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ABSTRACT

f“wavelength modulation spectroscopy isvﬁSed to obtain

e ﬁhé fenperature ¢ependehce of the reflectivity'spéctrum for

:iGaAs;‘ﬂResults-ére given in the regions of the E., doublet and

1
the major E, peak at 5, 80, 150, 225, and 300°K. The theo-
retical temperature dependence in these regions is obtained
throhgh using Debye-Waller factors and thermal expansion co-

_ effiéients in an empirical pseudqpotentidl calculation of the

(AgA)) and (I,-L) energy splittings.
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Ve havé;meesured the derivative of the'reflectivity for GaAs using
a wavelength modulation techniqueo Results are given in the vicinity of

the E, und E, reflect1v1ty peaks at 5, 80, 150» 225, and 300 K.

(Figure-l). This is the f1r t report of a derlvatlve spectrum Wthh has been '

aCLurately measured over a w1de temperature range, and of a successful theo- :

retlcal calculatlon of the temperature dependence of the reflectivity structure

~at and above the fundmental gap.

.Wavelength'moduiation is:acnieved through the vibretion’of a mirror in
‘the optlcal path inside the spectrometer. A two;beam.method with eppropriate
electronlcs is used to eliminate the background noise and to yield a derl-
vative reflectivity spectrum “R*(N)/R(N) of the sample. This output is
converted to the functione} form 'R'(M)/R(Q) . The sample is a single
crystal of n-type GaAs with a carrier concentration of 1015 cm™d . After
the sample is:fresnly polished and etched, it ie mounted vithin an optical
devar, in which the temperature can be varied continuously from hox - to
3oo°K, with an accuracy of #1°K. The detailed construction of our wave-
length modulation spectrometer and associated experlmental equipment is
(1)

described elsewhere.

The wauelength modulation’spectra for the five temperatures in the.

.reglons of the E doublet peak and the E major peak are shown in Fig. 1. The

ositlons of the peaks and valleys of the reflect1V1ty are given by the zeroes
of the modulated spectra,. The temperature shlfts of the E and E2 peaks ‘are
plotted in Figure. 2. : : 1
- To calculate the theoretical temperature dependence of the

GaAs spectrum,'it'is necessary to know the electronic band structure, the

transitions vhich cause the reflectivity peaks, the thermal expansion

o
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: ﬁfunction, and the phonon spectrum of the crystals,. The band structure
of GaAs is obtained by the empirical pseudopotential method,( ) with

(3)

‘ spin-orbit effects included., Ihe:pseudopotential form factors used are
¥ =3) = =0.2460, V°(8) = 20.0008, V°(11) = 0.0737, vA(3) = 0.583,
YVA(h) = 0 0509, and VA(ll) = 0.0011 Ry (1) - The form factors for G2 >11

~are constrained equal to zero. The spin-orbit parameter is adjusted so. that

the spin-ortit splitting at ' is 0. 35 evV. The'E doublet is caused by

l
A(h—b) and A(2-5) transitions, and the E, peak is caused by L(4-5) transi-
tions (4,5) The theoretlcally calculated peaks occur at the same energies

as the A(h-b) and A(3-5) transitions, and the positions of these peaks, in
turn, agree W1th the experimentally determined positions. For the E2 peak

‘, the agreement-is not as good; the thearetically calculated Eé peak.is O;l7 eV
below. the corresponding experimental peak. In addition,d he L critical point
H is 0.06 eV below the theoretlcal E2 peak. Consequently, the theoretically
calculated 2 crltical p01nt lies 0.23 eV below the experimental E2 peak. We
have therefore 1ntroduced a corresponding shift in Figure 2, s1nce it is the
temperature dependence of the z critlcal p01nt that is actually calculatedo,

- The principal factors governing the temperature dependence_of the
reflectivity spectrum are the thermal. expansion of the crystal andvthe‘thermal
vibrations of the nuclei (the Debye-Waller effect). Since an expanded lattice
reduces the average potential seen by an electron, the energy splittings

(6)

between the bands are generally smaller at higher temperatures and the POSi- .
tions of the reflectivity peaks shift to lower energiesa The.temperature
'dependence of the lattice constant is obtained from the thermal expansion func-
: tion for GaAs (7) The lattice constants used at 5, 80, 150, 225, and 300°K
are 9. 6&0, ) 6&0, 5. 6&1, 6&3, and %.645 X, respectively. Since both the

volume of the unit cell and the values of the reciprocal lattice vectors change -
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.'slightly‘with;vuriations in‘the:lattice_constent; we must‘necessarily Scale

" the pseudopotentiel form factors, the*criterion_being that the actual atomic ?'}l

potentials remain uncha.ngede |

The thermal vibrations of the nuclei reduce the effective atomic poten-u7ﬂ

-w - (8)

'tials'by‘the DebyeTWaller factor e ", Like the thermal expansion effectyz,i

the Debye-Waller effect'reduces the energy‘splittings and causes the reflec-
tivity peaks to shift'torlowerIenergies,. The Debye-Waller factor can be cal{_
~culated from the experimental phonon spectrum,'and since:this calculation is
greatly simplified for a monatomic crystal, we nave uséd the phonon spectrum f
of germanium instead of~GaAso :This is a reesonaple approximetion because

the GaAs phonon spectrum is nearly identical to that of germanium, and the

average density of GaAs is the same as that of germanium to w1thin 0.5%.

Accordingly, we use an expression given by Blackman(g) for a monatomic crystal°‘.

2 JevvlE e z—lav |
w=’_hq2 A e -1 » @

8t m Jo(v)av

ﬁhere:vx =-hV/kT, b(v)' is the densit& of phonon modes:ior (10) G is a
) reclprocel lattice vector, and m is the mass of the nucleuss The values
of (W/G ) we obtain by using Eq. (l) at 5, 80, 150, 225, and 300 K are

v. 0.0010, 0 0015, 0. 002h 0. OO3&, and 0. OOhh, respectively. ( ) Using x-ray ,
measurements on. germanium, Batterman and Chipma.n(l ) obtain a value of
(W/G ) - 0. oou3 at 300°K. |

The. Debye-Waller and lattice expansion effects are incorporated in a
vpseudopotential calculation of{the band'structure to give the temperature

 shifts of selected transitions in the Brillouin zone. ‘In Table I, the resulte

e ;e e e s e e o e = = v nn



".compared to the experimental temperature dependence obtalned by Oswald
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B ing-theoretical temperature dependencefet Ir. (tne fundamentel gap) is
(13)
:and by Sturge ( 4) The calculated result at T agrees closely with that
of Oswald. The Debye-Waller and lattice expansion effects can be calculated
' separately to show that the majer part‘of the»energy shift is caused by
Debye-Waller'effect, with onlj a‘smullpfraction caused by lattice expansion.
At T the total calculated energy cnange between 50‘and 300%K is -0.158 eV,
of which -0.620 eV is caused“byvlattice expansion, or about 13% of the total.

An additional chegk on. the accuracy of theoretical calculations using |
. this pseudopotential bend structure is provided by a calculation of tne varia—

tion of the fundamental gap'with respect to a slight change in the lattice

'r;f‘constanto This calculation gives a value of V( ) = =T eV, a result which

. T
. agrees exactly with. the experimentally measured value. ( 5)

The . theoretical temperature dependence of the A(h-5), A(3-5), and
,,f Z(k4=5) ‘tran51tions 1; shown in Figure-2. The comparison between theory

" and experiment'for the E2 peak is good, and for the E dbublet the comparison -

1
is excellent.

The ‘temperature shifts of the reflectivity peaks in GaSb, InAs, and InSb
are found to be approximately of the same magnitude as in GaAs (1) We expect

' that 51milar theoretical calculations of the temperature dependence in these

crystals would also yield good resultsc
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L captiems

a “;féﬁ¢a6leii. Fundamental gap of GaAs as function of temperatureo ,;

'f Experlment 1 is aue to F Oswald (Ref. 13) Experiment 2
'vis due te M. .D. Sturge (Ref.;lh).

“v-ltFigﬁre;l;f-Piots of R'(w)/R(w)' in~the regions of the Ei' doublet

- - peak and the E2 major peak. Plots l through 5 refer

g to temperatures of 5 ’ 80°, 150 ’ 225 R and 300 K,

_ respectlvely

: 1-ff Fiéﬁief2° ‘Plots of the explicit temperature dependence of the experi-v o

"¢»menta1 By and.. Eg. reflectivity peaks and of the

-.-iﬁand 2(4-5) tran81tions.

- f,corresponding theoretically calculated A(h—5)a A(3-5), S
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