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" Optical Wavelength - Modulation Spectroscopy
Y.R. Shen+
 Department of Physics, University of California,
N o Berkeley, California 94720 and
o Inorganic Materials Research Division,

Lawrence Berkeley Laboratory,
Berkeley, California 94720

- ABSTRACT

Wavelength - modulatiqn‘spectroscopy of solids is
reviewed; The construction of:a wévelength - modulation
.spectrometér.is described and several examples‘on its
applications to solids aré given. It is‘shoﬁn that the
results of pseudopotential calculations will agree with
the'experimental observations. The wavelength - modulation
spectrometer can also be used to detect with high sensitivity

small changes in a spectrum induced by an external perturbation.
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'I. INTRODUCTION

Optical spéctroscopy_of solids has long been a field of immense
éctivity. More recently, out of mutual stimulation, both theoretical
and experimental studies in.thé field have made a giant step forward.
Theoretically, the calculations of the_e1e¢£ronic bénd structures of
solids have become so accurate that they can produce spectra with a
resolution better than 0.1 eV and in special cases, better fhan 0.01
erl Experimentally, the recent advance of modulatidn spectroscopy has
enabled us to obtain spectra with a resolution much better than 0.01 eV.2
| It iSFWeil known that with the same instrument resolution, although
theoretically the conVentional.spectfoscépy should HaVe tﬁe same resolu-
tion as the de;ivative or modulation spectroscopy in the zero noise
limit, the latter always appears to have better resolution (or better
detectability) in pracfice.3 This fact has.been fully recognized in
NMR and EPR v_éork,4 where.derivative spectra are ﬁsually recorded. IOpti-
cal modulation spectroscopy of sblids, however, did not receive much
attention until very recently. Following the electroreflectancé
work of Seraphin,5 varioué modulationAtechniques have been proposed.2
The most common ones involve modulations by electric_field, stress,
tempéfaturé; light intenéity, light pélarization; and optical wave_iehth.2
All of them have succeeded in achieving better,resolVed spectra of
'solids. We»would like to present here é brief review only on wavelength-
modulation spectroscopy (WMS).

The WM technique differs from the other modulation techniques in
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the following respéct. .With the other techniques, the sample must be
undexr ﬁﬂe influence'of external perturbation. Therefore,vthe modulated
spectrum depends critically on how the optical properties of the sample
respond to the perturbation. The fact that such“knowledge is often not
avaiiable makes the analysis of the modulated spectrum rather difficult.
If, howéver;-the optical spectruﬁ of the sample in the aﬁsence of
perturbatidn is well understood, then the modulated ébectrum can yield
some informétion on fhe ﬁropefties of thé samble. In the WM scheme,
tﬁe sam@le.does’not have to be pertﬁrbed.. One simply:obtéins a plain
deriﬁativé spectrum of thg;sample. With an external perturbation on
the éample; Qe can then use ﬁhe schéme to obtain additional information
aboutltﬁe sample. Application of WMS is ceftainly.not restricted only
to solids. It is clearly more-uééful than the other.modulation schemes
in cases where applicéfion of external perturbation on a sample is
&ifficult.

However, unliké tﬂe other modulation schemes, WMS has thevinhérent
difficﬁlty-of eliminating a huge béckground in the output. This back-
gfound is actuaily the derivative spectrum of‘the various dispe;sive
optical components in the 1igﬁt path, and is often two to thrée ofders
of magnitude 1afger thanfthéwsampie sﬁectrum. ' The p?oblem is most seri-
ous in the UV region where lamps with unavoidabie narr6W'5pectral lines
are used as light sources. In order to eliminate.such a huge Background
'caréful'constfuction Of the system &ifh proper feedbéck loops 1is neces- -

sary. For this reason, WMS has not been as popular as the other modu-
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lation schemes. ﬁost of the WMS work has been limited to a narrow
spectrai range.

The history of WMS is a fairly long one. French and his cowquers6
designed and built the first WM spectrometer and used it for absorption
measurements on biological materials. Suﬁsequently,bseveral othef

>’ and various ways of achiev-

derivative spectrometers caﬁe into being,
ing wavelength modulation were proposed.6’8 The early applications
of optical derivative Speétroscdpy were concentrated on the absorption
measurements on chemical_substances: Basler9 was probably the first
one to apply WMS to solids. He used the WM scheme in the absorption
measurements to study the effect of uniaxial stress on the indiréct gap-
of Si and Ge. Later on, several WM spectrometers were built for
reflection measurements on solids.loflzl More recently, the WM scheme
has also been used in Raman spectroscopy._13

While most existing WM spectrometers are limitedv;o arnarrow spec-
tral range due to background trouble, it is, however, possible to eli-
‘minate the trouble completely by a caféfulvdesign.ll In the following
_section, we givé a brief description.on how such a WM spectrometer
should be construcﬁed. We also comment on the design of some e#isting
WM spectfometers. We then discuss:in Sec. ITI the connection between
the empirical pseudopotential calculatioﬁs of band étructures and deri;»
vative spectra of solids. In Sec. IV, we give a few examples of the

applications of WMS on crystals, and in Sec. V, we show how the WM

spectrometers can be modified to extend their application range.



-5 | LBL-1402

I, CONSTRUCTION OF A.WAVELENGTH—MDDULATICN S?ECTROMETER
Consider a light beam with a spectral density I()\) passing through
a monochromator. The slit function of the monochromator is g(h - Ao)
wi;h“g(o) = 1 and ffw g(A) d» = W. Then, when the beam falls on a
photodetector wiﬁh_a spectral response G(1), the signal output at‘the '

photodetector is.

SO = /7 g(A' - ) TG @' S W

: whefe T() = 1()) G(A). If the wavélength of the beam is being modulated
‘with A =-Ao + A Coswt, then S()) can be expanded into a series of har-
monics. For sufficiently small A'and W, we can néglect the higher-

order terms, and S(X) becomes - |

s =520 ) + 550 cos ut

ﬁhere SDC(X) = WT(}) : : LT ' N ¢

SAC(A)

WA(dT/dA). .

 Suppose there is a Saﬁple in the beam wi;h a reflectionvor trans—
mission spectrum R(A). We then.have T() = R To(k), where To(k) is
the product of the spectra of all the optical components in the light
'path except the slits of the monochromator. Since we are only interested
in R(X) and its derivative dR/dA, it is importaﬁt that we get rid of
the effects of TO(A) iﬁ the final output; In the presence of some highly:
dispersive optical components, such as the ore lamp, the background &ue
to TO(A) can bé two to four orders of magnitude larger than the small
-structuré in the derivative spectrﬁm of the sample. To eliminate such

a huge background is therefofe not a trivial matter.
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The most effective way to eliminate the background is to use a
two-beam method. Let the beam be split into two which then go through
equivalent paths, with the sample in only one of the paths. According

to'Eq. (2), the two beams lead to the following four outputs:

DC

SA M\ = WTO(X)

AC

SA M) = WA(dTO/dk)

oC - (3)

SB_ M\ = WR(A)TO(X)

sAC (n) = WA(dRT /dM).

B o
; . . DC DC. C '
Through feedback control, we can keep SA and SB constant, and then
the difference signal Sﬁc - Sic becomes proportional to the logarithmic
derivative dR/Rd)\.lo’12 However, this scheme has an obvious bad feature.
With a large background, both Sﬁc'and SgC are much larger than the

signal we want to detect. Since electronic subtraction may not be
perfedt, it is difficult to achieve a cancellation of the background

to the level of a weak signal.

A much better scheme is to keep either.SZc or SDC constant

B
and either Sic or Sgc null.11 For example, suppose we let Sic =C

(constant) and Sgc
DC

SB = CR and Sﬁc = AC(&R/RdA). Note that here we can obtain simultan-

= 0.  Then, from Eq. (3), we find immediately that

- eously both R and dR/RdX.  This is of course another big advantage of
the presenf scheme. With the other combinations, we can also measure
simultaneously R and dR/dX, or 1/R and dR/RdA, or 1/R and dR/R7dA.

' - , DC
To keep Sic (or Sgc) = C, the usual method is to use §,° - C
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| (o SDC

B " C) ‘as an -error 51gnal to feedback control’ the ga1n of- the

'7photodetector _ In order to make S (or S ) vanish, we must modify
the snectral proflle of the light beam. As suggested by French 6

.*this can be accomplished by asaw—tooth diaphragncuttlng 1nto the beam -

AC

vinside the monochromator;' thedlaphragmls belng drlven by SA (drl:

S ) which acts as the error 51gna1 in this feedback loop
_ The block diagram of such a WM spectrometer 1s shown in Fig l
The'entrance slit of theamonochrometer is, here replaced by the slit E.

)_ N . .
The wavelength modulation is accomplished by the v1brat1ng mirror M

iafter E. The beam is SDllt into two by the chopper €. In order to havev7:t

the-spectral'rangeyextended into the uv Al-coated mirrors are used to d

. direct the beams.’ For more detalls on the constructlon of tbis spec—

trometer; the readers should consult Ref 11 In Fig. 2 we use thek

'_reflection spectrum of GaAs as an example ‘to show how well this spec-

trometer functions, vFigureTZa‘gives the derlvatlve spectrum'dR/dl.k

. The arrousfindicate:the”small‘structures whichfare'residues'of‘the

. strong spectral lines 1n the Xe-arc lamp. They haye nowabeen;reduced'
to w1th1n the tolerable limit. Fioures 2b and 2¢ show respectivelv

the reflect1v1ty spectrum.R(k) obtalned d1rectlv from measurement andv

‘R(A) obtained by numerical.integration of Fig. 2a The two curves
'J{agree_verywwell_as-they‘shOuld.v Figure 2 also shows that whlle the'

- ;wéak‘structures_in:k(kjrarevnot so.obvious, they-becomevclearly:
.Tvisible in_the:deriyatiye spectrum dR/dX.

]

»This_Spectrometerehas'an operating spectral range.from 8000 A
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to 2000 Z, but can easily be extended further into the UV and into the
infrared. It has a sensitivity of dR/RdA 1.10~5/2, and a resolution
limited by the modulation amplitude and the slit width. ‘One often
likes to have the spectrum‘on an energy scale, but the conversion of .
dR/RdA to dR/Rdw is straightforward. |
There are two impértaﬁt points to be observed in the construction
ofnaﬁy two—beam WMvspectrometer. First, it is clear from Eq.- (3)
that thg'twd beams in the system should go through equivalent paths{
In particular, thé two beams should fall on the same spot on the same
photodetectot since the response of the'photocathode may vary across.
‘the surface. Otherwise,'the background cancellation would not be per-—

,10

fect, és has happened with sdme WM spéctfometers, Second, the po-.
sitions of the light épot on the sample and on the’photodetectér should
‘remain stationary to avoid error induced by the motion of the light
spot as a result of.possible varying spectral response acrossban opti-
cal surface. This has also been the source of trouble in some WM

6,8
spectrometers. °’

~III. THEORETICAL CONSIDERATION OF A DERIVATIVE SPECTRUM

it should be emphasiéed fhaf a éonventional épgctrum R(}) should
contain as much information as the COrreéponding défivative spectrum.
In fact, numerical differentiation of R()) with sophisticated itefation
procedure can yield a derivative spectrum as good as the one obtained

from a WM spectrometer.14 Therefore, the derivative spectrum only has
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’tﬁe practiéél advantagé:of_beingvéﬁle'to.improve the detectability 6f
v;a spectrum. This is partiéularly”true iﬁ the;case’of overlapping
bénds or émail stfﬁctﬁre-sﬁperimposed oﬂ Bigvpeaks.

' Then, the bette? resplved spectrumiis’ohly'meaningfdl if it.can
‘be intefpfeted of if it.can-yigld'usefﬁl information. In the early'.
: days,.this wés true for solids only.in speCiél cases.9 The gﬁeotgticai
Caiculatipns.oh band s#ructﬁrefcén only bé accurate to-about 0.5 eV.
More recently,vhigh-speéd-édmputers énd better calculationbmethods have
E gréatlY'improvgd the ac¢ﬁracy7 ‘Weék Strucﬁures in the spectrum are
now thgoretically identifiable. ACohsequen;ly, derivative spectroscopy
'bffsolids becomes more ﬁeéningfu1.-
. Among the various methods:Of bahd—structure calculations, the
.empirical-pseudopotentia1 me£hod.(EPM)l seems to be most successful,
.The derivatiVe'spectrum’obtained ffom the EPM agrees surprisingiy well

15-19 -

with the experimental defivative,spectrum in many cases." The EPM -

is based_qh.the principle that-fot_calculétjon of band structure, the

periodic potential for electrons in avcryStal can be replaced by a more
. P P > > .

slowly varying pseudopotential V' = . L. Vu (r - R2 a) where RQ N

- . :  2,a , s & H

- denotes the position of the ath element in the Lth unit cell of the

'_crystalg} The pseudopotential Vz is mainly determined by ﬁhe a;omic'-‘

_ﬁropeftieé qf,the ath element, with only small variation from solid to

solid'due to small changes in the Hartree—Fock interaction. - The usual

‘calculation procedure of the EPM is as-fdlloWs:l

(1) Take the atomic pseudopotential VL for each element determined
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veither:from the atomic spectrum or from the .band structure of a crystel
whlch contains such an element.
(2) vFrom the lattice structure of ‘the crystal of lnterest, find

the structure factors Sa(a) =f(1/N)'Z exp (-1EL§Q a) and the form

factors:VE (E) /o) f V (r) exp ( 18-7) a3 r, where Q is the volume
of a unit cell. | o “

(3)‘ Compute the electronic band structure by.diagonallring the
Hamiltonian with the pseudopotential V (r) The nonvanishlngimatrlx'

elements of V¥ (r) can be wr1tten as
v‘<E> C G DD = s, @ v§-<a> 3 . O} |
-
(4)  Use the band structure and the correspondjnp pqeudo—wavefunc~
tions to calculate the complen dielectric constant g (w) = e+ 162
(5) From e(w), compute the reflectlvity spectrum P(w)‘and the
‘derivatlve reflectlvity "dR/Rduw. Compare them with the experimental
,spectra. _Then, make fine adjustments in the:atomic pseudothentials:
or Vz(a)?(and repeat the'calculations to get better agreementrv
' What wevlearn about the crystal from such a calculation aret
(l).énraccurate‘band structure;'(Z)‘oroper identification oflthe
.structure in‘the spectrum wlth certalnﬁOptical transltlons; and "~
(3):the‘atomic pseudopotentials for the elements.contalned in the crys-
tal;i The pSeudopotentials finally Obtained from the calculation cnn
of course be used - as the starting pseudopotentid]s jn ‘the hann structure .
.calculations for new compounds containing these elements . Fhey'can

1 . :
also be used to calculate other physical‘properties of ‘'solids.” Clearly,



-11- | LBL-1402

the derivative spectrum offers a much more stringent test on the theo-
réticai caiculatidn'than the reflectivity; the calculation muét repro-
duce not only thefpoSitions but also the shapes of the structure in-R(w).

It is sOmetimgé physically.more meaningful to coﬁsider the dielec—
t;ic functions el(w) and ez(m) rather than R(w), or delldw and daz/dw
rather than dR/Rdw. As is well known, the dielectric functions can be
obtained from the reflectivity'spectrum through the relation of R and
€ éﬁd the use of Kramers-Kronig transform. |

In the derivative speétra of solids, the three—dimensional critical
points should also abpear7with charactéristic_1ineéhap64 Under the
assumptions of a constant tranéitiou matrix element and a parabolic
'-&enSity of states, dsi/dw and déz/dw around a critical poiﬁt should
have the functionél forms listed in Table I,zo‘wheré n is a dampingv
factor, and PO = (- w_/m = 1% + Y2 + w2 w2 + 17Y2, a
shown in Fig. 3. It has been é common practice to use the observed
lineshapes to assist identificationvof structure in the spectra of

solids.

IV. EXAMPLES OF WAVELENGTH—MODULATION»SPECTROSCOPY
We sha}l now give a few examplés of what héé'been done.oﬁ WMS
of solids. Leﬁ-us COﬁsider first the WM work on éaAé.' In Fig. 4 we
_reproduce'the ekpérimentél spectra of R(w) and dR/Rdw éf CaAs at 5°K
obtained from a WM spectrométer and compare them with the theofeticai
spectra.¥6 In this case, the form factor in Eq. (4) can be written

.as:
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V(6) = V (6) cos ¢ .- T+ v, (6) sin ¢-7

P P
Vg (6) = [VG (@) + V, (@)]1/2

V,© = [V, (®) - ¥y (@1/2

where T = (1.1.1)a/8 and a is the lattice constant. Walter and Cohen21
did their first empirical pseudopoteﬁtial (PM) calculation on GaAs to
fit only the refiectivity speétrum R(w). They used the following values
for the form factors: V(6" = 3) = -0.245, Vg (8) = -0.005,

Vs(ll) = (0,075, VA(35 = 0.062, VA(4) = 0.035, VA(ll) = (0,003 and
VS,A(G2 >'11) = 0, all in Rydberg. Spin-orbit coupling was neglected

in the calculation. The calculated R(w), shown in Fig. 4a, seems to
agree well with the experimental R(w). However, in order to have the

theoretical dR/Rdw compare well with the experimental one, they had

to make further adjustment on the form factors.16 The dR/Rdw spectrum

caleulated with Vg(G” = 3) = -0.2460, V(8) = ~0.0008, v (11) = 0.0737,

v, (3) = 0.0583, V,(4) = 0.0509, and V,(11) = 0.0011 Ry, aﬁd with spin-
orbit coupling inéluded, is given in Fig. 4b.15 It appears to have
sﬁrprisingly good agreement with the experimental dR/Rdw. The peaks
at 3.02 and 3.24.eV7are much sharper in the experimental spectrum,

buﬁ this is dué to exciton effects22 which have not been included in
the.calculation.- A; higher pnergies, the agreement betweén theory

and experiment is WAfse. _Sﬁch a discrepancy seems to be common in

all the cases which have bgeﬁ investigated. The reason is vet unknown.

The good .agreement between the theoretical and the experiméntal

. spectra Suggests that the band structure of GaAs (Fig. 5) obtained from
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thé calculation is indeed valid to a good accﬁracy.15 Furthermore,
from the calculation, we can readily identify the structure in the spec-

trum with the varicus critical point transitions, as shown in Table:

16 L. : : ,
AT (Sometimes in other crystals, the structure can be due to transi-

tions over a large volume in. the Brillouin zone.l)

It ié interesting to>compéfe the WM spectrum with the'spectra
obtained-by other modulation techniques. In Fig: 6a, 6b, and 6c,
we reproduce, respectively, the wavelength — modulation, the thermo-
reflectaﬁce,23 and the eleétrbréfleétaﬁce spe_ctra24 of InAs. The
WM specthm is cléarly’better resolved than the»thermoreflectahce spec—
trum, éspeéiaily in the_highfenergy region. The electroreflectance
speétrﬁmvhas structure. as sharp as'of_sharper than the WM spectrum.
Recently, Aspnes25 hasffufther improVed the electroreflectance tech-
nique by his 1ow;field,'high—resdlutidn method.. However, in géneral;_
the‘électroréflectance épectrUm over a Qidé raﬁgé'is still difficult
go'inteféret. So far, no ane hés computed a theoretical electro-
reflectance spectrum in the_band structure calculation.
‘Mést of the WM work on solids has been done on semiconduc-~
9,15-18,22,26-28.

tors. ‘A few more examples are given as separate papers

iﬁ this proceediﬁg.zg The onlyFWM work on metals is on Cu, Ag, and-
~Au.19’:30. In Fig. 7 we show the good agreeﬁent between_the ekperi—
mental WM spectrum,of Cu and the theoretical derivative spectrum ob-
tained b& EPM. In the calculations, four local and four_nén—lqcal

pseudopotential form factors were used. In addition, the pseudo-wave-

functions were modified to include the core-state contribution so that
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they were orthogbnal to the core states. Without this core contribution
the negative portion between 2.2 and 4.2 eV in the derivative spectrum
cannot be explained. We notice in Fig. 7 that the theoretical spectrum
actually réproduces even the vefy weak structure in the‘experimenfal
spectrum. These structures would of course be difficult to detect in
the ordinary reflectivity spectrum.

Besides‘being able to resolve fine structure in a épéctrum, WMS
can also impfove the accuracy of déteéting changes in a spectrum. In
fact, the first WM work on solids by Baslev9 was to measure the change .
of the indirect gapvof Si induced by a uniaxial stress. This type of
measurément is often localized to a narrow épebtral region, and hence
the background'tfoﬁble one may eﬁéounter in WMS (see Sec. II) is muchb
less serious here. Figure 8 gives én example ofisuch a measurement.15
It sﬁows how'the/El (due to A(3-4) and A(3-5) transitions) and the E2
(due to 2(4-5) transitions) peaks of GaAs Vary with temperature. The
advantages‘of the derivative spectroscopy are clearly demonstrated here.
The shifts of the peaks with temperature can be measured very accurately
by.the shifts of the éeroes in the spectrum. Sharpening of the peaks
with lowering tempergture is now very obvious. The EP calculation
~ incorporating the thermal effects suggests that the temperature shifts
of the peaks are méiﬁiy due to the Debye—Waller effect, with only a
small fraction caﬁéed By ﬁhermal expansioﬁ.15 Sharpening of the El

peaks at lower temperatures is, however, mainly due to exciton contri-

bution.22
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WMS has been used in several cases in. conjunction with a uniaxial

9,22,27 The results not only help one idéntify

stress on a sample.
the'peaks with critical point tranéitions through symmetry argument,
but also yield numerical values for the defqrmatioﬁ potentials around
the critical points. WMS can, of.course, alsé be used to study the
effects of other external pertufbatiOqs, but work has not yet been
reported. It is also possible‘to use WMS to probe spectral changes in-

duced by impurities, by alloying,26 and by phase transitions.’> Little

- work has been done in all these cases.

V. DISCUSSION

In some cases (for example, in deducing deformation potentials
from measurements with uniaxial stress) we would like to know accurately
the net épectral change induced by the external perturbation. . Then,
in the defivative spectrum dR(x)/R(x)dX wheré x is the parameter
corresponding to the external perturbation, the unperturbed spectrum
dR(o) /R(0)dA actually blays the role of a background. In order to
.measufe thé net change accurafely, we must get rid of this background.
This is particularly true when the net change is small.

A review of Sec. II will show that a two-beam WM spéc:rometer
can in fact be used for such measurements. Ifiﬁe have twé éamples,
one with and one without pefturbation, in the two beams separately, then

Eq.v(3) becomes
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SA =W TOR(O)

DC .

S.” = WT R(x)

AC _ | '

SA = W.A [dTOR(O)/dl]
AC _

SB f WA [dToR(x)/dk] .

Either of the two schemes described in Section II can be used to obtain
the difference signal dR(x)/R(x)dA - dR(0)/R(0)dA. Here, we shall

consider only the one which does not require electronic subtraction.

Let SXC = € (constant and Sgc = 0. We then have

SDC CR(x)/R(0) = constant + CtR(x)_évR(O)]/R(O)

s .
A - _ (6)
CA[dR(x) /R(x)dX - dR(0)/R(0)dA].

Sa
The two output signals give us siﬁultaneously the net thénges of the
refléctivity andlits 1ogafithmic derivative induced by the external
pertdrbation..‘We recognize that [R(x) - R(O)]/R(O) is_juét the spectrum
one would obtain by using.x.as.the modulated parameter; Our  method
éhbuld have a sensitivity at least as good as the othér modulation
techniques. |

In fact, we can evén greatly simplify the constfuction of the WM
spectroﬁeter.‘ Instead of having two begms, we can now use dnly‘one
Beam, but switch the perturbation on and off alternatively. The elec-
trpnic part of the system femains unchanged. TheAresults are:expected
to be betﬁer than one can obtain from a two—beém system, since tﬁe

trouble of matching the two beams is now completely eliminated.
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So far, no wide—range WM spectrometer 0perating the infrared
(6 8000 A) or iﬁ the uv (% 2000 A) has been reported. It is relatively
simple to extend the operating range further into the infrared. The
sigﬁal—to—ﬁoise ratio will be worse sinée the infrared photodetector
is less sensitive, but it would not be intolerable in many circumstances.
Extension to the far uv is moré difficult because of the l;ck of light
- source with_continuous spectrum. However; we éxpect no difficulty
to extend the uv operating limit to about 1400 A. Work along this line

. is pfesentl&‘in progress.
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Figure Captions

i. Block diagram of tﬁe wavelength-modulation spectrometer in
Ref..ll. _E: external slit; M: vibrating mirror; D: saw-tooth *
diaphragm; C: beam choPperg Sl’ SZ’ S3,vsé, 84: spherical mirrors.

2. ReflectiVity spectra of GaAs at 5°K. (a) dR/dX Vs A3

(b) R vs A; (cS R vs A obtained by numerical integrationvbf

dr/d) in (a). |

3. ka) as a function of W (see_the text) (reproduced from Ref. 20).
4. A comparisbn of theorétical and experimental spectra for GaAs.

(a) Reflectivity R(w); (B) Derivative refléctivity'dR/Rdw.

5. Electronic band structure for GaAs along the principal symmetry

directions.

6. A compafison of the modulated reflectivity spectra of InAs
obtained by different techniques. (a) Wavelength-modulated re-

flectivity spectrum at 80°K; (b) Thermoreflectance spectrum at

77°K (reproduced from Ref. 23); (c) Electroreflectance spectrum at

room temperature (reproduced from Ref. 24).
7. A comparison of the theoretical and éxperimental dR/Rdw for Cu.

8. Plots of R'(w)/R(w) in the regions of the E. doublet peak and

. 1
the E2 major peak. Plots 1 through 5 refer to.temperatures of 5,

80, 150, 225, and 300°K, respectively.
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Table Captions

Table I. i | ' :
able I Derivatlves‘delldw and d€2/dw for the four types of three

dimensional critical points (allowed transitions) in terms of the

function F(W) of Fig. 4 (from Ref. 20).

| Type of Critical Points oY Zdel/‘dw | anl/ zdsz/dw
M - FGW) R
Mo o | ~F (+W) F(-W)
M, o S ~F(-W) o -F -(+w)
M, B | - F(+W).-' | -F(-W)

Table TL . Theoretical and experimental reflectivity structure at' 5°K and their identifications, including
the location in the Brillouin zone, energy, and symmetry of the calculated critical points for

GaAs. E

Reflectivity structure (eV) = Associated critical points
Theory ' E;cperiment Location in zone . Symmetry CP Energy (eV)
1.52 1.52% I-T, (0., 0., 0) M, 1.52
2.90 _— L (4-5) (0.5, 0.5, 0.5) Mg 2.82
3.05 3.02 A (4-5) (0.2, 0.2, 0.2) M, 3.02
3.25 3.24 A(3-5) (0.2, 0.2, 0.2) M, 3.25
4.35 . T 4.44 A(4-5) (0.6, 0., 0.) M, 4.23
4.50 4.60 A(3-5) (0.6, 0., 0.) _ M, 4.36

| 4.60 - ‘ . A(4-5) (0.2, 0., 0.) M, 4.38
4.78 - “A(3-5) (0.2, 0., 0.) M, 4.55
4.94 5.11 3. (4-5) (0.6, 0.6, 0.) M, 4.88
5.85 5.91 A (4-6) (0.5, 0., 0.) M, 5.67

' A(3-6) (0.5, 0., 0.) M, 5.81

* STURGE M.D., Phys. Rev. 121, 768 (1962).



Py

LOCK-IN

DRIVE
DIAPHRAGM

LBL-1402

LOCK~IN et RECORDER

SWITCH

DC AMP

PREAMP

AC
S
DC AMP
POWER
SUPPLY
S,
3
XBL-7211-732¢



(A)

xI04

dR
dA

(arb. units)

R

24—

ot o LBL—_1402
10
0
-|0 —
—60
9
450 S
S
60 |- 5
o
40
50
, | GaAs
o L 1 | '
2000 3000 4000

WAVELENGTH = (A)
XBL 7011-6898

Fig. 2



LBL—140?

-25-

LeeL-TTeL-TEX

¢ '314




-26~-

4 .
Energy (eV)

0.8

|
o

N 4ué!3!}:|603 OAlPS(}3Y

LBL-1402
e}
~
P
~
4
O I
=
&
)

Fig. 4a



fR'(‘_w_)'_"/R('cQ) |

1.0

1.0

1.0

2.0

-1.0

Fig. 4b

B "THEORETICAL
- | A(3-5) s 1 ’
L GaAs { w | A(3+5) Z(4-5)
- A AN
EXPERIMENTAL - | ’ ‘
| 1 ‘
0 1 3 5
Energy (_eV) XBL-7211-7329

o%T-19T



Energy (elV)

-28-

LBL-1402

_Fig. 5

XBL-7211-7330




LBL-1402

~29.

B9 813

TECL-TTZL-T9X | A>wv .>@
9 S

18u3
174

_. 1

 syu

i

]




~30-

LBL-1402

q9 814 |




(AR/R) x103

O

-31-

LBL-1402

 XBL699-3863

Fig. 6¢c



~32-

Theory

-=~=Experiment

l"-"-"""l' T WD W Ame S WEe e

|

-t ™
TP IS ST L) s ve e

vy

_
(@)3/(m)

_
)

1
A

—15

—20

XBL T111-T7535

hw (eV)

Fig. 7



LBL-1402

5.3

2.8 3.0

3.4 485 5.0

Energy (eV)

- XBL 7214-7419 --

Fig. 8



LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




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





