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' Wavelength Modulation Spectra of GaAs and Silicon

by

L

Ricarde R. L. Zuccta.,iJr John P. Walter,# Y. R. Shen, and MarVin'L{‘Cohen§

Department of Fhysics and Inorganic Materials Research Division,
Lawrence Radiation Laboratory; University of California, :
Berkeley, California 94720

ABSTRA&T
Wavelength modulation spectra of GaAs and Si are pré; f.

sented at 5°K in the rénge 2.8 to 6.0 eV. The empirical |

- pseudopotential method (including spin;qrbit contributions
for GaAs) is used to calculate the electronic bandustrhq- ~
ture and the logarithmic derivative of the reflectivity
R&(m)/R(w) « A comparison éhdws good. agreement between

) experimént and theory. The electronic transitions causing1

the reflectivity peaks are identified.
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Among the many dlfferent schemes for differentlal spectroscopy,l

' the wavelength modulatlon method is the most ettractlve. The fact that

the wavelength modulatlon spectrum is 31mply the derlvatlve of" the normal

spectrum leaves,no ambiguity in its interpretetlon. We have constructed

a(wavelength'modulationkspectrometer'thch ccvers a spectral range from.the

neer infrered to 6 0 evV. In this paper we present the derlvatlve reflec-

tivity spectra R'(w)/R(w) for GaAs and Si in’ the - range 2.8 to 6.0 eV _at

5 K. In order to identify the optical structure, we have usedvthe empiri- ._5

_cel pseudopotentialvmethod2’3 to calculate the'electroniciband_stiucture

and R (@)/R() , Ny o el
.In‘cuf'experiments wavelength modulation is achieved thfoughtvlbran

tion of a mirror in the optical path inside the spectrometer. A double-

beam method is used to eliminate the background nolse«.)4 The dc.end ac .

outputs of the two beams are I or TRs 08 &L /O% , AIR)/O. respectively,

- where I is the beam intensity in the absence of the sample. TWo feedback

loops are uSed to make AIO/AA = and I R = constant. Consequently,

the other two outputs yield the spectra R'(X)/R(k) and l/R(h) ‘The

derlv&ulve spectrum 1svthen,converted to the functlonal form R'(m)/R(w) .

The samples arerpolished and etched wafers of single crystals with (l,l,l)

orientaticnge The GaAs sample is.nstype‘with a‘carrier concentration_cf

% -3

107 cm s and the Si sample is p-type with a_carrier concentration of

1013 cm-3  .' :

The electronic band structure is calcnlated;using the empirical”l

23

pseudopotential method. This method consists of adjusting pseudopotential_

form factors to achieve agreement with experimental results for_the-principel
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.opticai transitions. Spin-orbit-:effects5 are included in the baﬁd:
structure‘calcuiation for'GaAs, but they are not inclﬁded for éi beeauSer
of ite negligibly ;m311 spinqorbit.splitting,:e.g,, about OcOh.eV:at P25,,
The pseudopotential form faetors used for GaAs are VS(G2=3) = -0.2460 ,
v(8) = -0.0008, v>(11) = o. o737, YA(3) = 0.0583, (1) = 0.0509, an
VA(li) 0.0011 Ry The lattlce constant is 5.6L4 , and the spln-orblt

parameter is adjusted so that the spln-orblt spllttlng at’ 'is 0.35 ev.

"15
The,pseudopotential form factors used for Si are VS(3)'= -0.21, VS(B) = 0.0k,
Vs(ll) 0.08 , with the antisymmetric form factors equal to zero. The
lattlce constant is 5. h3A and the spin-orbit splitting at 25, is taken
to be zero. For both crystals the form factors for G2 > 11 are con-
strained eQual to zero.

The“imaginary part of the dielectric function eg(w) " the reflectivity
R(w) , and the derivative of the reflectivity R’(w)/R(w) are all calculated
as described in Ref. 3. For GaAs we have tried a cubic interbdletioo:
(instead of the usual linear interpolation) of the energies and the matrix

elements within each cube; the result is that the critical point transitions

are accentuated slightly in 52(“)

GaAs

The calculated band structufe of.GaAs appears in Figure l, and
identifications of the important reflectivity structure are tabulated'in‘
Table I. A comparison of the theoietieel and °xperimental deri?ative spectra
appears in Figure 2. The positions of the important reflect1v1ty peaks are
given by those zeroes of R (w)/R(w) at which the slope is negatlve
‘The other structure appe&rlng in the derivative spectrum is much flner
some of these details are practically 1mpercept1ble when seen in the reflec-~

tivity spectrum.
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The fuﬁdémental gap occurs-at T at‘l;52 év in both thecry and
experiment'6:' The major structure 1n the 2 8 to 3 3 eV reglon is a
double reflectivity peak caused by: the spln-orblt split- A tran51t;ons.:
The first peak at 3.02 eV is caused by A(l-5) transitions and the second
peak at 3.2h eV is caused by CA(3-5) tran81t10nsa The theoret*cal peaks
occur at 3 05 and 3. 25 eV, giv1ng excellent agreement with the experiment.
Although no such structure is apparent in the exyerlmental spectrum,7.a
fine structure caused by L(h-5) transitions does appear in the theoretical ;
Spectrum'at 2.90 eV. The next major reflectivity structufe occuis'aﬁrf
5.11 eV in the experlmental measurements and at 4.9k eV in the theoretlcal
calculations. It is caused . by a cambination of 2(4-5) , A(3- 5) s and
A(h«5) trancltlons,vall w1th large matrix elements. The fine structure in :
ﬁhis regicn (4.2 to 5.1 eV) consists of three peaks in the expcrimental
derivative spectrum. The structure in the 4.2 to 4.7 eV region appears in
the reflectivity spectrum only as two small bulgeSIOn the low-enérg&‘side
of a much larger peak. These are located at L4.hl and 4.60 eV and are caused
by A(4-5) and A{3-5) transitions. ihe major peak ét'5 11 eV ihvthé
experlmental spectrum is caused by th—S) transitions but does not shcw
the fine structure present in the theoretical spectrum. Both epxeriment

and theory show a broad (~ & ev) structure immediately above the T(4-5)

peak. This is caused by A(h-6) and A(3-6) transitions.

si
The band stfucture for Si is identical to the‘one‘appearing‘in Ref. 1.

A comparison of the theoretical and. experimental derivative sPcctra aépeérs

" in Figure 3. Identificatioms of the important reflectivity strucﬁuues are

tabulated in Table IT.
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‘§' No st£ucture.§orresponding to the fuhdaméntal gap of 3.13 eV at AL
’ S : :
 appears either in théAtheoretical or.the expérimeﬁtal spectrum, however,
thé'agreemeﬁt between éxperimént and iheory in'this :égion is good enough

té suggest:: thét the firét direct gap is aﬁv-L . The first major peak

in the reflectivity appears at 3.45 eV in the experimental spéctrum and at
3.46 ev in the ﬁheoretical spectrum and isbcaused mainly by A(4-5) transi-
tions and by vA(h-S), transitioné.‘ A small dip occurs in:the spectra at
3.40 eV for the experiment and at 3.35 eV for the theory. This structure
is attributed to (h-S) transitions in a volumE'cenfered at (OQ?; 0.3;,6,2)
(units of Qx/a) and td A(R-S) transitions close to I'. A small paak
ﬂaused by A(3- 5) transitions appears in the theoretlcal reflect1v1ty at
3.68 eV, but it does not appear 1n the experimental spectrum _ The magor
reflectivity peak occurs at 4.57 eV in the experimental measurements and

at 4.51 eV in the theoretical caloulations. Tt is caused almost.entirely
by L(k4-5) tran31t10ns near (0. h 0.4, 0.) . The small experlmenual
structure at 4.32 eV is attributed to (J_5) transitions near (0.3, 0.2, 0. l)
and to (4-5) transitions in the vicinity of X . The next reflecﬁivity peak
occurs at 5.48 eV for the experiment and at 5538 eV for the theory and is
caused by (4-6) transitions in a volume centered at (0.6, 0.k, 0.3) (néar A).

The locétion in the zone of tramsitions responsiblé for a p;fticular

reflectivityvstructure is somewhat speculative for Si. The reaSpn for this
is that tﬁere are many critical point$ in the joint density 6f{states and it
is difficult %o distinguiSh which of ﬁhese afe the more important for a
particular structure. Other a,uthors8 h&vé made similar commentsvas t§ the

great density of critical points in the Si band structure.
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‘For -botvh G:;Asv and Si, the A( 1#-5)_ peaks av.re' ruch .’sfxarpefv 'invtAhe"_-;
experimsﬁtal spectrd than inbtﬁe thedretiéal §pectra. The'ﬁhébféticai structure
in thié region moré ciosely resembléé the roon temperéfure sﬁecﬁrumvthan
the low témpéfature spectrum.. Thi§ same lc&-températufe shérpeﬁihg'of‘tﬁe
A peaks éonsistently occurs in other'III;V cubic éemiconductois;h éhd it is
thought to be caused by exciton effects. Furthermore, electroreflectance
line shapes also indicate‘excitpn effects are plw:e'serrl:,..9 Thus,,thé,éharpen—
ing of £he A .peaks canAbevéxplained in terms of the reduétioﬁ.of lifetime
broadening éf the hyperbolic exéitons associated-with;_A . .

Our lqw-téméeiature derivative s?ectravfor GaAs and Si éhow;élear
impro&ehent in spectral résolutioﬁ ovér‘other'ﬁechniques. 'Furtherméfeg
the fesults ére in excellent agreement with.spectra computedffrcm‘the‘
pseudopotential band structures. The extent of this agreemenf giQeg:ﬁs
 confidence that our identifications of the important optical franéitidns.’

‘are substantially correct.
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Table?Captions

'Theorefical and expérimental reflectivity structure at

5°K and their.identifications, including the location

|
1n the Brillouin zone, energy, and symmetry of the cal-

. culated crltlcal p01nts for GaAs

'
1
{
!

Theoretical and experimental reflectivity structure at

5°K and their identifications, including the location in

'
T

. ﬁhe Brillouin zone, energy, and symmeﬁry of the calculated

eritical points for'Si.



Figure 1 -

Figure 2.

Figure 3 -

.FigureECaptions

Electronic band structure for GaAs along the principai

symmetry directions.:

A comparison of theorefical and experimental modulated

reflectivity for GaAs. The transitions which cause the

‘major reflectivity peaks are identified.

A comparisbn of theofetical—and experimental modulated

. reflectivity for Si. The transitions which cause the

major reflectivity péaks are identified.



Table I

G&AS‘

Reflectivity Structure (eV) '!‘Aséociatea Critical Points 3

Theory Expéfimeﬁt | Location in Zone Symmetry E cp Energy»{eV)J

1.52 1.52% TgTg (0., 0., 0) My ] 1.52

2.90 ———— L(4-5) (0.5; 0.5, 0.5) MO _ 2.82

3.05 3.02 A(L-5) (0.2, 0.2, 0.2) M 3.02'»"'

3,25 3.24 A(3-5) (0.2, 0;2,10.2) M '3.25

4.35 L Ll A(h-5) (0.6, 0., 0.) oMy k.23

k.50 4.60 A(3-5) (0.6;_0,, 0.) My .36 .

4.60 A(k-5) (o.‘é, 0., 0.) M | 438

4.78 A(3-5) (0.2, 0., 0.) W b.55

o9l 5.11 " ¥(4-5) (0.6, 0.6, 0.) M, 4.88

5.85 5.9L A(4-6) (0.5, 0., O.) Ml 5.67

| A(3-6) (0.5, 0., o.)' My | 5.81
I |

8

M. D. Sturge, Phys. Rev. 127, 768 (1962).. .
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‘Energy (eV)




Table II

Si

Associated Critical Points

Reflectivity Structure (eV)

CP Energy (eV)

Theoxy Experiment Location in Zone : Symmeﬁry
3.13 ——- 'L(u-s) (0.5, 0.5, 0.5) My '3.13
o (4-5) transitions near .
3.35 3.50 (0.3, 0.3, 0.2) -- 3.26
A(h-5) (0.1, 0.y 0.) - To3.h2
3.46 3.45 A(4-5) (0.1, 0.1, 0.1) M 3.46
: ' . 1
3.68 3.66 (3-5)‘tran$itions near
(0.2, 0.1, 0.1) M, 3.77
S 4.1 (L-5) transiiibns near - . .
(1.0, 0., 0.) My 3.97.
4,22 4,30 (3-5) transitions near .
(0.3, 0.2, 0.1) - .10 =
_ ' e
.51 h.57 T(L-5) (0.4, 0.4, 0.) M, R §
5.38" 5.&8 (4k-6) transitions near
.- 5.29

(0.6, 0.4, 0.3)
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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.
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