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WAVELENGTH-MCDULATION SPECTRA OF SOME SEMICONDUCTORS
Ricardo R. L. Zuccza..f~ and Y. R. Shén.
Department of Physics, University of California
and Inorganic Materials Research Division,

Lawrence Radiation Laboratory
Berkeley, California 9kL720

, ABSTRACT
' Wévelength modulation spectra of GaAs, GaSb, inAs, InSb,
Ge, and Si'atvS, 80, and 300°K are presented. The spectral
range extends from 1.75 to 6.0 eV. . The»resuitSvare compared
with eleétroreflectance aﬁd thermoreflectancé data. New
structures are found in the spectra of all crystalé.‘ Wifh
the help‘of existing band strucfures of these‘crystals, all
 the reflectiyity peaks can be consistently assigned to proper
critical transitions between the valence and the conduction
bands. ;Véiués of spin~orbi£ splittings aﬁ several s&mmetry
,boints cén Be calculated. Temperature effecfé on the band

spectra are discussed.
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I. INTRODUCTION
In recent years, the subject of band structures of semicdnductors
" has again attracted mﬁch attention. Theoretically, the introduction of
the empirica; pseudopotential methodl has led to a‘much better under-

standing of the band structures. Further progress requires imprbvement

on the resolution of empirical spectra. Experimentally, the application

of optical derivative spectroscopy to solids has greatly improved the
resolution of optical spectra. The results have had strong impact on
the recent advance in band structure calculations.

Many different modulation schemes have been invented for derivative
spectroscopy. For measurements of reflectivity spectra of solids,
electroreflectancé,2 piezoreflectance, thermoreflectahce,é’7 and
wavelength modulation8 methods have been most successful. In ail these
schemes except the wavelength modulation method, modulation of the light
beam is obtained through appiication of a direct ac perturbation on the
solid, and_ﬁence, interpretation of the dgrivative spectrum dépends
very much on how the solid responds to the perturbation. Thus, in

electroreflectance, we must know how the band structure of the solid

changes with an applied electric field. In piezoreflectance and thermo-

reflectance, we must kno@ the variation of the band structure as a
function of pressure and temperature respectively. Unfortunately, our
knowledge on such properties of a solid is generally rather limited.
Therefore, the fact that no perturbation on the solid is needed makes

the wavelength modulation method most attractive. Since the wavelength

modulation spectrum is simply the derivative of the normal spectrum, there

is no ambiguity in the interpretation.

W Lpenoy i it e et
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However, ﬁnlike the other modulation schemes, the wavelength
modulation'méthod requires'careful constfuction of the.experimental
system in ordér to eliminate fhevhuge background>in the derivative
spectrum. This background appears as a result of wavéléngth modulatibn
oﬁ the spectra of Qérious optical compohents in the system. In
vparticular, because of the many narrow spectral lines‘in the arc source,
it is difficult to apply the scheme to the uv region.' For this reason,
the wavelength modulaﬁion method has nbt been és'pépulér as the other |
modulation'schemés. WQrk done with wavélengthvmoaulation has usually
been 1imitéd to a narrow region in the visible or near inffared.9_ll

Recently, we ha§e succeédéd in constructing a wavelength modulation
spectrometer‘which practically eliminafes;all the backéround. On the
‘other hand, the sensitivity of the spectrometer is still as high as
AR/R = lO;h.  We.have used this spectrometer to obtain derivative
spectra bf Si, Ge, GaAs,.GaSb, InAs, and InSb from 1.75 to 6 eV. In
order to resolve fineIStructures in the spectra, We'ﬂave made measure-
ments at liqﬁid nitrogen and liquid helium temperatufes. In this paper,
we would like to pfesent the results of our investigation. While the
gross featﬁres of our spectra_agree with.the.fesultsldf Others,3’7
new structures.and-mOre fine details appear in our spectra, particularly:
in the uv régiont

In the_foilowing section, 'a brief deécripﬁion of the experimental:
arrangement isAfirét given. -Then, in Section III,'the‘wavelength
modulation spéctra of the six semiconductors at 5, 80, and 300°K are
presented. In'Section-Iv, the derivative spectra are analyied Qifﬁ

the help of the existing band structures of semiconductors, various
\ - .
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reflectivity peaks are assigned to proper critical transitions between
bands. Emphasis is on the new structures we have observed. Variation

- of the derivative spectra with temperature is discussed qualitatively.

IT. EXPERIMENTAL ARRANGEMENT
A. The Spectrometer
- The detailed construetion of our wavelength modulation spectrometer
will be described elsewhere.12 Here, we shall give only a brief account
of it. Wavelength modulation was achieved through vibration of a
mirror in the optical path inside the spectrometer. A double beam_method
was used to eliminate the background in the derivative spectrum. One
" beam had its dc and ac outputs proportional to Io and AIo/A)\ respectivelf,

A(IOR)/A)\ respectively,

and the other had outpﬁts proportional to IOR and
where Io is the beam'intensity in the absence of the sample, and R is
the reflectivity of the sample. Two of the ogtputs were used to
control two feedback loops, making AIo/AX = 0 and IO = constant (or
IOR = constaﬁt). The other two ouﬁputs then gave the signale AR/AX ahd
R (or AR/RAK and l/R)f

Maximum slit width and modulation amplitude .were chosen with
precaution such that linesﬁapes of the fine structures in the derivative
spectrum were not distorted. The sharpest structure in.our spectra had
a width larger than 6C A. The derivative spectrum AR()\)/RN\ vs A\ was
recorded by a charﬁ recorder. A simple computer program was_then used

to convert the spectrum to AR(E)

/RAE vs the energy E in eV. The
conversion makes the structures at higher frequencies less pronounced,

but the corresponding noise amplitude also decreases proportionally.
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Thérefore, smallrwiggles in fhe uv.region of our spectra AR/RAE vs E
deserve full attention as true structures.

In order ﬁo make sure that the observed structures of the spectruﬁ
were chara;teristics of the sample rather than other spurious effecfs,
we used the specﬁrum of aluminum as a reference.  Aluminum was chosen
because its.spectrum shows little sﬁructure in'the region in which we

were interested.

B. The Dewar

The optical dewar was manufactured by Janis Research Company.
.Témperature of the sample can be varied éoﬁtinuousiy from the liquidv

He temperature to the room temperatﬁfe. The temperat;re control has a
long-term stability of better thean 1°K/hr. Avcopber—constantan thermo—v
couple was used to measure the temperature over the wﬁole range of -
interest with ah accuracy of * 1°K. This was sufficient for our purpose 

since the spectrum changes gradually with temperature. Most of our

spectra were taken at 5°K, 80°K, and 300°K.

C. The Samp;éé. All the samples we measured were wafers of siﬁgle
crystals~with'(l,l,l) orientation. The samples were polsihed and etched
following the standard procedure.13 'For good reproducibility, a.crystal
surface'ffee 6f mechanical distortion and chémical:contamination was
eséentidl.3 Surface contaminétion often produced more distortion of the
_spéctrum in the uv than in the visible. All our measurements weré made
on freshly prepared samples.

The.samples were of either n- or p- type, doped with a carrier

E3
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3 and lO17 cm_l. .We‘would

concentration in the range between lOl
expect that the wavelength modulation spectrum is independent of the
carrier concentration. This was confirmed by measurements on two samples

of 5i with carrier concentrations of 1013 and lO17 cm-3 respectively.

‘IIi. EXPERIMENTAL RESULTS

In Fig. 1, we show a derivative spectrum,AR(E)/RAE, of InSb at
5°K, together with the normal reflecti&ity spectrum R(E). That the
derivative spectrum has a better.resolution is cleariy shown.
Differentiation of R(E) on a computer yields the same derivative
spectrum, but with a much smaller signal-to-noise ratio.

In Figs. 2-7, we present the derivative spectra, AR(E)/RAE of
GaAs, GaSb, InAs, InSb, Ge, and Si respectivéiy at three different
temperatures, 5°K, 80°K, and 300°K. Compared with the derivative
spectra obtained from electroreflectance3 and thermoreflectance7
measurements, our spectra give the séme gross features, but show
définite improvement with more fine strﬁctures, especially at low
temperatures. As an example, we reproduce in Fig. 8 the electroreflectance
and the thermoreflectance spectra of InAs obtained by Cardona, et al.3’7
The temperature variation of the wavelength—mddulation spectra is
fairly striking, although the change is rather graduai. Al]l -the main
structﬁres shifted to higher energies when the temperatﬁre is lowered.
The structures generally become sharper ét lower.temﬁerafures.

The spectra of the six crystals are very much alike, reflecting

the similarity of their band structures. Following partially the

notations of'Cardona, et al.,2 we divide the structures in each speétrum

cpda

¥
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! !

E,E El’ ete., as shown in the

into groups, labelled by E, E,E,E,,

figures. Similar groups (having the.same label) in different semi-
_conductors are believed.to come ffom transitiohs in the similar general
‘areas of the band structures. The group Eo, corfeépdnding to'tranéitions”-
near the direct fundamental energy gap, has not been covefed by our
experiments. |

As shown iﬁ Figs. 2—7,'each grbup may contain many structures.

Theée strucfuféé presumably come from several reflectivity peaks
superimposed on top of one another. Dequposition of a cémposite line =
into individual peaks is always somewhat arbitrary. In éur case, the
decompositioh was made with the followihg general rules:

(1) The low—femperature spectrum of a coﬁposite line shbuld be
be decomposed into a minimum number of individuél lines with
simple lineshapes.

(2) Recomposition of these individual lines with broadénga line-
widths should yiéld the high—temperature spectrum of the
cémposite line.

(3) Similgrity in the spectra of different semiconductors should 
bé used as‘a guide line in the décompositién.

With'thes¢ rules,Awe found little ambiguity in decomposing our spectra
although fhe positions of the components ma& not be very accurafe and
their shapes somewhat arbitrary. An example of the decomposition:is

shown in Fig. 9. in Table I, we list the positions of all the reflectivity
peaks obtained from decomposition of our spectra at 5°K for the six

semiconductors. The accuraby of the most uncertain values in the Table
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» is.estimated to be better than * 0.03 eV.
We now proceed to comment briefly on the low-temperature spectrum
of each semiconductor separately.

GaAs (Fig. 2). Although the spectrum below 2.7 eV is not shown in

Fig. 2, we have explored this fegion carefully. We have not been able
to find the small structures at 2.3 and 2.6 eV observed by Gréenway.lh

In the E. region, our spectrum confirms the absence of the small

1
structures suggested by Lukes, et al.l5 Decompoéition of the spectfum

. .
in the Eo region yields two reflectivity peaks. Decomposition in the

: E2 region is somewhat arbitrary. To be consistent with the spectra of

other ITI-V compounds, we should decompose the E_. group into a strong

2

broad peak with three'small‘peaks at higher energies. Part of the E2

spectrum above 6 eV was cut off by our spectrometer.

GaSb (Fig. 3). The structure at 1.9 eV observed by Greenwaylh is

absent in our spectrum. Decomposition of the spectrum gives unambiguously

t

two peaks in the Eo region, one strong and three weak in the E_, region,

2

1

and two in the El

region. The shape of the spectrum near 6 eV indicates

the presence of additional structures just above 6 eV belonging to the

'

El group.

InAs (Fig. 4). We cannot identify in our spectrum the peaks at
14 ’ ]
2.2 and 2.45 eV suggested by Greenway.l The spectrum of InAs is
somewhat different from those of other III-V compounds in the sense

. ' ‘ .
that the‘Eo and the E_. regions overlap. We can unambiguously decompose

2
the structures in this EO + E2 region into six reflectivity peaks.

, v
We assign the two weak ones at lower frequencies to the Eo group and
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the rest to the E, group. Note that the spectrum of InAs appear to have

2

a very strong temperature_dependence.

InSb (Fig. 5). The spectrum of InSb looks very much similar to that

_ . S ,
of GaSb. Decomposition of the spectrum gives two peaks in the Eo region,

four in the.Egvregion, and three in the El region.

Ge (Fig. 6). The spectrum of Ge is still quite similar to those

of III-V compounds, but with less structures. Decomposition of the

spectrum yields one peak in the Eo region, one strong and one weak in
' i ) '

1 region.

the E_ region, and two in the E

2

Si (Fig. 7). Because of the difference in the'band structures
near the direct gap, the spectrum of Si is somewhat different from those

' . '
of others in the E. and Eo regions. Here, the E, peak appears at higher

1 1

. . ' o
energy and overlaps with the EO peak. We assign the peak at 3.4 eV to
' ' :

Eo , and the one at 3.45 eV to E. . The spectrum in the E

1 andvE

2 1

regions are similar to'thqse'of others. We can decompose the spectrum

1

region, and one in the E

1

into one strong and one weak peaks in the E2

region.
IV. DISCUSSION

A quélitafive comparison between our spectra and the spectra obtained

? 7 measurements should

from electroreflectance and thermoreflectance
be made. At room temperatgre, our spectra compare weil with thermo-
réflectance spectra. The electroreflectance spectra:generally show
. more structures, but the assignment‘of reflectivity peaks is somewhat_

arbitrary. Our low-temperature spectra appear better resolved than

either thermoreflectance or electroreflectance spectra. While we
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recognize no new structure in the E. region, there are generally more

1
1 t

o> Ey» and E;

distinct struétures_in E regions.

We muét now identify the various refleétivity peaks in our spectra
with particular interband tranéitions‘in the crystals. It was believed
that a_refléctiﬁity peak which is usually originatédvfrqﬁ an absorption
peak was likely to come from critical interband transitions at a point
of high symmetfy. Recent calculations;l’l6vhowever, indicate that a
strong reflectivity peak should come from critical interband transitions
over a region in the Brillouin zone,:nqt necessarily around a point of .
high symmetry. We shall use this as a general principle in the assignment
of réflectivity peaks.

For the purpose of illustration, we reproduce iﬁ Fig. 10 the band

1,17 The band structures of the other semiconductors,'

structure of GaSb.
except S5i, are qualitatively similar to thaf of GaSb. For S5i, the
point Pl(F;) appears to be higher in energy than rlS' (We use here the |
zincblende group notétkms for Si and Ge.) The band structure df Fig; lOt
should be modified accordingly.l8 A direct consequence is that Si
has an indirect energy gapalong A. In Fig. 10, we use arrows to indicate
critical transitions with large joint densities.of states in those
general areas of the Briliouiﬁ zone. These are the transiiions which
may give riée to the observed reflectivity peaks. |

Let us now discuss each spectral region separately'for the six
crystals. Assignment of all the observed reflectivitj peaks to the
corresponding iﬁterband transitions is summarized in Table I. Our
assignment is based on the availeble information about the band

1,16-23

structures of these semiconductors. Unless specified, we shall

e P TR
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always refef to the spectra at 5°K..
A. The El Region

1

Except‘for Si, all our spectra show a sharp doublet. 'Iu is

generally agréed that this doublet corresponds to A

with the A3 level spin-orbit splitted.l’3

that the spin-orbit splitting of A

-> Al transitions

3

A simple analysisg3 shows

3 mear L should be around 2/3 of the

spin—orbit.sPlitting at Pl . No spin-orbit splitting should exist for

5
the Al level-.2h As shown in Table II, the observed splitting of the
doublet confirms the abové 2/3 rule.

The existence of reflectiﬁity peaks for L, » L. transitions has been

3 1
1,1k e .
a mystery." The fact that we have seen no additional structure in
the El region indicates that either the L3 -> Ll transitions are too weak -
or they are hidden in the A3 > Al structure.

_ 1 :
The band structure of Si puts Tl(Fe) above Fl This makes the

5

A, > Al transitions and the A. - Al(h—S) transitions partially degenerate

3 >

in.energy.l8 As shown in Fig. 7, there are two overlapping reflectivity '
peaks at 3.40 and 3.45 eV. Assuming that similar transitions in
different érystals would yield reflectivity peaks of similar strength,

we should assign the 3.45 eV peak to the A - A transitions, and the

3
> Al(h—S) transitions. The spin-orbit coupling

3.40 eV peak to the AS
' ) 3,25

: )
in Si is small. It gives a splitting of 0.04 eV at FlS (F25
23

5 The resolution of our

Si spectrum is cleérly not sufficient to show the spin-orbit splitting

and even smaller splittings along A3 and A

of either A3_+ Al or A5 > Al (L-5) transitions. We therefore rule out .

‘the possibility that the two peaks at 3.40 and 3.45 eV could correspond

-+ Al transitions.
. K -

to the spin-orbit doublet of the A,
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Figures 2-T7 show that all the E peaks appear significantly

1
sharper at lower temperaturés. This suggests possible exciton effect

9

associated with the A_ - Al transitions. ©Shaklee, et al” have shown

3

that the existence of hyperbolic excitons at A can explain the observed

lineshape of the E. peaks. Rowe, et alll have also confirmed the

1

existence of-hyperbolic excitons from the pressure dependence of the

El peaks. Our spectra suggest that this exciton effect is present in

all III-V and group IV semiconductors.
1
B. The Eo Region
. !
We can identify a doublet in the Eo group for the four III-IV

, : ,
compounds and a single peak for the two group-IV elements. These EO

peaks were originally assigned to 4-5 transitons at or near F,lh’3 :

but the low joint density of states near I' rules out suchen1assignment.17’l9
The peaks are more likely due to A5

17,19 ; 17,25
r. Only the A5 level is spin-orbit splitted. Pseudopotential™ ’

and k + D calculations21 indicate that the spin-orbit splitting along

=~

> Al (4-5) transitions away from

A5 should be even smaller than the splitting at L3 (band &) (which is

2/3 of the splitting at Fl ). Our results agree well with this assertion.

>
t
The observed Eo doublet for a III-V compound has indeed a splitting

smaller than that of the E; doublet (see Table II). In Ge, the symmetry

become degenerate, and calculation shows that the spin-

points at X5

orbit splitting along AS(h) should be small.Z> We would not expect to
resolve the spin-orbit doublet in the Ge spectrum. -We should there-

t
fore assign the single EO peak of Ge to AS > Al (L-5) transitions.

The same is true for Si, which has even smaller spin-orbit coupling.

I3
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C. The E, Region

Our'spectra for all the six crystals seem rather complicated in
this region, They generally show more structures than either electro-
reflectance or thermoreflectance spectra. ‘However; we can always

decomposé the E group quite unambiguously into a broad strong reflectivity

2
peak and several small peaks at higher energies. Pséudopotential

1,16,17,19

calculation indicates that this broad peak should be due to

I, > Zl (4 > 5) transitions over a large region in the Brillouin zone.

2
17,23

The spin—drbitvsplitting along Zl is small, and would be difficult

to resolve} From the band structure of Fig. 10, one might expect to

> X, transitions at an

observe a reflectivity peak corresponding to X 1

5
energy betveen 22 > Zl'(h—S) and AS > Al,(h—S) transitions. = We cannot
recognize any such structure in all our spectra. This suggests that
either X5 > Xl transitions are too weak or they:are hidden in the broad

22 > Zl (hQS) peak.

The small E, peaks have higher ehergies than the 22_4 Zl (4=5)

2
transitions, 'As éeen from_Fig. lO,.theyvshould corfespond to transitions
between‘the valence band (band L) and the ;eéohd conduction band (band 6);
There is séme ambiguity in decomposing thé small E2 structures, but we |

' can‘unambiguously identify one peak in Ge, and Si, three in InAs, InSb,
.and GaSb, and‘ﬁrobably al;o three in GaAs. We then recognize that

for all the ITI-V compounds; the spdcing between two of the three peaks‘%'
" agrees quite:well with the spin—orbit splitting of the.A5 level (;ee

Tablé I).. We therefore.assign the douﬁlet to L4-6 transitions~along

26

A (close to X). The same transitions should give rise to only one

reflectivity peak in Ge and 8i, since the spin-orbit éblitting along
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AS for these two elements is small.23’_25 Accordingly, the_small'E2

peak of Ge and Si should correspond to A_ Al (Lb-6) transitions. The

>
peak of the III-V compounds is assigned to L-6
. . . o7

transitions around X as suggested by pseudopotential calculation.

remaining small E2

Such a peak did not show up in the spectra of Ge and Si presumably

because of the slight difference in their band structures.

D. The El Region. OQur spectra, limited by the uv cutoff of the

1

spectrometef, cover only part of the E. region in Si, Ge, GaSb, and

1

ot
InSb, and none in GaAs and InAs. The El peaks are normally assigned to

3,28

L-6 transitions along A close to L. Both A3 levels are spin-orbit
splitted, but the splitting of A3(6) is expected to be considerably
17,20

We should therefore expect to see two

(4).

smaller than that of A3(h).

3

In Si, the spin-orbit coupling is small, and we have observed only

doublets separated by the spin-orbit splitting of A

one unresolved reflectivity pesk as expected. In Ge, we can‘identify
two peaks with a separation somewhat larger than the splitting of the

A -+ Al doublet. This suggests that the splitting of A_(6) in Ge

3

is very small, and the observed A

3
3_4 A3 transitions are closer to L than
the A3 - Al transitions. In InSb, where the spin-orbit coupling is
larger, wé.have actually oBserved three peaks with the fourth one being
cut off by our spectrometer. Th¢ spin-orbit splitting_of A3(h) derived
from them is again somewhat larger than the splitting of the A3‘* Al

doublet. The separation of the two closely overlapping peaks gives

the spin-orbit splitting of A_(6) near L (see Table II). 1In GaSb,

3

we can observe only one doublet with a small splitting corresponding

to the splitting of A3(6). The other doublet at higher energy should be

5 g
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outside fhe'fange of our’spectrometer.

.From the above description, we have seén that thé consistency of
our assignment of.reflectivity peaks is remarkable good. For more
quantitativevdiscuséion, oné must, however, resofﬁ to pseudopotential
calculations.l' We have dedﬁced from our specfra the spin-orbit splittings
af various‘symmetry points‘in different prystals; .Thevresults are
éummarizea in Table IT.

We can élsovoﬂtain from Qur'spectra ét Qaribus temperatures some
inféfmation about the temperature dependence of the'band:sfructUres.
© Figures é—T‘shoﬁ.that all the major reflectivity»peaks‘shift to lower
energies at-ﬁigher temperatures.. This tempéfature.effect één be -
understood qualitafively'from thermal expansion of érystal lattiées

29

and the Debye-Waller effectf Expansion of a lattice should reduce

the energy separation between bands. Lattice vibration at finite

temperatures should decrease the effective core potential by the

Debye-Waller factor, and hehce decrease the splittings between bands.29

The temperature shift of a reflectivity peak is rather smooth and
gradual. We have studied the temperature effect on GaAs in more detail.
Figure 11 shows the temperature shifts of the El doublet and the major-

E2 peak of GaAs. The threebcurves behave similarly. We can deduce
from these curves an average temperature coefficient of

- eV/°K for the E doublet and

peak in the témpérature range

/aT = (5.3 + 0.4) x 10

(3.6 = 0.4) x 1th ev/°K for the E,

between 80 and 300°K. - The observed temperature shifts also fit well

with the exponential dependence
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AE(T) = E(T) - E(5°K) = A exp (-B/T)

with, for example, A = 0.28 eV, B = 320°K for the E_ peak. In the other

2
crystals, we have observed similar temperature dependénce of the
reflectivity peaks. We present in Table III the observed témperature
coefficients of the El and the major E2 peaks for all the six crystals.
Note that Si has a smaller temperature dependence than the other crystals,
presumably because it has a higher Debye temperature.

As seeﬁ.from our spectra, all the structures become sharper at
lower temperatures. This is presumably due to reductioﬁ of lifetime
broadening. In particular, the El peaks have been associated with
hyperbolic excitons partly for this_réason. There are also remarkable

-t
sharpening of E_ and El peaks at low temperatures. It would be interesting

2
to know whether exciton effects are also important in these transitions.
V. CONCLUSION

We have demonstrated in this paper the superiority of wavelength
modulation‘spectroscopy. Our derivative spectra of the six semiconductors
show clear improvemenﬁ on the spectral reéolution over other techniques.
In particular,.our low-temperature sﬁectra give‘more clearly-defined
reflectivity peaks than either electroreflectance or ﬁhefmoreflectancé
spectra. With availabie information about the band structures, the
spin-orbit splittings, and similarities among the semiconductors, we
can consistently assign all fhe observed reflecti?ity peaks to‘pfoper
critical transitions between bands. Values of spin-orbit splittings at
various symmetry points can then be deduced. Resulté agree well with
simple theoretical "estimates.

Our measurements at various temperatures also yield valuable




-17- ' ' UCRL-19091

information_about the temperature dependence of the band structures.
As predicted by qualitative argumenﬁ, all the reflectiﬁity peaks.shift
to higher energies at'lowef_temperatures. Thé structures in the
spectra genefally become much more pronouﬁced at lower temperatures.

Sharpening of the E. peaks at low temperatures is particularly

1
striking and can be explained in‘terms of reduction of lifetime
broadening of_the hyperbolic exéitons associated with A', Whether the
exciton effect ié aiso important in the other transitionsqremains to
be investigétéd.

To‘hélp'us ﬁake sure that our-assignment of réflectiviﬁy peaks
is correét; measﬁrements.on samples undér uniéﬁialvstfess should be
performed;' Tﬁat a étress can be éxerted on the sample without'much
‘complicétion is another advantage of the wavelength-modulation schemne.
The pressufe dependénce of the reflectivity spectrum shoﬁld also\yield'

valuable information about hyperbolic excitons associated at various

‘symmetry points.30
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TABLE CAPTIONS

Table I. Energies (eV) of observed reflectivity peaks in the six
crystals. Assignment of various peaks to particulaf interband
transitions is also given.

Table II. Spin-orbit splittings (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

r are obtained from the reference K. L. Shaklee, J. E. Rowe, and

15
M. Cardona, Phys. Rev. 1Tk, 828 (1968).

= ev

Table III. Averagé temperature shifts in unit of 10 /°K between

80 and 300°K for the E, doublet and the major E, peak in the six

=L ev

crystals. Accuracy is * 0.4 x 10 /°K.
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FIGURE CAPTIONS
1. Reflectivity Spectruﬁ and logarithmic derivative reflectivity
spectrum of InSb at 5°K in the range befwéen 1.75 and 6 eV.
2. Logarithﬁic derivative éf'tge reflectivity spectrum of GaAs at
5, 80, and 300°K.

3. Logarithmic derivative of the reflectivity spectrum of GaSb.

~at 5, 80, and 300°K.

Fig.
Fig.
Fig.

Fig.

Fig.

Fig.

Fig.

. 4., Logarithmic derivative of the reflecti&ity spectrum of InAs

at 5,_8Q, and 300°K.
5. Logarithmic derivative of the reflectivity‘spectrum of InSb
at 5s 8o, and 300°K. | o
6. bLégérithmic?derivative of thé refleCtiVify.Spectrum of Ge
at 5, 80, and 300°K.
T. Logarithmic derivative of the reflectivity spectrum of Si
at 5, 8Q, and 300°K.
8(a). Eiectroreflectance spectrum of InAs at room temperature
(re?foduced from Ref; 3). | |

(v).- Thermoreflectance spectrum of InAs at T7°K (reproduced

from Ref. T).

‘9. Decomposition of the derivative reflectivity spectrum of InSb

at 5°K into many components according to the general rules stated
in the text.

10. Band structure of GaSb (reproduced from Ref. 1). Arrows

- indicate interband transitions which are possibly responsible for

the observed reflectivity peaks.

11. Temperature shifts of the E

doublet and the major E2 reflec-

1
tivity peak of GaAs.
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GaAs 3.017  3.2L5 bbb L.60 5.11 5.6k 5.9i 6.07 (?) |
Gash 2.154  2.596 | 3.35 3.69 [4.35  |h.55 L.75  5.07 5.51  5.65
InAs 2.612 2.879 v_h.39 k.58 L.Th L.85 5.33 5.52 |
InSb 1.983 2.478 3.39 3.78 L.23 L.75 L .56 k.92 5.33 5.50 5.96
" Ge 2.222 2.4k20 3.20 L.kho 5.01 | 5.65 5.88
51 3.45 3.40 b bl 5.60 5.53
| o - )
Estimated + 0.004 + 0.008 - + 0.01 i + 0.03 * 0.03 + 0.03
Uncertainty i
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sitions tions
GaAs 0.3b 0.22 0.1k 0.16 0.16(estimate)
GaSh 10.80 0.45: 0.3k 0.32
InAs 0.43 0.27 0.17 0.19 0.19 .
InSb 0.82 0.50 0.63 0.39 0.36 ;'
Ge 0.29 0.20 0.23 o
: i W
v
Si 0.0k
. |
| !
- |
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{
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|
GaAs GaSb InAs ‘ InSb Ge Si
-5.3 -k4.5 -5.0 “hh “k,2 -2.2
-3.6 ~4.1 -5.6 -3.6- 2.k -2.2

TABLE III
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Fig. 2



27~ R o . UCRL-19091

.

XB8L699- 3867




28~ . ‘ © UCRL-19091

XBL699 -3868



- 2r | l T l
1= Ey L B : B
N 1 |
< | A
3 0] ”
Ve
i |
4 m 9
Ok
-2 | | | !

Energy (eV) |

XBL699-3869

Fig. 5




-30-

UCRL-19091

.22#
' .
EEE @)
il
o
I3
"" ___ Ge
5°K
N I — 80°K
L -—-300°K
| \ ] L l l
> 3 4 0 ©
Energy (eV)

XBLE99-3870




S UCRL-19091

Energy (eV)

XBLE99-3871

- Fig., 7T



~-32~- UCRL~19091
| | '
E| I I‘
InAs
B E,+A, N
%'A,R ”
\ B2
E2+8
| ‘ ¢ |
| R
| | | l
I 2 3 4q 5 6

Fig. 8

XBL699-3863



-33- " UCRL-19091 -

XBL699-3862



|
ES
2
(@)
O:lJJ
g
-1

UCRL-19091

Fig. 10

—34-
T l I
22 *-’El (4-’6) )
or region around Xg—X3 A3"1k,(4f6)
Pl
_ 2{*2“4»5T__‘”__J InSb

A5"A| 4-+5) As”Al (4—*6')
| | ‘ i
3 4 5 6

Energy (eV) .
XBL699 - 386!



-35- : | UCRL-19091

- XBL699-3860

Fig. 11



Positions of reflectivity peaks (eV)

-36- UCRL-19091

GaAs .

| 1 |

0o 100 200 300
| Temperature T (°K)

XBLE99-3864

Fig. 12

S



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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