where C-l2398 05 eV A,
For R or l/R spectra only the wavelength must be converted to
energy scales. For ac spectra, we also want to convert arR/dX (or

dR/RdA) into dR/4AE (ér dR/RAE). Since
4/dE = (aA/dE) a/ak =._(A2/C)pd/dx, . (37

we multlply the ac spectra by a factor proportlonal to —A ‘Such a

‘ multipllcatlon makes the structures at low wavelength (hlgh energy)

much less-pronounced. Therefore, when we analyze the spectra presented

.in Sec. III, we must rememhervthat'small wiggles in the uv region were

.large‘and clear structures, very'well distinguished from noise, in the
original spectra. | |
In order to perform-all'the above operations, we punch the
coordinates'of the recorded spectra on computer cards, employing a
facility currently used for punching coordinates of-hubble chamber

tracks. A simple computer program performs the dispersion correction -



',.and energy scales converslon, plus a test of 1ntegratlon of the

B o
'iderlvatlve spectra The output of the computer program 1s plotted S
d1rectly by an on llne plotting facillty of the computer.

We flnd 1t convenlent to conclude thls sectlon presentlng some’
.tests of the wavelength-modulatlon spectrometer Here We. omlt the
':descrdptlon of 1nnumerable tests done whlle debugglngvthe
,’system and we llmlt ourselves to glve an example to show that the system -
i 1s operating properly |
The essential test is the verlflcatlon of background cancellatlon

and this test becomes partlcularly cruclal at the wavelength of the

xenon spectral llnes when the xenon arc lamp is used If the ac feedback

- loop were not working properly, the Xenon- llnes would 1ntroduce a back-

ground two orders of magnitude larger than the signals usually observed

o Flgure lla shows our derivative spectrum of GaAs appearlng on the 5

T‘recorder chart ‘ The arrows 1nd1cate the p081tlons of the xenon llnes.

vIt 1s seen that small residual structure of the Xenon' l1nes 1s stlll
present, b?tvltvls w1th1nlthe tolerabletllmlt; |

-;, hwe could'aSk‘ourselves:whether.a&sloweruscanning rate plus a
;‘larger 1ntegratlon constant of‘the lock—ln detector or some 1mprovement.

'vﬁ of the feedback scheme would make cancellatlon of xenon llnes.stlll

better; The re51due we - see in the Gals spectrum of‘Flg lla are due to

harmonicvdlstortion because;the xenon lines are narrower than thew

{ modulation amplitude;: ln'fact 1et-usirecalllthat;.in a lock—in‘detector,
’when harmonlcs of the modulation frequency are superlmposed on‘the'

s1gnal only even harmonlcs of the modulatlon frequency are totally

rejected by the synchronous detectlon scheme.‘g Odd harmonlcs are only
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effectively~rejected-by.the'tuned amplifier stage'of the lock-in

detectors. The reJection, is quite satlsfactory for normal operatlon

in our lock-in detectors, only less than 0. l% of third harmonics is not

rejected). However, When the osc1llat1ng wavelength sweeps through a
narrow Xenon line, dietortion of the ac signals from e sinusoidal ehape.
becomes gigantic, and third harmohics become so huge that;the uhrejected
amocntvceases to be negliéibie. .An addition of third harmonics to the
normal Signal explains thevdistortion of the outpdt spectrum at'the

frequency of a xenon line. A way to reduce the incidence of such effect

_farther wéuld be to reduce the modulation amplitude below the xenon lines

width, but this wou;d decreesedthe signal to hoise retio to an extent |
untolerable for the kind of troad spectra we are measuring. We prefer
to tolerate the small residusl wiggles left in Fig. lla.

Another test of the eystem.is to see whether ac and dc outputs are
consietent. Figures lla'end 11b give.pert‘of.the spectra dR/dA and ﬁ,'
recorded simultaneously; of GaAs et liquid He temperature as they
appear on the recorder charts. Numericel ihtegrationvof.Fig. lla -
(after dispersion correction) yielde the spectrﬁm of R in Fig., 1llc.

Comparison of Fig. 1lb and Fig. llc shows good agreement between the

"two. We have also tried to differentiete_R of Fig.'lla and then compare

the result with dR/dA of Fig. 11b, but the calculated derivative was
too n01sy even when R was measured w1th a digital recorder to increase
sensit;v1ty. Good'agreement-could be reached only after smoothing

the noise by a least sqdare fitting at each point of R before differ-~
entiating, but the choice of how much smoothing was necessary was

possible only because dR/dA was already known. This proves the
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.superiorlty of our wavelengthrmodulation spectrometer.‘ Inc1dentally -
the advantage of derlvative apectroscopy is clearly manlfested in Flgr'il:'
51nce it would be dlfficult to recognize the small structure in R
without the help of the&derlvatlve spectrum dR/AA. . |
| C. The Dewar.

The oPticai'dewar is_a.coﬁmerciai upit tuiit oy‘Janiszeaearoht
Corporatioo.ﬂ It isva variatle,teaperaturefdewar: tliqﬁiﬁ heiiﬁﬁ‘atored
in a separate reservoir flows into a sample chamber where 1t is |
evaporated by a heater. Both the rate of hellum flow and the heater‘
’currentieaa,be-variedito adJust-the temperaturezof'the.sample,,helped;
by an adaitional'heater in ££§ sample‘holaer; The‘saﬁéle temperature
canAbe‘varied from liquia’heliﬁm to rooﬁ teﬁperatare arbitrarél&.. Alsod
samples can be changed by reﬁoving the sambletholder'from tﬁe.samplet
ohamber ﬁhiie'the heiigm-resertoir‘remaiﬂsiundisturbed,r |

Temperature is neasured with a_copberQeonstantan therhoeoaple'
soldered to the Sample ﬁoider; withbiteIrefereace‘jﬁhction immerseé‘in
liq.uidbvrii:trogeri‘. We measure the therixioeoﬁpie e.m.f. with a,vModel: K5
{Leeds and Northrup potentiometer. Although a thermocoaple-is_not.very
sehsitivevat low”temperature;‘we Cboaeiit7becaﬁse_it'c0yers the
temperatﬁre;ranée from_ligaidaﬁe to roomatemperature and beeaﬁse tﬁev
-thermoéouple does not need'a previous-calibratioot"We-just'checked
available calibration curﬁee30 at liquid‘helium, liquid nitrogen and -
‘room temperature.' With avcarefully constructed theraocoople, temperaturé ."'ei'”
meagsurements can be ﬁade with a ilQK aecuracy, With frequent readinge
of the temperature and manual adjuatments of thewﬁeater,currént while.

surveying the spectrometer operation; We’can‘easilyfkeeﬁ»the sample

1‘1". . . : o ’ S
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tEmééfafﬁfe}Stabie ?itﬁgﬁ +1°K, whilevscanhing a sbécfrum f§r:a5dut one"
hour of‘lohgér if necésSéfy;§ o |

| Tﬁe_dewar o?tical windbvs are madévofvSuprasil‘qﬁartzténd‘keeping
them cleahvis extremely importanf,_becausé véry thin iéyefs‘of oil froﬁ _
the vacuum pﬁmps, that have no effect in the visible’pért df‘the
spectrUm, produce strong absorption and struéture'in:thefuv (2000 to
3000 A).‘ In order to'solve this pfoblem;vwé use liquid'ﬁitrogen‘trapé
with the oil diffusion pumps that evacuaﬁe the vacuum jacket and the
sample chambér bf the dewar.“ Even sQ; when tﬁe dewar is kept in
contiﬁuous ébération forvseveral déys,_some condensation fakes.plage.
An addiﬁ;oﬁal héater,'vgry:close to thé windows, proves Véry'suécessfui
in evaporafing this film when'nécessary.' While reéording the épectra
.presented in Sec. III, we monitbred_the spectrum of-én alumipum coated
mirror very freQuentiy (Sec.'II.B]l) in order to be sure that the‘
spectra were free of structure due to oil condensation. The mirror is-
mounted on the back éf thé'sample holder, S0 designedvthat a rotation
of 180°, c_ontrolléd' from the oﬁ_tside of th’e_dewér without disturbing
the femperéture; puts the mirror in the place of‘the sample.

D. The Samples.

A;l the_samplgs are Vafefs_of singlé crystals,.commefcially-
availdble, We choge all of them with'(l,l,lj orienﬁation, althdughv
this orientation is immaterial for réflectivity'ﬁeasuréments, because "’
ali our samples have cubic_symmetry.3l
: The.samples>are of either n- or é--type, with a carrier

13 17 -3

concentration in the range between 10"~ and 10 Values. for

each sample are given in Table I. We would expect wavelength-modulstion
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: spectra to be independent of carrier concentratlon to the same. extent as _h

preflect1v1ty, because, unlike other technlques such as electroreflectance,§¥ e

the wavelength—modulation scheme has nothlng to do w1th carrlers. ThlS

R S SRS

is supported by our measurements on. Sl samples w1th a carrier concentratlon .
'-.3

that give w&velength-modulated spectra 1dent1cal t0 those of
7samples with'lol3‘carr1er per cubic centlmeter. o

o Surface preparatlon is. very important although the penetratlon '
depth of llght 1s of the order of several thousands Angstroms32 for our.

I3

samples in the wavelength range of our 1nterest In order to have good
reprodu01b111ty, it -is 1mp0rtant to have‘a surface free of mechanlcal
fdistortion and”chemical contamlnation We followed the standard Wﬁj”' "t
procedure for reflect1v1ty measurements, namely mechanlcal pollshlng
._ w1th finer and finer.abra51ves endlng w1th O 01 micron lev1gated alumlna,
) followed by chemlcal etching 33 Bh- The etchants used and'etchlng‘times ;»
| are listed in Table I After etching, all the samples were r1nsed W1th '
runnlng dlstllled water in order to remove the etchant before exp051ng
‘vto‘the alr. The samples were put 1nto the evacuated sample chamber :
,1mmed1ately after etching for the measurements |

Although as a precautlon all measurements were done on freshly
ﬂetched samples, not all of them exhibited the same aging effects due to _y;;_uv
.surface contamlnation Sl“and InSb in particular-showed_no change;of N
their spectra after several weeks of éipééﬁre tosdryjair,
. Surface contamination effects produce large dlstortlon vmostly a

'cutoff in the uv, and are much less ‘severe in the v131ble
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| III. EXPERIMENTAL RESULTS

In Flgs 12~ =17 we present the derlvatlve spectra dR(E)/RdE of GaAs,
GaSb InAs, InSb, Ge and Si respectlvely ‘at three different temperatures,
5, 80 and 300°K.. |

The SPecfra of the éix crystals aré véry much alike,'reflecting the
similarity of their band s:t.r'ucturés'.. Hehcg, avvuni"for'm notation for _

‘laﬁeling7the structures‘cgn 6e.used. fdllowi#glpartially ﬁhe hotétibn
of Cardona et al.,6 we divide the stfucfures in each speétrUm into
groups labeled by Eo’ Ei,. ! 2, Ei, etc., as shown in the flgures.
Simiiér groups (having the same label) in different semiconductors are
believed to come from transitions in_similar general areas of the band
structure.

Figure 18 shows the -deriv‘a'tiv:e‘spéctrum dR/RAE of InSb at 59K -
fogétherrwith the ﬁormal reflectivity séectrum'R(E). Group Eo,
corresponding'td transitions}near,the direct fundamental gap; has not
béen covéred by this expgriment. Gfoups El’ Eé-and Ei correspona, iﬁ
terms of R(E),‘to three bfoad peaks wiﬁh some splitfihg, and group Eé,f
is an intermediate region with only small structure. This pattefn is
'generally the same for all the_six crystals.

‘Seﬁéral.general conclusioﬁs can be drawn after a sUrvey of allithe
spectra and a'c§mpariSOn'with availaﬁle:data:

(1) Compared with tﬁe derivative spectra obtaiﬁed from electro-
reflecta.n’ce6 and thermoreflectancell measuremenfs, our spectra give the_
same gfqgs features, but show more fine structures-in the Eé, E2 and Ei
regiohs, especially aﬁ low temperatUres;' As an .example for comparison,

we reprdduce in Fig. 19 the electroreflectance spectrum of InAs obtained

il



by Cardona et al & and in Flg. 20 the thermoreflectance spectrum of the
~ same crystal obtalned by Matatagul et al A
;f (2) For most structures 1n our’ spectra, they agree well 1n pos1tlons '

’with those obta1ned from normal reflect1v1ty data at room35

and llquld
'initrogen temperature,36 electroreflectance data at room temperature
: and thermoreflectance data at llquld nitrogen temperature 11 ‘ ‘
v(35; The temperature dependence of the spectra 1s.str1k1ng, although
’:the change is rather gradual. All the maln structures shlft to hlgher‘
energy when the temperature 1s lowered The‘shlft has a temperature
coefflclent that does not vary too much for dlfferent structures and
for dlfferent samples.- The structures become sharper.at low temperature,r
- this effect belng partlcularly strong for the El doublet and the maln p'
.(32 structure of the III-IV compounds.'f | C o

: ‘(h) The.spectra'at'liquid hellumvtemperature are?neu in the sense
'that no complete spectra of all these materlals at temperatures below

llquld n1trogen could be found in the llterature...However, the~5°K_

-spectra are not very dlfferent from the spectra_at 809K except'forsmore .

shifting and sharpening of structuresi

| As shown in Figsgl 2-17, each group may contaln many structures,
the'E2:group being5the most compllcated . These structures presumably
come from several reflect1v1ty peaks superlmposed on top of .one another,
_ Decompos1t10n of 8 comp051te line 1nto 1nd1v1dual reflect1v1ty peaks 1s;
-somevwhat arbltrary.: In our case the decomposltron;was,made w1th the“
_follouing‘general'ruleS' | |

(l) The low—temperature spectrum of a comp051te line should be

-decomposed 1nto a mlnlmum number of 1nd1v1dual lines with 51mple llneshapes.

-
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" (2) Redo@positionvof these ihdividual_lines:withtbroadened linewidth
éhouid yield'the high—teﬁperatﬁre sbéétrumfof the éomposite'line.
(3)"Similarity in the spectra‘ofvdifferent semicéﬁducto?s should be
used as a guide line in the decomposition.

LWith theéé fules, the ambiguity in‘tﬁe decomposition of our spectra
is suprisingly small,»alﬁhpugh the positions of ‘some componenté may not
be ver&vaccurate'ahd'their shapes may be someﬁow‘arﬁitrary. We Show in:
Figs. 21-26 the.decompoéition-of the spectra at_SdK of the six semi-
cdnductoré. In Tablé IT we liét fhe:posifions'bf all the'reflectiviﬁy.

péaks (zeros with negative slope in the %-%% spectrum) obtained from

such decompbsition. The accuracy of the values, élso listed, was mainly

due to ambiguity in the decomposition, except for the El structures.

We now proceed to commént on the low—temperatﬁre spectrum of each
semiéondﬁctor separately: |
Gals (Figs.'lzg 21): Although the spectrum below 2.7 eV is not shown
in.Fig. lQ,»wé haVé explored this régiqn carefﬁlly at 5°K. We have not

been able to find the small structures at 2.3 and 2.6 eV observed by
‘Greenaway.36 In the E, region our spectrum_confirms the absence of the

1
smell structures suggested by Lukes et al.>| The spectrum in the B!

region. looks somehow peculiar, but it can be decomposed into two
reflectivity peaks, consistently with the other III-V compounds.

Deéomposition of the E, region is rather arbitrary because part of the

2

E2 spectrum above 6 eV was cut off by our spectrometér. To be consistent
with the other III-V compounds, we decomposé the E2 group into a strong
broéd peak with three’small peaks at higher energy.

The temperature dependence of the spectrum of GaAs was studied more



.;of the position of the E reflect1v1ty peaks and the main E,

'”+3A— '

‘ carefully than that of the other crystals. Spectra at 150 and 225°K

: were measured in addition to the other three temperatures, but they are

not reproduced 1n Fig. 12 in order not to crowd the flgure, They.show

‘a gradual transition from the 80°K to the 300°K spectra. The dependence

) peak on.
temperature is plotted in Fig. 27 " | B v
GaSb (Figs. 13 22) - The structure at l 9 eV observed by Greenaway36';'
is absent in our spectrum Decomposition of the spectrum glves gd
unamblguously two peaks in the E' region (1n dlsagreement w1th ‘an
observation of three peaks in a thermoreflectancellvspectrum), onerV:

strong and three weak peaks 1n the E reglon and two peaks 1n the E!

2 1

region; The shape of the spectrum near 6 eV indlcates the presence of :

addltlonal structures Just above 6 eV belonglng to the Ei group

InAs (Flgs. lh 23). We cannot 1dent1fy in our spectrum ‘the peaks at

2.2 and 2. hS eV suggested by Greenaway.3§ The spectrum of InAs 1s ‘
. somewhat different from those of other III~V compounds in the sense that :

wthe E' and the E, regions overlap._ We can unambiguously decompose the

1 2

bvastructures in the E' + E region 1nto six reflect1v1ty peaks. We_can.

assign the two weak ones at'lower frequenc1es tovthe.E' group and the

rest to the Eg_group; Note that the spectrum of InAs appear to have a.

very strong temperature dependence

'InSb (Figs. 15, 2k). The spectrum of InSb looks very’much'similar to

that_ofFGaSbvexcept for -a slightly stronger temperature'dependence}

_ Decomposition of this spectrum giVes“tWO peaks in the,Eé region, fourhin A

the E, region, and three in the E:

5 1 regionf

i
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gg;(Figs. 16, 25).v1The:spectrum of Ge is sfill.quité similar fo those |
ofVIII-V COmpounds, but witﬁbiess'Stiuctures; Deéomposiiion of the
‘spectrum yields onevpeak‘in fhe Eé.region, one Strong aﬁd dne»weak peak
in the Ev2 region and two peaks in the Ei region.

Si (Figs; 17, 26); Tﬁe spéctrum of Si is.rather different from»thqse‘df
the other materials in the El and Eé'regibns, difference that can be
attributed to thevdiffefence of band structures near the direct gap
(see Sec. Iv=C). The discuséion of Sec. V will éhow thaf‘we'should>
assign th¢ péak at 3.& eV to Eé and the one at 3.h5 eV to El,"The
spectrum iﬁ the E2 and Ei regions is similar‘to those of the other
crystals. We can decompose the spectrum into one strong and one weak
peak-in‘the E2 region and only 6ne in the Ei region. The temperatufe

dependénce of the structures (sharpening and shifting) is the smallest

of all the crystals we have investigated.
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IV THEORETICAL BACKGRQUND* |
Allrthe}optical‘propertiee of a'crystal'are,deternined once;theb
'dielectnic constant is known. For cubic materials in the abs'ence of &
magnetlc fleld the dlelectrlc constant e 1s a complex scalar
€ =.€..+ l‘8v The real and 1mag1nary parts are connected by - the ,i,ﬁ

1 2’

Kramers-Kronlg relatlons, i e.

-3

El(w) '-“‘Eo':,= (2/")13 / (.0 € (w )(w'2 2v) l dwiv . (38)

o
_— o ' 3 ' v o
e(w) = =(2w/m) P_)/. (w')(m' Byt w0 (39)
. T I
If one component of € is known (or .can be extrapolated) over a wide
Jrange then the other is determlned by one of the equatlons above.
Two other real optlcal constants, the refractlve 1ndex n and the
extinction coefficient k, are connected to. the dlelectrlc constant by ’

the expressslons:

?he-reflectitity,R.at_normelvincidence from air is a function-of n and k:

(n-1)° - k°.
'k2

R = .
(n+1)? -

€., = n°-k° - : _ Av 8 <h0>.u

_e' = zn# L | : C‘: ﬂ ‘ -(hl)tf

2y
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A. The One-Electrén Approximation -

Approxiﬁations'are often usediin thé.microscopié tﬁeory:ofvdielectric»
coﬁstanf 6f ;'cryst§l. For the energyvfaﬁge'of intérest-thé'approximation
often ﬁéed isvthe'dne-eléctron #pproximation. In such an approximation
each valence‘electrqn is treated as a single particlé thaf;mofes ip a..
potéﬁtial V(r). Howevér; in order to fake thé other eieéfroﬁs into
account, V(r) is the sum of the core potentlals and a self—con31stent
. Hartree potentlal of all the other valence electrons. The Hamlltonlan,
neglectingfspin de§enden¢é,_is | |

K= p2/2m'v_+ V(:_t‘_) ' | - (L43)
" V(r) has the translational symmetry of thé lattice. :fheréfbre
applicgtion of the well—knowh Bléch.tﬁeorem leads.to a description of the
one-~electron states in terms of a band structure;38

We-use the~Born—Oppenheimér approximafioh. For most of'this discussion
we~éssﬁme“the]température fo be OOKQ so that no phonohsvareipreseﬁt. At
highér_témperatures, the'electron—phonon‘interactidh<is,responsible for
increasing the lifetime Broadening‘and producing energj shifts of the states.
The latter -will be discussed in the next section.

Uhdér the assumptions qf the one-eléctron model, the expressibﬁ'fof:
the imggihary,part 62 ofvﬁhe dielectric constant as a function of the

39

optical frequency w in the dipole approximation is

lnr eh

2 . ' 3 k
1_3(5)] éﬁ,wij(g) - w] a°k  (k4k)
‘where subscripts i and J refer to filled,and unfilled bands respéctively

and the integration is performed over the Brillouin zone. wi.(gj is
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given by:

-__-’mi.;,<g>' %..,‘fvE,iu_.s_v) . quc_)]/"‘ 9 o R

ana MlJ(g_) e B

M_i.j(g),;_<wgujg>}n' - . : uﬁ)

ﬁhere'uﬁkiand uﬁk are the perlodlc parts of the Bloch elgenfunctlons of

—

the energies E (k) and E (k)

Indlrect (phonon a531sted) tran51t10ns are neglected in Eq (ﬁh)
tThelr contrlbutlon above the fundamental energy gap, is expected to be '
negllglble-when compared w1thvstronger dlrect transltlons.

The:integral in Eq. (4Y4) can be easily*transformed so that it becomes:

52( )* h" eh Z / 2(21r) 3[M k)[ | (k)| '(’h"(_)

(k)—w

The - 1ntegral now extends over the surface (1n k-space) deflned by
lJ(k) =W and ds 1s 8 dlfferentlal element of area of such a surface
The integral of Eq. (h7), Without the matrix element }M (k)l , is the
joint dens1ty of states for bands i and 3, whlch we: call J, J( )
Jij(w) - f2(21r 3|v (w (k)] '- S (k8)
(k)-w R
The dependence of € (w) on the band structure, glven by Eq (h?), 1s
Stlll very compllcated However, the exlstence of a gradlent 1n the
denominator within. the 1ntegral suggests that it is 1mportant to

1nvestigate whether the 1ntegrand has 51ngular1t1es at some po1nts 1n'
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k-space. Such s1ngular1t1es would certainly glve strong contributions

to Eg(w) that might easily overwhelm the effect of variations of

1Mij g)lz. The points in k—space where s1ngular1t1es in the 1ntegrands

of (h?) and (h8) occur, namely vhere ¥ Y (k) 0, are called critical
points. The singulaiities; usnally cazied Van Hove singularities, can be
classified into four types,ho M, Ml', Méy'a‘rid M3, aceording to the |
mathematical behavior of the function wij(g) near the singularity: MO

designates a point in k-space’where'w (k)has a minimum, M corresponds‘

3
to a maximum of-w (k), and M, and M refer to saddle p01nts Phillips)41

2

showed employing symmetry arguments, that there is a minimum set of
critical points for.each crystel structure.‘ Critical-points usually
occur at:symmetry points, but there can be exceptions. |

The Van Hove singnlarities create "kinks" in the spectrum of Eé(w).
These "kinks" give rise to structure in the reflectivity spectrum.
Thereforevan'approximate analysis of the interband transitions sPectrum‘of
a semiconductor beeomes e-search for critieal'points of‘the band stfncture.
Cé.lculetionsh2 show that, although the'mntrix element_lMiJ(§)|2 cannot be
neglected in a fine.analysis, good qualitetive results can be obtained
in some cases by:assnming that IMiJ(E)|2-iS a:constant. The effect of
the‘metrix element is to increeSe or decrease the relstive:strength>of
some features and it'is important only for comparing relative strength

of peaks. Eventually it may become important for identifying structures

" only when it is necessary to Judge whether a small peak is strong enough :

to split from larger peaks nearby.
Interest1ng'conclus1ons are reached when band structure calculations

are complemented by careful analysis of energy contours on different
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planes of the Brlllouin zone and by separation of the contrlbutlons of
each pair of bands to e (w) Such analy51s shows that although most
'crltlcal p01nts are on symmetry l1nes as expected, some critical p01nts
'vmay be located at p01nts in the Brillouln zone wlthout any speC1al
symmetry h3 hh It 1s also showed that not only cr1t1cal §o1nts are
responsible for structure in- the optlcal spectra, but, in some cases,
'optical trans1tions over large reglons of the Brlllouln zone where the

L5, L6

cbands are not quite parallel (volume effect) also y1eld structure in

the optlcal spectra.

Band Structure Calculatlons

Early calculatiohs by the Wigner-Seltz method- are not practlcal for our
purpose.e Slmple models llke the Nearly-Free Electron Model or the Tlght-
‘ Blnd1ng Model are of some 1nterest for metals and 1nsulators respectlvely,
but they~are not.good approximatiOns‘for the covalent behavior fouhd in
‘Sehicohductorsfof'groups inand.ill;V. 'Calculations for such materials
meet: a computationel difflculty: vin ordervto calculate the dielectric
constant.wlth Eq. (44), which requires an integration over the'Brillouin.
zoné,.the energy eigenstates  and eigenfunctlons'must he;calculatedfat a
fairlv-deuseomesh;of polntslln'the‘BrillouinhZQnef_ The finer”the.uesh,.
the uore accurate the calculation is. ‘The availability of'fast cOmhuters
has reduced'the problem of'numerical accuracy to the poihtithat novk
computational errors.are no longer the limltiug factor.” The.accuracy of
the calculatlon is now set by basic assumptlons, i.e. how to determine the
Hamiltonian or more precisely the potentlal

‘Several "first principle" methods to calculate-band,struCtures have
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been deveioped with some success; a'gOOdhdescriptioniof them is given in
Ref. (b7). These'methods, SuchQas Orthogonalized Plane WaVes, Augmented
PlaneAws&es and Korringa, Kohn and Rostoker method,"differ from one
another in-calculation.procedures, but they:all essentially depend on an
estimate‘of.V(r as a sum'of the free-ion potentials.knoun from atomic
calculations, and a term Which describes the Hartree potential of the
other electrons. The assumptions required in order to estlmate this
potential plus approximations in the computation make the accuracy of
these methods not better than O. .5 eV for the band energles. This is
 very satisfactory for "first pr1nc1ples calculations, but it is too far
. from the accuracy we need for discussing details of our reflect1v1ty
spectra.

| Forithe reason statedhahOVe, we turn our attention to semiempirical
methods.. One possibility has'been'advanced by Cardonavet al.,h8 with
k°p_calculations, in which'some matrix elements are treatedvas adjustable
parameters. We houeVer prefer for our‘purposes-a'much more powerful |
method: the empirical pseudopotentlal method. This‘method was first

developed by Phillips and Kle1manh9

50

as a_modification of OPW; Cohen and -

Heine observed the cancellation_propertiesvof_pseudopotentials and

';Austin et~al.51-analysed different kinds of pseudopotentials. The

determination of pseudopotentials by fitting spectroscopic energy,ievels

52

 of free ions was also explored with some success.’ Finally Brusty2
proposed the empiricalbfitting of pseudopotentials as it is currently
done.

In order to understand how the pseudopotential method works, we

must flrst assume that the potential V(r) can be decomposed into a sum’



of "atonicﬁ"pOtentialsv.f_‘f'>
v(£)= % 'v(a-l_j,ii") R -' N (49)
_”where R are the atomlc p051tlons in the crvstal ' Although we'arev
1mplic1tly assumlng here to have only one klnd of atoms,vthe follovlng
can be:easrly generallzed when;dlfferent atomlc spec1ea are present 'We‘
_ muet bear%rnvmind’that thet"atomic potentlals v(r-R ) are not Just bare
core potentlals but they also include their share of Hartree potentlal of
‘ valence electrons.v
The atomic potentials v(r—R ) look llke deep potentlal wells
centered at the atomic 51tes R » .this form belng due to the strong
.attractlve.potentlal of the cores. Such well—llke‘pqtentlals make us
vthink of;tha_valence‘electrons aepmoving through an arrav of.scattering.
53 : . v .

- located at,the_atomic positions Bi; withjscattering,potentialsv

v(r—R;). 'The pseudopotentials-we'are going to-define would be.some-i

centers

smaller potentlals capable of g1v1ng the ‘same scatterlng or dlffractlon
pattern for the valence electrons as the true scatterlng potentlals
v(r—R )

54

Let us recall from scatterlng theory,- that the scatterlng amplltude

in a dlrectlon maklng an angle 8 w1th the 1nc1dent beam is

£(9) ='(Qik)’; 2' (22+1) (e g-l)'Pe(cose) . (50)
2=0 AR -

where 6 is the phase shlft of the partial wave of angular momentum 2
Once f(e) is known, the scatter1ng problem is completely determlneu,
because f(e) tells us how to add scattered wavefunctlons, w1th the

proper phase, 1n‘order to construct the dlffractlon pattern.» And we
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notice;in‘(SO)Ithat.f(e).ishdetermined once the set'of.phase shifts 62
is known : s '
Without g01ng into details about the actual calculatlon of phase

54

shifts from the potent1al we Just recall that 62 is p051t1vebfor an

‘attractiVE'potential,.and when the potential is deep as 'in our case,vdl

. may be much larger than ﬂ. In fact a deep potentlal well may "pull in"

vseveral oscillations of the radial wave functlon each one correspondlng

to a phase change L However, Eq (50) shows that f(e) does not ‘change
1f we subtract an integral mnltiple of m from 62 leav1ng 6 smaller than

T. We get such reduction of G 1f we substltute the,orlglnal scatterlng

" potential by a suitable shallow potential. Physically we are replacing

a strofigly oscillating wave function with large kinetic energy in a

'deep negative potential,lby a much smoother wave function with less

kinetic energy in a shallow negative potential. Neither the energy nor

the diffraction pattern of the electrons outside the core'wells'are‘affected_

by the'substitution.' The nev shallow‘potentials vf, called "atomic"

,pseudopotentlals, must be L-dependent, i. €. non-local, in order to allow

us to subtract an 1ntegral number of 7 from each separate 6 without

changing the remainders left by each subtractlon Wevcan write vilas;
P A L ' :
vy © ;E 'Ve(ffgi) Py . - B

where Py is a projection operator that selects the £ component of any

wave function. The total pseudopotential is
VP,‘ 2: Vi (52)
1

. ‘We‘conclude that if we replace the potential V(z) in the
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vHamlltonlan (h3) by, the pseudopotentlal VP and dlagonallze the new .

.q

Hamlltonlan, the energy elgenvalues are the true ones although the wave.

T

»

functlons;'now called pseudo—wave functlons, c01nc1de w1th the true waveﬂ
v>functions only out81de the atomlc cores.. B : : ' .e"' R
What we gain with the substitutlon of V(r) by VP is that because

v.VP is smooth the pseudo-wave functlons don't have strong osc1llat10ns

at the‘co?es ae;is'the case w1th the.gctua;.wave fynctlons. Therefore '
expahsiOne.othhe pseu&o—WaVe fﬁndtiens inba”plane—ane’seriés converge :
qulckly The price paid by thls method is. the non-locallty of the |
pseudopotentlal However, for the semlconductors of our 1nterest local
approximatlons to the pseudopotentlal glve very satlsfactory results.he_55
Caleulatlons with nqn—local pseudopotent1als56 show that the non—local terms;
are .-very' s_m;;i . | ‘ | .

»ihﬂoraer to diagénélize the Hemiltonian, all we need from the
pseudopotentlal VP are the matrlx elements of VP between plane wave states
|k:>and lkfg) for all the rec1procal lattlce vectors EFG of the crystal
In the,loca} pseudopotential approx1mation, sueh-matrix elements can be -

written as:

GngJVPIk) slq) v )‘ B | ); (53)
where
s(a) = § z e>;1><¥ia-5_:,> ) » (si;):

. . J
f is-ndn-iefo_only for gEG, and '

vla) =<krg [F] &> = L fF2) expletgen) ¥ (55)

Q being.the atomic cell volume and N ‘the.number of atoms.
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S(Q).is celled ﬁéffﬁéfh;é;fAC£or“‘becausé it dépénds only on the
geometiy_ of the lattice. ) v(q) is called "form factor" and it depends
N eséentiaiiy on tﬁe.pr0§efﬁiéévof thé‘atqm,'éxcept fbr the.éffect_of
chahggsuéf‘the Haftreé'pbtentiél of the valence eléctrons when an ion is
in differént crystals. - |

To treat v(q) as characterisfic of each atom has proved a major
.success of ihelpséudopoteﬁfial7method and it.has éilowed‘to‘ahaiyze
regﬁlarvtfends in the periodié‘tableg and-even t§ dd_some succeséfpl
' interpolation of_pseﬁdopdtentials Qn the periodic table.5?557 For ﬁhis
purpose, v(q) is conéiderédfas a continuous function of g, a typical
shapé:béiﬁg.éhown_ih.Fig. 28, For a pﬁrficulér crystal, with a given
seﬁ of reciprQéal'iétti¢é vectors G, the corresponding éet of v(G)'s is
used. | |

The‘empirical pseﬁdopotentiai method as devised‘by Brusthg consists
of an émpifical fittihg of form.facﬁors.‘ Sincebv(q) goes tb zerb for
large q; as shoﬁn in Fig. 28; only é few férmvfaétérsvneed.to be taken
into.aqéOunt.énd many suCCéssful célculations have.beenvdone.assuming
onlyvthé'fi¥st three_or four form factors to be different frqm zero.
The fiﬁtihg procedufe is by'tri;l'and errdr. ﬁThe wholé,bgnd structure
ﬁust'be’éalCulated:for éach trial_by_diagonalizing the Hamilfonian at a
s isvcaiculétéd with Eq. (kk4) and compared

with experimental data. The form factors are then modified and the

mesh of points in k~spacé; E

calculation is repeated. This goes on until'a'satisfactory fitting of
:Ez’is found. Although the adJuétmént of form factors is done with a
: vefy limited freedom of choice in order to take systematic trehds of the

periodic table into account, the agreement with éxperimental data over a
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.b'broad energy range 1s very good for many crystals.zth .

Spin-orbit spllttlng was neglected in the early calculatlons :>Later‘
.some semi-emplrlcal calculatlon was done by Cardona et al. 8 in the1r k°p_'
band structures. " They assume that, glven the spln—orblt spllttlngs at
k— ; such spllttlngs comblne llnearly at any p01nt k of the Brlllouln
zone w1th the same coeff101ents that mlx the k=0 wave functlons The
'spin—orblt spllttlng at the bottom of the conductlon.band was taken from
v;experlmental-data. | | | | -
Recently spln-orblt was 1ntroduced.1n pseudopotentlal calculatlons58
addlng, for materlals with p—bands as 1t is our case only one extra
parameter:to the calcu;atlohs. _Thls_parameter is usually adgusted in-
»ordeg tc_get agreement‘with the‘expefimental_spin—orbit sblitting of
'the fuhdahehtal gap. :SeVeral calculations with spin—orbit effects tor

46,56

‘ste’cf the‘materials of interest for us are now available.

~ Gy Descr;ption of the Band Structure of SlX Semlconductors

The six semlconductors of 1ntercst for us. havelcublc symmetry, the )
III-V compounds GaAs, GaSb, InAs and InSb have the zlncblende structureg
whlle Ge and 8i- have the dlamond structure._ The-Brlllou;n zcne,vcommohbto-
both structures; is the typical Brl;lou;h_zone correspondiﬁg td'a face- h
centered,CUbic lattice and‘it is shown;in Fig. 29 invorder to0 illustrate
our notation for symmetry points”and»symmetry lines. Noticevthat.ih the
bahd strUCturesvof the fcilouing'figures'the portion between X and K is S.
This is possiblevwithout introducihg discontinuities, because % and S
- can be thought of as a unlque stralght llne, as it becomes apparent 1f

we 1mag1ne another cell stuck to the 51de of the cell of Fig. 29, The:

1%,



T., is above r

Tty
prolongetion of Eljust happens to be S in the added cell.

Our seﬁiconductors have been the subject of many band structure

‘jcalculations; and Emong them we choose to»Show in Fig. 30 those of

Cohen and Bergstresser.ss.'Although several more recent calculations

.are available for most of our semiconductors, and we shall refer to them

in our diScﬁssion, the pseudopotential calculation,without'spin—Orbit of

Cohen and Bergstresser is a systematic work that includes all the semi-

conductors_of.our interest, ahd it ls.thefefOre very:useful for the
observation:of eyetematic.trends.'

¢ we comrare the band Structufes.of Fig.'30,‘wetimmediately‘ﬁotice
a remafkable’slmilarity'emohg_the IlI-V coﬁpouhds.. In fact, we cen go
from one'to the other qﬁalitati#ely,.by'lowering r acd reducing the

other gaps at X and L accordingly in the sequence GaAs, Gasb, InAs and

InSb.

For Ge end Si'the existence_of inversioc symmetry, not presentvin
the_III-V compounds; mekee,the:oends more.degenetate»than those of  the
IIIaV'compounds. However, the'only.fﬁndamental change for the bands
reproduced in Flg 30, in which we neglect spln-orblt coupllng effects,
is that Xl and X3 become degenerate. Except for thls change the band
structure of Ge is very similar to that of GaAs, as expected,‘since Ge
is located between Ga éod As in the same row of the periodicﬁtable;

The band strﬁcture of silicon seems to be fery different from the
others. However, a cafeful comparison with Ge shows that most of the
difference is simply that F2, is much higher in Si than in Ge. In Si

X leadlng to the existence of an 1nd1rect gap This is

15’

a trend of group IV, where the helght of T, above I';, follows the

2r #0OVE Tos 7
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' sequence C Ge, Si, Sn being ZeTOo. for the last of them a fact that
explains the semimetallic behavior. of gra& teubic)'Sn,l )

In order to 1llustrate which splittings occur when we take‘spin—;
orbit coupling into account, we show in Fig 31 a band structure of GaSb
reproduced from a r.e'cent‘calculatlon.u6 Although we - should label the
representationskin Fig. 31 w1th the double—group notation we keep the
51ngle-group notation in order to make our dlscuSS1on of the next section
simpler and to be able also to compare.Figs. 31 and 30 more ea51ly

Let us now comment on Fig. >31 in detail, starting from the top
| valence band (band h): the'point Tvs, six*fold degenerate without sﬁin-‘
orbit 1nteract10n, splits 1nto one h fold and one 2 fold degenerate

states, very much like the spllttlng of atomlc P states 1nto J= 3/2 and

J=l/2'states. The h fold degenerate bands at L 'Spllt into two doubly v

3
degenerate bands; strictly speaklng, they’splitlinto three bands, one
doubly degenerate and two.non—degenerate, butvthe single bands stick

59

together once againlbecause of time reversal symmetry.
The A line has the same symmetry as L, but the time reversal

argument is no longer applicable (it is valid for a point on a'z0ne’face

59). ‘Therefore A3 is allowed to split 1nto three bands, one doubly

degenerate and’ two non—degenerate._ However with both ends at L and'F

only

'.degenerate, the separation of the 51ng1e bands along A is probably small
46,56

and 1ndeed calculations find no apprec1able splitting.. Spln orblt

effects also split the L4=fold degenerate bands at AS and'XS'into two
doubly-degenerate bands.: |
The first conduction band (band 5) is doubly degeneratefat L, A, T,

A and X when spin-orbit interaction is neglected, and_épin-orbit cannot
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split this degeneracy. \
The nexf conduction band (band 6) has the same symmetry of the
upper valence band (band_h).at 'y, A and L, and the-splittings.are
therefore the same. Along A the repres'e,ntation is Al which goes into
3

‘interaction.

‘X, at X; the band is.doubly>degenerate and it is not split by spin-orbit

-‘Along'the Z line all fhe bands, either Elbor:Zz, are dogbly
degenerate‘whén spinforbit cdupling is negleéted. When spin-orbit-
interaction is introduced,~symmetry no longer réquires such degenefacy,-
but célculationé show &ery small spiittings;h6

A rough estimété based‘dn the‘degeneracy of the bands60 predicts a

spin—ofbit splitting of the ﬁpper valence band at L, of order 2/3 the

3
spin-orbit splitting at'Fl (fundamental gap). Moré accurate célculations

L6

5
Calculations predict still smaller splittings
L6 o |

agree with this rule.
for Ag (band 4)%% ang fdf'Lé:(bgnd 6).

For the femaining III-V cqmpounas, spin-orbit splittings are expected
t& be in some degreevpréportional to the splitting of the fuhdamental gap.
Such splitting increases in the sequenée GaAs, InAs, GaSb, InSb. qu InSb,
the spin-orbit splitting is iarger than the fUndamental_gap.

The spin;orﬁit splittihgs Of>Ge are smaller than those of GaAs.h8
The pigfure of the split bands still resembles that of the III-V compoﬁnds
(Fig. 31) with few changes: the already descfibed degeneracy of X, and
X3 is not.split by spin-orbit interaétion; the L-fold degenerate Xh
remains unsplit when spin—qrbit coupling is ihtroduced; and therefore

the valence band splits into two doubly degenerate bands along A between

F25' and Xh’ as in the III-V compounds, but both ends remain'degenerate.
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Finglly'anOther minor difference is that fhe'doubly degenerate bands
along Z are not spllt by spln—orblt 1nteract10n 59 -
The spln—orblt spllttlng of the Sl band structure s 51mllar to that

- of Ge, but the spllttlngs are qulte small because the atomlc spln-orblt

_coupllng-constant of Si ;s very small.62

' D. . Excitons

Excitons play an importanf role_ihhhhe optieal spec£fetof'SOlids.
and, although they have'been-the"subjectoofhek%ehSi#e lnvestigetions§63w
_many questions stilllremein'open. :Excihohs,are eolleotive”excifatiohs ofu-
the eleofrohs for whiehrtwo'pictufes.arexcufrenfly“given Frenkel6h
ex01tons are exc1ted states of 1nd1v1dual atoms or. molecules only
pertu;bed by_neighbors; although localized in speceg the excitation'may
propagate”thfough theicfystalvtfahsferrihg eheréy»from one.part to
anofher;‘ Thls deseription epplies well:to hblechlar crystals.':Wannier's

65

deseription, more\suitable for_semicohduefofs;lwhere.the afomsvihteraet..
_Strongly;‘is thaf of anAelecfron wave peeket ahd e hole ﬁavejpechet
movihé‘rather freely through the Crystel,-boﬁhé to each other‘by the
Coulomb interactioh7 | | - R |

A efude but.bhysically Eleaf describflonfof_Wannier excitons can‘be::
given'by tfeatinghan_electron'at.thezhottoﬁ offfhe conduotion'band as a
quasiparticle with'effeetlve mass;me, and a hole et the top of fhe
vvalence bandras a quasiparticle w1th effective mass mh Thevaftractive
CoulombAenergy of the pair 1is V= -e /s T, where r is the relatlve

electron—hole coordinate and €40 the statlc_dlelectrlc constant, represents

“the soreening of the other electrons. _Such‘a~system has a set of -
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hydroéeniég"tound"}states below the bottom ef.tne eenductionfband.
:Stfictlj»speaking, these ere~not bpund states but father'tnetfirst
exc1ted states of the crystal However 'weICall the h&drdgenic states
"bound" states Because they are below the first excited one—electron
state thelf energy belng lowered by an attractlve 1nteraetlon.

Such ‘a crude descrlptlon holds because ‘the statlc dlelectrlc
kconstant is large, of the order of 10 for many semlconductors, and the
:effectlve mass of the electron-hole system is of the order of 1/10 the
trueAe;ectron mass;‘.g;nce tne‘rad;us of the exc;ton orb;tilstpreportlonal
to sb énatinuense1&‘propoftionalvto the'effeetive nass;‘the{;adius_is'of
" the o!i'den of 100 timevsl-'the"B(_)hr radius, much la’.rger_ than the lattice
vconStant:ﬁ-fherefeie theveiectfon-hole pair extends-ever'many core sites
andttne.effeetiVe uasseapproximetion_wdrks acceptably.

An'exciton as described.above is usuelij ealled a pafabolic_excitbn,

because the electron and the hole are about a parabollc (M ) crltlcal

:p01nt of the.band structure, in fact the fundamental gap is always an
absolute minimum of the energy dlfference between bands: (see Sectlon IV-A)
Howevef, at any point inqk-space where the energy difference between two
bands is_extremal, the bands sre parailel at least elong one'direction,
and thengroup‘velocity of the electronvand hole are the same, making_a'

b

resonant motion possible. Phillips™ pointed out this possibility and
calied suchAreSOnances hYperbolic or saddle point excitons, when they
: occur'at hyperbolic (Ml or ME) critical points. Hyperbolic exeitbns
are metastable beceuse they are degenerate with continuum states into
which tney decsgy. N

Theoretical calculations are difficult at saddle points because



'.the ef, ctlve mass equatlon 1s not separable, although an adlabatlc

| approxlmation can be done.6§ Another approach 1s to truncate the Coulomb

- 1nteraction between electron and hole to extend to a f1n1te number of

jneighboring cells._67‘68 Th calculation by Toyazawa et al 68 w1th a

‘Wv51mple é—functlon 1nteraction predlcts for the ex01ton part of €, (w) at
-a critlcal p01nt Mi’ a shape simllar to the contrlbutlon to 62(') from.

_ one-electron states at M Cassumlng M -Mh)

i+l
Excltons both of parabolic and saddle p01nt type have been
70

-fldentifled in SOlld rare gaseség and alkall—halides

»ndlng energy 1s smaller and; he exclton structure can

‘ fhardly '“‘, rom the one—electron structure. Nevertheless, parabollc

T

'exc1ton were unmlstaklngly observed

“the existence of hyperbollc exc1tons,l3.16 although thelr prec1se role

'vln the optlcal spectra of semlconductors is stlll not clear

ge dielectrlc constants (~10 compared w1th 5 for alkall--;'ﬁb

2 5”‘or SOlld rare gases) and a smaller conduction band mass,=?*ff

) and there 1s ev1dence to support@ _5

.....

In semlconductors, ST
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V. COMPARISON WITH THEORY AND EXPERIMENT
.Theré'are two ways to compare theoretical calculations with
reflectivity measurements. One is to compare the dielectric constant
 {obtained from the experimental data with the. theoretical values, and
the other is to compare the measured reflectivity with the one calculated
from the tﬁeoretical dielectric constant.

The first method is based on the relations:

=
]

Bk o (56)

i® - n-ik-1
n~ik+1

(57)

|rfe

2]
I

If R is measured over a sufficiently broad frequency range, then 6 can
be obtained from a Kramers-Kronig relation between the real and imaginary

pérts of the complex function lanlnIrl + 16:72
© ' ' v
8(w) = (en/w)f In|r(w) | (w®=w?)™ aw' - (58)

Once l:] and 0 are knoﬁn, it is straightforwa;d to obtain n and k from
(57). From n and k one finds SQ(Q) from Eq. (41). The_experimenfal
curve for 82(w) is then compared with theoreticélly calculated €2(w)’
| vThé'troﬁble with tﬁe above procedure'is that'experimental measure-
ments seldom cover a wide enough frequency range and the Kramers—Kronlg
transform of Eq (58) must rely on extrapolatlons at the ends of the
spectfum. For this reason it is more approprlate to follow the second
procedure, which compares the measured reflectivity spectrum directly

with the,theoretical reflectivity spectrum

We should remark that for the III-V and IV semiconductors in the



energy region we are 1nterested R and 62 are very much alike 73A They

“don't have strlctly the same shape but peaks of R usually correspond to

_peaks of 52 w1th only small shifts of their energies, and the strengths

are also proportional The main difference is: that €2 goes to zero below

: the gap, while R decreases without going to zero

B Since our discussion is rather qualitative we shall assume that

the structure of R(w) always follows that of €, (w) closely In particular

we expect that spln-orbit spllttings and- temperature shifts of the €,

peaks can be measured dlrectly from the reflect1v1ty spectrum

'A. Discu381on of Each Spectral Region

we start now discussing each spectral reglon 1n detail taking ,
advantage of the s1milarities between our semiconductors and the
systematlc trends described in Sectlon IV— For thls discus51on we
refer to Figs. 12 to 17 with ‘the orlglnal spectra, and. Flgs. 21 to 26
_w1th our-decomp031tion of thevE ; E2 and Ei reglons 1nto 1nd1v1dual
structuresr - |

- We summariZe in Table'II:ouriassignments.of'all the observed
_reflectivity peaks to the.corresponding:interband transitions,‘and we
summarize in Table IIT the spin-orblt splittings at varlous symmetry

p01nts deduced from our snectra.. In the’ tables and in the discu551on

. (w1thout spin-orbit coupling) are numbered when some confu51on may 'f

‘bands

arise because two bands have the same representatlon Also, in order to

ompare qulckly w1th the ITI-V compounds, ‘we label the Ge and Sl transitions .

with the representatlon of the zincblende structure we add between

parenthe51s the diamond structure notatlon when 1t 1s dlfferent

» -

P
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‘The foliowing discussion of each spectral region refers to spectra

at 5°K.

1. The E; Region
Except for Si, all our spectra show a sharp doublet. It is generally

agreed that this doublet correspbnd.to A~A. transitions with the A3

3°1
level spin-orbit split.2’6 As shown in Table II1I, the observed splittings

of the doublet agree with the. 2/3 rule (see Sec. IV-C).

The non—ex1stence of additional reflectivity peaks for L3

trahéitions has been a puzzling fact.2’36’h5 That we have seen no

1

 transitions are too weak or they are hidden in the strong A3 A, structures.

For Si, raising of F (FQ' in the diamond structure notation) above

additional structure in the.E region indicates that either the L3+Ll

r 5 (Fig. 30), mekes the A +A transitions and the A5+Al (k>5) transitions

partially degenerate in energy. As shown in Figs. 17 and 26, there are
two overlapping reflectivity peaks at 3.40 and 3.45 eV. Assuming that
similar transitions in different crystals would yield reflectivity peaks

of similar strength, we should assign the 3.&5 eV peak to the A3+Al

transitions, and the 3. 40 eV peak to the A~ (h+5) transitions,

54

,,,\,u.

partially degenerate in energy. We already pointed out in Sec. IV-C,

that spin-orbit coupling is particularly small for Si. The splitting is

only of 0.0k eV at PlS (Fes,)6’62 and even smaller splittings are
ekpeéted‘along A3 and AS. The resolution of our spectrum is clearly not
sufficient to show the spin-orbit splitting of either A > A or AN, (45)

3 571
transitions. We therefore rule out the possibility that the two peaks at

3.40 and 3.45 eV could correspond to thevspineorbit doublet of the

A3+Al transitions.
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We can identify a doublet in ‘the. E' group for the four III—V -.v__» ‘ "

compounds and a. single peak for the group IV elements  These E' peaks . ,
were originally assigned to h*S transitions at or near F 4.6 but the low “:f

-Joint density of states near F rules out such an assignment hS hé Thef

peaks are more llkely due to AS*AI (h+5) transitlons away from F Our

vresults agree w1th the prediction, mentioned in Section IV—C that the

: spln-orbit spllttlng along A should be smaller than the spllttlng at

S
L (band L). The observed E’ doublet for the III-V compounds has 1ndeed

'a splitting (see Table III) smaller than that of the El doublet and )
proportional to such a splitting within 5% In Ge, the degeneracy of _l

: X (xh) (see Sec. IV#C) makes the splitting of A (band h) small, 7h

and
we would not expect to resolve the spin-orbit doublet 1n the Ge spectrum
We therefore assign the single E' peak of Ge to A5+Al (h+5) trans1t10ns
The same 1s true for Sl which has an even smaller spin-orbit coupling

v3.f The Region

Our spectra for all the six crystals seem rather complicated 1n this
: 'region. They generally show more structures than either electroreflectance.
hand thermoreflectance spectra. However we . can always decompose the)E2
{ group quite unambiguously into a broad strong reflect1v1ty peak and o
c'several small peaks at higher energles, Pseudo-potential calculationsg'h3’95’§§_
: 1nd1cate that this broad peak should be due to Z (k+5) trans1tions
over a large region'ln«the Brillouin zone. The small spineorbit splitting -
of. the lII—V compounds along Z would be dlfficult to resolve ;'hrom the‘

band structures of Flgs. 30 and 31, one might expect to observe a.

‘ reflectlvity peak corresponding to X5+Xl trans1t10ns at an energy between
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Z‘*Z (h+5) and A_» (4+5) transitions. We cannot recognize any such

5 l

structure in all our spectra. This suggests that elther X5—>Xl transitions

are too:weak, or they are hidden in the broad 22+Zl (4+5) peak.

The small E2 peaks have higher energies than the.224il transitions.
As seen from Figs. 30 and 31, they.should correspond to transitions
between the valence band (band 4) and the second conduction'band'(band 6).

There is some ambiguity in decomposing the small E, structures, but we can

2
unambiguously 1dentify one peak in Ge and Sl, three in InAs, InSb and

GaSb and probably also three in GaAs. We then recognize that for all
the ITII~-V compounds, the spacing between two of the three peaks agree

quite well with the spin-orbit splitting of the A_ level (see Table II).

5
We therefore assign the doublet to 46 transitions along A (close to x).*

The same transition should give rise to only one reflectivity peak in

Ge and Si, since the.spin-orbit splitting along A5 for these two eiements

is small (see Sec. IV-C). Accordingly, the small E_ peak of Ge and Si

2
should correspond to As+Alv(hf5) transitions. The remaining small E,
peak of the III-V compounds is assignedvto 4+6 transitions around I as
‘ 75

suggested by pseudopotential calculations. Such a pesk did not show
up in the spectra of Ge and Si presumably because of the slight difference
in their band structures.

4y, ‘The E' Region

Our spectra, limited by the uv cutoff of the spectrometer cover

‘only part of the Ei region in Si, Ge, GaSb and InSb and none in GaAs

and InAs. The Ei peaks are normally assigned to 46 transitions along A,
*® Thisfassignment is also suggested by pseudopotential calculation for

GaSb, which shows two spin-orbit split peaks coming from h+6 transitions
along A in the neighborhood of X. (Ref. 46).



by the spln*orbit splitting of A,

spectrometer. The spln-orblt spllttlng_of A

-58;_:

close to L'6’35 Both A3 levels are spln—orblt Spllt but ‘the Spllttlng

of A (band 6) is. expected to be con51derably smaller than that of A3

k6, ;56

(band h) We should therefore expect to-see two doublets separated

3 (band u).

In Sl, the spln-orblt coupllng 1s small 62vandjve have observed only
one unresolved reflect1v1ty peak as expected In Ge we can identify two
peaks with a separatlon somewhat larger than the spllttlng of the A3*A

doublet. Thls suggests that the spllttlng of A (band‘6)-1n Ge is very

3

small and the observed A3vA3 trans1t10ns are closer to L than the A3->Al

tran51tions. In InSb where the spln—orblt coupllng is larger we: have
actually observed three peaks w1th the fourth one be1ng cut off by our

3 (band h) derived from them

s

3°1

is sgain somevhat larger than the splitting of the A_>A. doublet. The

-?'separation-of the two overlapping peaks_gives'the spln—orblt.splltting ofv

(band 6) near L (see Table III) In GaSb, we'can observe”only one

,»doublet with a small splltting correspondlng to the spllttlng of A3 (band

6)}. The other doublet at higher energy should be outside the range of

- our spectrometer.
: t

_B; The Temperature Depgndencev

‘We‘can obtain from our spectra at variocus temperatures some -
information about the temperature dependence of the band structure.
Figures 12 to 17 show that all the major reflectivity peaks shift to

lower energies at higher temperatures. The temperature shift of each

peak is rather small and gradual.

We present in Table IV the observed temperaturevcoefficients of
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- the E, and major E, peaks for all the six crystals. Note that Si has a
smallef.témperature dependencekthan the other crystals, prgsumably

' because ‘it has:a highér;Debyé témperature.

We.have.studiéd the teﬁperaﬁure effect on GaAs in more detail and

Fig. 27 shows the temperature shifts of the E. doublet and the.major E

1 2

pesak for_this compound. Thé three'cufves behave similarly. The observed

tem@erature shifts fit well with the exponential dependence:

AE(T) = E(T)-E(5°K) = A exp(-B/T) . (59)

with, for example, A=0.28 eV, B=320°K for the E_ peak. The order of

2
magnitudé of B is that of'the Debye temperature; indicating a close
connection betweéﬁ the energy shifts and the .phonon spectrum.
Thevprincipél factors govérning the temperature-dependénce of the
reflecti#ity spectrum are the thermal expansiqn of the cfystal and the
thermai.vibration of the nucléi (Debye-Waller effect). Since an
expanded iattice reduces fhe average potential seen by the Qalencé
electrons, the energy splittings between bandé are generally smaller at
'higher_tem?ératures, and the energies of the reflectivity peaks decrease
accordingly. The thermal vibrations of the nucléi'reduée the core
-kscattering potential seen by the electrons by the Debye-Waller factor
e_w.76 This additional reduction of the cores pétential_also makes the
band gaps smaller and decreaées the enérgies of the‘refléctivity peéks..
vWe introduce both factors, thermal‘eXpansion_of.the crystal and

1 For

Debye~Weller factor, in a-pSeudopotentialvcalculation for GaAs.
this-purpose, we start with the choice of a suitable set of pseudo-

potential form factors and spin-orbit parameter (at 0°K), such that we
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GaAs.
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obtain a good agreement between the calculated reflect1v1ty and the 5°K

spectrum of GaAs. In this theoretical band structure, we identify the '

critical p01nts respon51ble for the E

l doublet, Wthh corresponds to a

A3*Al spin—orbit split transition, and the critical pOint respon51ble for
the main E peak which corresponds to a Z (h+5) tranSition, as-

predicted»in our discu551on of Sec. V—A. Thereafter we analyze quanti—

tatively the temperature variation of the band gaps at the-three critical'

points.

We-introduce the thermal expansion of the lattice in the calculation

by varying the lattice. constant The temperatnre dependence of the

_lattice constant is obtained from the thermal expan51on function for

78 The lattice constantsvused at 5 80, 150, 225 and 300°K are

' 5.6k0, S"‘."6ho, 5,641, 5.643 and 5.645 A"ré'spect'i;réiy;: Since both the |

volume‘of'the unit cell and the values of the reciprocal lattice vectors

change slightly with variations in the lattice constant, we scale the

~

_pseudopotential form factors, the criterion being that the actual atomic

poténtials remain unchanged.

The Debye—Waller factor e'_w is calculated from the experimental
phonon spectrum and,:since this calculation is‘greatly simplified for a’
monoatomic cr&stal we use the phonon spectrum‘of'Ge‘instead of GaAs.
This is a reasonable approx1mation because the GaAs phonon spectrumhis.l
nearly 1dentical to that of Ge, and the average den51ty of “aAsvis'the
same as that of Ge to within 0.5%. Accordingly, we use an expression-

79

for a monoatomic crystal

5 Jelv Hasz + o :
- hG™ e —l  ‘ i : (60)

n .
81°m S p(v)av

given'bbelackman
. 3




-61-

where x=hv/kT, p(v) is the denéity of phonon modes for Ge, G is a
reciprocai laﬁtice vector and m is the mass of the nucleus. lThe values
of (W/GQ) ﬁe obtain by using Eq. (GO)AatvS, 80? 150, 225 and 300 °K are
0.0010, 0;0015, 0.0024, 0.003% and 0.00uk reépectively.

The Débye—Waller and lattice expansion effects are»ihcorpbrated in
the pseudopotential calculation of the band structure to give the
temperature shifts of the band gaps aﬁ the thrée Critical points

identified above as responsible for the E. doublet énd the main E2 péak.

1
The temperature shift is also calculated at T (the fundamental gap) as a
test, and it is compared with the experimental temperature dependence

" obtained by Oswald,BO finding a good agreement.

The theoretical temperature dependence of the E. and E2 peaks is

1
shown, with dashedvlines, sﬁperimposed on:the experimental curves in Fig.
27. The:comparison betwéén theéry and eXperimenf for vthe,E2 peak is good,
and fof‘the E, doublet, the comparison is excellent.

Separate calculation of the Debye;Wallef and lattice expansion
effects shows that the major part of the energy shift is caused by the
Debye-Wéller effect, with only a small fraction caused by»lattiée
expansion. , . |

: SN e . .

The temperature shifts of the refiecfivity péaks'of'GaSb, InAé,

InSb and Ge are similar.to those of GaAs; Si aiso behaveé similarly
but‘with smaller shifts presumably because of its high Debye temperature. -
Therefofe:we expect that similar theoretical calCulétions of the
temperature shifts of peaks for these. crystals would élso yield good

‘results.

A survey of the spectra of Figs. 12 to 17 also suggests that there
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' must be a close connection.between brogdeningvend the phoncn'spectrum.

In all the spectra, the peaks become_sharper'when'the‘temperature is

decreased, presumably due to reduction cf lifetime broadening,fbut'the

magnltude of the effect is not the Same for all the crystals. We observe .

that sharpenlng of peaks at low temperature increases 1n the sequence Si,

GaSb Ge, GaAs, InAs, InSb ThlS correlates almost exactly w1th the

sequence of decrea51ng Debye temperatures, whlch is Sl, Ge, GaAs, GaSb

' InAs, InSb; only GaSb occuples different places.ln the two sequences.

This correlation indicates that further study of the connection between
the broadening parameter of the reflectivity peaks and thevphonon

spectrum may yield interesting results for these crystals.

C. Exc¢itons
Strong experimental-e?idence that the El,dcublet of GsAs has a.
large ekcitcn contributicn is presented by Rowe et al.l6 with a measure-

ment of wavelength-moduleted reflectivity of a sample under uniaxial

: stress; at T7°K. They find as thevonly.explenaticn for a'polerization;r

vdependent'splitting'of the El peaks, the existence of a hyperbolic

exciton.

Addltlonal evidence on the existence of excitons in the E spectral
region is presented by Shaklee et al, 13 with a wavelength modulation |
reflectivity messurement-on InSb at 77°K. They sth, by analyzing the

i’peaks, that such lineshapes are a mixture of those

corresponding~to Ml and-M2 critical points.‘”Since itjis'generally

-peaks correspond to M

1. critical pcints,2 the M -

accepted that the E )

1

like portlon of the lines is assigned to hyperbollc exc1tons, follow1ng
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the prediction of Toyozawa et al. on the exciton lineshapes at
different critical points (see Sec. IV-D).

Ourvspectra show, for the E low temperature peaks of all six

1

semlconductors, llneshapes very simllar to those reported by Shaklee
et al. for InSb, therefore allowlng us to extend thelr conclusions on

the existence of hyperbolic excitons at E. to all the six crystals.

1
'Furthermore, we notice that the p051t1ve parts of the dR/RA4E llnes are

approximately the M -llke parts, while the negatlve parts are approx1—

mately the M,-like parts of the E. structure. The negative M.~like parts,

2 1 2

- which we assign to hyperbollc ex01tons, are the ones that sharpen very
.drastlcally at low temperature in agreement with the generally accepted
idea that lifetime broadening for exciton peakevis more sensitive to
temperature than for one-electron stateslpeaks.. Theee arguments on the

existence of hyperbolic excitons at Ml are also strengthened by band

structure calculations, since the theoretical reflectivity spectra,

which are calculated neglecting excitons, predict peaks at El much weaker

than the experimental ones, without the sharp M.-like negative portions.

2

"As a cOncluding remark, we notice in other spectral regions,

particularly in E that some peaks sharpen at.low temperature more than

2,
others. Although the complexlty of the E ‘reglon rules out a 51mple
1ineshape analysis, this fact is an indication that there might be

significant exciton contributions at some critical points responsible -

for the E2 structure. Such possibility requires further investigation.
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VI. CONCLUSIONS
Two.goalsbhave been achleved 1n thls work.. one‘is thevconstruction
of & very sens1t1ve wavelength modulatlon spectrometer, the other is the
measurement of the derlvatlve reflect1v1ty spectra of six semlconductors,
Yielding-new;information'about their band"structures; |

we have shown how to. bulld a sen51t1ve wavelength modulatlon spectrom~ '

eter t° measure dR/dE (or dR/RdE) over a w1de spectral range: whlch extendsif': L

to the' near ultrav1olet,-employ1ng mostly commerc1ally avallable compo-
nents. Modulatlon 1s 1ntroduced w1thout bas1c mod1f1catlon of a

commer01al spectrometer, A two—beam_system=w1th electronlc-optlcal»'

feedback'loops eliminates the noisyvbackground»effectivély;seven‘ﬁhen.anvj

“arc lamp is used.

" The spectrometer was used to- obtaln the spectra of six semlconductorsv'

'at.SeVeral-temPeratureS.'fOur_derivative.spectra show*clear.improvement

o

of resolution-ovér*othér,techniques." In particular our'lOWVtemperaturev'

speCtra'give morefclearlybdefined reflectivity peaks-than either .

‘electroreflectancev0r4thermoreflectanCesspectra. With avallable

1nformatlon about the band structure, the sp1n~orb1t spllttlngs and

's1m11ar1t1es among the sem1conductors, ve can cons1stently ass1gn all the

.observed reflect1v1ty peaks to proper crltlcal tran51t10ns between: bands.

Values of spln-orblt spllttlngs at varlous symmetry p01nts can then be

) deduced Results ‘agree well with theoretlcal calculatlons.“'

Our measurements at various temperatures also yleld valuable

1nformation about the’ temperature dependence of. the band structure. Allffff

the reflect1v1ty peaks shift to higher energles at lower temperature.»;A:j-”fa

theoretlcal calculatlon of some shifts by the pseudopotentlal method
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yield good agreement with the expeiimental values. The structures in
the spéétfa generally become mucﬁ moré pronounced at lower temperatures.
Sharpening of the El peak at low tempefature is particularly striking
aﬂd can beJekplained in terms of the hyperbolic excitons associated
with‘A. Whethér the exciton gffect is alsﬂ important in the other
tfansitions remains to be invéétigated. |

To help us‘make suré that our assignment of reflectivity peakskis
correct;-measuremehts on‘saﬁples under uﬁiﬁxial stfess should be
performed. That a streés can bevexérted on the sample without much
- complication is another'advantage éf the’wavelength modulation‘scheme.
Thé préssuré dependénce éf the reflecﬁivity spectrum shéuld also yield
valuable informatibn about hyperbolic excitons associated at various
symmetry points.81 |

With simple modificatipns, it is possible to adapt thé wavelength
mddulétibn spectrometer for transmission measuremenfs and aléo to
extend the'spectrél fange to the near infrared. This would allow us to
extend the investigation of this work to the band gap of the iI_I-v
cqmpounds, and probébly gein new information on parabolic excitons.
Wayelength modulation can also Be gpplied to other semiconducfors,

metalé,ag'and materials of biological interest.
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APPENDIX
WAVELENGTH—MODULATION'OF A NEARLY MONOCHROMATIC LIGHT BEAM
We have shown in Eq. (4) that the signal intensity of a wavelength~-
modulated light beam as a fu#ction of its centrai.wavelength Aé and

time t can be written, after a Taylor expansion, as:

S(Ao,t) =/ g()\'—)\o-—A coswt)[T(xo)+T'(Ao)(x'-xo)
=00 ) (l')

_1_-_n C\e
+ 3 T (AO)(A'—AO) + ...]ax

If we change the variable of intégration replacing A' by A, such that

A= A'—AOfA coswt (2")

Eq. (1') becomes:

S(A_,t) = / (M) T(A )+T' (A} (A+A coswt) + -;- T"(}\O)(A+Acoswt)2+...]d)\
- (3")
Integrating term by term,

[o0]
o]

s(.;\ov.,t)_= j}(;\o)/ g(}\)d}\+T'(>\o) / '_g'(A);(A+Ac‘os;u;t) dx

* %'— T','(}‘o)/ g(X).(A+Acoswt_)2 + ...

If we now expand each parenthesis of the type (A+Acosmt)n and

integrate term by term again, we find integrals of the type

co

/g(x)'x"‘dx B | (5")

-0



=68 1,5 co R R

vwhere a 1s a pos1t1ve integer Slnce g(k) is a symmetrlc functlon,
,only those 1ntegrals with even a are dlfferent from zero ‘ Also, because

g(A) is normallzed to W, we can’ wrlte, for a—2

| e R

S / 3(}‘) >‘.2 ax >=‘.€2"w3> o (6"
where-g is ad1mens1onal (E =l/6 for the ideal’ g(k) of Flg l), and we
'can write similar expresions for a—h etc.

Flnally Eq (hﬁ) becomes; g

5(0g5t) = TO e (A Whcosut, + 3 0 M e eonut) (1)

+ lvT"'(A JWA(3E W'coswt+A2¢os3wt) + ...
~We now expand ppwers,gf coswt into Foufier componerits cos2@t;}
_cds3wt,uetc; using well known trigonometric idéntities, and collect
terms wslfinally'obtgin{
5(A,.t) = [T-(Ad)szT ()'\0),('52M S AT ]
N : L 1 : o T 1 2. : » R ,
+ T Ny — ne (9 3 . [
IO e 5 T _(Ao')_WA(_E.QVEf FAD + . Jeoset o (8Y)

+[...] co§2wt + ...

_This is,thé éxpressibn we sought,'iﬁ which we:are.intgrested bﬂly
in fhe fifét_two terms, that:are the ones we measure. We now want to
retaiﬁ'oniy‘theviéading terms in'eachvof‘the'first twovﬁfackets; ‘We can

o this if | |

Frogef 3 <o) o0



-69-
and

Lo (N Ew® + T AD)

<< T(AO) ' (10")

For a spectral line with a charactéristic width A, we can estimate

orders of magnitude assuming that T'(AO) ~ T(Ao)/A, Tﬁ(ko) ~ T()xo)/A2

and T"'(Ao) ~ T(AO)/A3. Thgrefore conditions (9’).énd (10') are satisfied

. . .

W? <<.A2 : (il')

and |
2 2

AS << A (12')

Both requirements can be shown to hold exactly for Gaussian and

Lorentzian lineshapes.
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Table I. ©Sample properties and etching information.

...75_

Material Type Carrier Etching Compound Etching
: ' Concentration (parts per volume) Time
(em™2) (sec)
Gals n 1016—1017, 3HN03+1HF+hH20 120
GasSb D 1.5-3.5x1017 lBr2+ISCHéCOOH 30
InAs n 2—5x1o16 1Br,+15CH,OH 120
InSb n 1-5x10lh 1Br,,+10CH,COOH 30

: 15 16 :

Ge D 5%10™?=5%10 2HNO ,+1HF+4CH ,COOK 90
si o 0.5-1x10%3 6HNO L+ 3HF+3CH ,COOH 30




Table II.

(eV) of observed reflectivity peaks in the six crystals

Energies Assignmeht of'various peaks.
to particular interband transitions is also given. : o '
El Eé .‘E2 E'
A3+Al}. A5+Al-(h+5) 22+zl(h+5) LT, (4-6) 'A5+A1 (h+§) A3+A
GaAs | 3.007 3.245 | L.kk k60| 5.11 5.64 5.91  6.07(7)
Gasb | 2.154 2.596 | 3.35 3.69| u.35 k.55 k.75 5.07 |5.51 5.65
Inas | 2.612 2.879 | b.39 k.58 | h.7k 4.85 5.33  5.52
InSb 11.983 2.478 3.39 3.78 4.23 L.75 L.56 L4.92  }5.33 5.50 5.96
Ge 2.222  2.h420 3.20 4.h9 5.01 | s.58  s.88
51 3.45 3.k0 oLl L.60 5.53
Estimated- ' i : R ' o
‘Uncertainty] .= +0.004 +0.008. - $0.01 +0.03 +0.03 0,03

—gl-



Table III. Spin orbit splittihgs (in eV) at various points in the band structures of the six crystals
obtained from analysis of our reflectivity spectra., The values of spin-orbit splittings

at rls are obtaiped_from Ref. 6.3»
5-0 | r .A(bmdﬂy o A(bumé)‘ | I
Splitting 15 ‘ 3_ ’ 7 3 - _ 5 _
at from A>A, |from A>A, | from g | from As*Al (4+5) jfrom B>y (b5)
Méterial \ Jtransitions ftransitions transitions trahsitions ' transitions.
GaAs 0.34 0.22 ' o 0.16  0.16 (esfimape)
Gasb~" 10.80 0.5 | 0.14 0.3 | o.3
InAs 0.13 0.27 | | 0.19 0.19
Insb - 0.82 0.50 0.63 0.17 0.39 0.36
Ge 0.29 0.20 ©0.30
si 0.0k

_LL_
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rT.abl”e LIV, :Average temperature shlfts in unlt of: 10 -4 ev/ °K between
S o 80 and 300" °K for the El doublet and thﬁ major E pea.k in
the six crystals. . Accuracy is +0 thO eV/°K :
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AFIGURE.CAPTIONS

‘ _Idealvshapé of the slit function,g(A) for a monochromator with

~ entrance and exit slit width equal to W.

Superpoéitipn of two Gaussian peaks, y, = exp(~x2/2) and

: yé = 0.25 exp[—(xad)z/O.S], for three different separations d.

¥y and yé are shown with dotted lines. The upper curves show

' y=yl+y2.‘ The lower éurves show dy/dx.

Block diagram of the optical system.

Opticéliparts‘for modulation and backgrodnd‘cbmpensation. The
light beam is shown for thé central (solid lines) and extreme
positions (dééhed lines) of the mirfor oscillation.

Light beam-convérging on the entrance slit of the spectrometer

with diaphragm D at a) central position; b) off-éentralvposition.

SR(AO,X) for three different positions of the diaphragm:
a)'éentered; b) off~center; c) diaphragm off-centered for
béckground cancellation.

Optical parts after the spectrometer for the two-beam system.

Mirrors C, and 02 are a matched pair. Mirror_C3 and the mirrors

of the beam chopper are the other matched pair.

1

'Block diagram of the electronic system.

Signal waveforms at different points: a) photomultiplier output;

b) preamplifier output; c) reference channel after switch,

d) sample channel after switch; e) operational diagram of the

electronic switch unit; The shift VC at the preamplifier is for

the operational mode in which R and dR/dX are measured. Sizes of

ac signals are exaggerated. Signals are negative because they



Fig.

Fig.

Fig.

Fig.

Fig.

- Fig.

Fig.
Fig.
Figo

Fig.b_

Fig.

‘Fig.

come fromfsfphctomultiplier.

ﬁDlagram of the Electronlc Sw1tch Unit._

'Test of GaAs spectrum at liquid helium temperature a) ac

» spectrum (dR/dA),~ ) dc spectrum (R) recorded 51multaneously

at. 5, 80 and 300 °K.

13.

. Logarlthmic derivative of the reflect1v1ty spectrum of GaAs

'w1th a), c) R calculated by 1ntegrat10n of dR/dA The arrows

. in a) point to the residues of xenon llnes.

Logerithmic derivative of the reflectivity spectrum of GaSb at

5, 'Bo'and"3bo”°x

.Logarlthmlc derlvatlve of the reflectivity spectrum of InAs at

'[;5, 80 and 300 o,

_;Logarlthmlc derivatlve»of thevreflectivity spectrUm of InSb at -
5, 80 and 300 °K. |

'charithmic’derivative of the reflectivity‘spectrum of Ge at -

-5, 80, and 300 °K._‘f

-'charithmic:derivative'of the reflectivity spectrumjofTSi at

_ 5, 80 and 300 °K

Reflect1v1ty spectrum and logarlthmlc derlvatlve reflect1v1ty

'rspectrum of InSb at 5°K in the range between 1. 75 ‘and 6 eV

j Electroreflectance spectrum of InAs at ‘room temperature

;j(reproduced from.Ref;v6).

véi‘.

-Thermoreflectance spectrum.of.IuAs.at TT°K (reproduced-from::
'.Ref ll)

Decompos1tlon of the derlvatlve spectrum of GaAs at 5°K 1nto,

-.many componentsg

i
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Fig.b22. Décomposition of the.derivative‘spectrUm of GaSb at 5°K into
many components, |
Fig.-23. Decompositibn of'the derivafive spectrum of InAs at 5°K into
many componentsf. | |
Fig. 2b, ‘Decompositionvof the‘derivative sﬁectrumﬁof InSb at 5°K into
_ ﬁaﬁ& componehts.- |
Fig. 25,.'Decomposition of the deriVaﬁivevséectrum of Ge at 5°K into
ﬁdny components.
Fig. 26. Deéoﬁposition of the derivative spectrum of Si at 5°Kvinto
'»mény cdmponents.

Fig. 27. Temperature shifts of the E, doublet andbthe major E,

1
reflectivity peak of Gals.

Fig. 28. Typical shape of v(a).

Fig;:29. ‘Brillouiﬁ zone of a face centered cubic lattice, showing

k‘éymmetry points and symmétry lines (from Ref. 83).

~ Fig. 30, Band structure of GaAs, GaSb, InAs, InSb; Ge and Si (from
Ref. 55); spin-orbit coupling is neglected.

Fig. 31. Band structﬁre of-GaSb (from Ref. 46); spin—o}bit coupling is
considered; the single group notation is used for the

representation labels,
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "'person acting on behalf of the Commission’
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.




i

TECHNICAL INFORMATION DIVISION
LAWRENCE RADIATION LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

.7





