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WAVELENGTH-MODULATION SPECTRA OF SOME SEMICONDUCTORS 

Ricardo R. L. Zuccat andY. R. Shen 
Department of Physics, University of California 

and Inorganic Materials Research Division, 
Lawrence Radiation Laboratory 
Berkeley, California 94720 

ABSTRACT 

UCRL-19091 

Wavelength modulation spectra of GaAs, GaSb, InAs, InSb, 

Ge, and Si at 5, 80, and 300°K are presented. The spectral 

range extends from 1.75 to 6.0 eV., The results are compared 

with electroreflectance and thermoreflectance data. New 

structures are found in the spectra of all crystals. With 

the help of existing band structures of these crystals, all 

the reflectivity peaks can be consistently assigned to proper 

critical transitions between the valence and the conduction 

bands. Values of spin-orbit splittings at several symmetry 

points can be calculated. Temperature effects on the band 

spectra are discussed. 

t Fellow, Consejo Nacional de Investigaciones Cientificas y Tecnicas, 

Argentina 
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I. INTRODUCTION 

In recent years, the subject of band structures of semiconductors 

has again attracted much attention. Theoretically, the introduction of 

the empirical pseudopotential method1 has led to a much better under-

standing of the band structures. Further progress requires improvement 

on the resolution of empirical spectra. Experimentally, the applicatio~ 

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 measurement~ of reflectivity spectra of solids, 

electroreflectance,2 piezoreflectance, thermoreflectance,6 ' 7 and 

wavelength modulation
8 

methods have been most successful. In all these 

schemes except the wavelength modulation method, modulation of the light 

beam is obtained through application of a direct ac perturbation on the 

solid, and hence, interpretation of the derivative spectrum depends 

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 know 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 m~~es 

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. 

.. 
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However, unlike the other modulation schemes, the wavelehgth 

modulation method requires careful construction of the experimental 

system in order to eliminate the huge background in the derivative 

spectrum. This background appears as a result of wavelen.gth modulation 

on the spectra of various optical components in the system. In 

particular, 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 modulation method has not been as popular as the other 

modulation schemes. Work done with wavelength modulation has usually 

. 9-11 
been limited to a narrow region in the visible or near infrared. 

Recently, we have succeeded in constructing a wavelength modulation 

spectrometer which practically eliminates all the background. On the 

other hand, the sensitivity of the spectrometer is still as high as 

6R;R ~ 10-4. We have used this spectrometer to obtain derivative 

spectra of Si, Ge, GaAs, GaSb, InAs, and InSb from 1.75 to 6 eV. In 

order to resolve fine structures in the spectra, we have made measure-

ments at liquid nitrogen and liquid helium temperatures. In this paper, 

we would like to present the results of our investigation. While the 

. 3,7 
gross features of our spectra agree with the results of others, 

new structures and more fine details appear in our spectra, particularly 

in the uv region. 

In the following section, a brief description of the experimental 

arrangement is first given. Then, in Section III, the •ravelength 

modulation spectra of the six semiconductor3 at 5, 80, and 300°K are 

presented. In Section IV, the derivative spectra are analyzed with 

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. 

II. EXPERIMENTAL ARRANGEMENT 

A. The Spectrometer 

The detailed construction of our wavelength modulation spectrometer 

12 will be described elsewhere. 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 de and ac outputs proportional to I 
0 

and ~Io/6A respectively, 

and the other had outputs proportional to I R and 
0 

6(I R) . 
o /6A respect1vely, 

where I is the beam intensity in the absence of the sample, and R is 
0 . 

the reflectivity of the sample. Two of the outputs were used to 

control two feedback loops, making 
6

Io/6A = 0 and 

I R = constant). The other two outputs then gave 
0 

R (or ~R/R6A and 1 /R). 

I = constant (or 
0 

the signals ~R/6A 

Maximum slit width and modulation amplitude .were chosen with 

and 

precaution such that lineshapes of the fine structures in the derivative 

spectrum were not distorted. The sharpest structure in our spectra had 

a width larger than 60 A. The derivative spectrum 6R(A)/R6A vs A was 

recorded by a chart recorder. A simple computer program was then used 

to convert the spectrum to 6R(E)/R6E 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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t.R 
Therefore, small wiggles in the uv region of our spectra /R6E vs E 

deserve full attention as true structures. 

In order to make sure that the observed structures of the spectrum 

were characteristics of the sample rather than other spurious effects, 

we used the spectrum of aluminum as a reference. Aluminum was chosen 

because its spectrum shows little structure in the region in which we 

were interested. 

B. The Dewar 

The optical dewar was manufactured by Janis Research Company. 

Temperature of the sample can be varied continuously from the liquid 

He temperature to the room temperature. The temperature control has a 

long-term stability of better than l°K/hr. A copper-constantan thermo-

couple was used to measure the temperature over the whole range of 

interest with an accuracy of± l°K. This was sufficient for our purpose 

since the spectrum changes gradually with temperature. Most of our 

C. The Samples. All the samples we measured were wafers of single 

crystals with (1,1,1) orientation. The samples were polsihed and etched 

13 following the standard procedure. For good reproducibility, a crystal 

surface free of mechanical distortion and chemical contamination was 

essential. 3 Surface contamination often produced more distortion of the 

spectrum in the uv than in the visible. All our measurements were made 

on freshly prepared samples. 

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

II 
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13 17 -1 concentration in the range between 10 and 10 em We would 

expect that the wavelength modulation spectrum is independent of the 

carrier cohcentration. This was confirmed by measurements on two samples 

of Si with carrier concentrations of 1013 and 1017 cm-3 respectively. 

III. EXPERIMENTAL RESULTS 

I F,. 1 h d . t . t /::,R (E)/RAE f I Sb t n lg. , we s ow a erlva lVe spec rum, o , o n a 

5°K, together with the normal reflectivity spectrum R(E). That the 

derivative spectrum has a better resolution is clearly shown. 

Differentiation of R(E) on a computer yields the same derivative 

spectrum, but with a much smaller signal-to-noise ratio. 

I F . 2 1 t th d . . . t b,R(E)/RAE f n lgs. - , we presen e erlvatlve spec ra, o o 

GaAs, GaSb, InAs, InSb, Ge, and Si respectively 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 same gross features, but show 

definite improvement with more fine structures, especially at low 

temperatures. As an example, we reproduce in Fig. 8 the electroreflectance 

d th th fl t t f I A bt · db C d et a1. 3 •7 an e ermore ec ance spec ra o n s o alne y ar ana, 

The temperature variation of the wavelength-modulation spectra is 

fairly striking, although the change is rather gradual. All the main 

structures shifted to higher energies when the temperature is lowered. 

The structures generally become sharper at lower temperatures. 

The spectra of the six crystals are very much ~like, reflecting 

the similarity of their band structures. Following partially the 

2 notations of Cardona, et al., we divide the structures in each spectrum 
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I I 

into groups, labelled by E
0

, E
1

, E
0

, E2 , E
1

, etc., as shown in the 

figures. Similar groups (having the same label) in different semi-

conductors are believed to come from transitions in the similar general 

areas of the b~nd structures. The groupE , corresponding to transitions 
0 

near the direct fundamental energy gap, has not been covered by our 

experiments. 

As shown in Figs. 2-7, each group may contain many structures. 

These structures presumably come from several reflectivity peaks 

superimposed on top of one another. Decomposition of a composite line 

into individual peaks is always somewhat arbitrary. In our case, the 

decomposition was made with the following general rules: 

(1) The low-temperature spectrum of a composite line should be 

be decomposed into a minimum number of individual lines with 

simple lineshapes. 

(2) Recomposition of these individual lines with broadened line-

widths should yield the high-temperature spectrum of the 

composite lirie. 

(3) Similarity in the spectra of different semiconductors should 

be used as a guide line in the decomposition. 

With these rules, we found little ambiguity in decomposing our spectra 

although the positions of the components may not be very accurate 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 

semiconductor.3. The accuracy of the most uncertain values in the '!'able 

• 
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is estimated to be better than ± 0.03 eV. 

We now proceed to cownent 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 region carefully. We have not been able 

14 to find the small structures at 2.3 and 2.6 eV observed by Greenway. 

In the E
1 

region, our spectrum confirms the absence of the small 

15 structures suggested by Lukes, et al. Decomposition of the spectrum 
I 

in the E region yields two reflectivity peaks. Decomposition in the 
0 

E
2 

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

other III-V compounds, we should decompose the E2 group into a strong 

broad peak with three small peaks at higher energies. Part of the E
2 

spectrum above 6 eV was cut off by our spectrometer. 

G Sb (F . 3) Th t t t 1 9 V b d b G 14 · a lg. . e s rue ure a . e o serve y reenway lS 

absent in our spectrum. Decomposition of the spectrum gives unambiguously 
I 

two peaks in the E
0 

region, one strong and three weak in the E
2 

region, 
I 

and two in the E
1 

region. The shape of the spectrum near 6 eV indicates 

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

E
1 

group. 

InAs (Fig. 4). We cannot identify in our spectrum the peaks at 

14 
2.2 and 2.45 eV suggested by Greenway. The spectrum of InAs is 

somewhat different from those of other III-V compounds in the sense 
, I 

that the E
0 

and the E
2 

regions overlap. We can unambiguously decompose 
I 

the structures in this E
0 

+ E
2 

region into six reflectivity peaks. 
I 

We assign the two weak ones at lower frequencies to the E group and 
. 0 

( 

-r:·· 
'. 
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the rest to the E
2 

group. Note that the spectrum of InAs appear to have 

a very strong temperature dependence. 

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

of GaSb. Decomposition bf the spectrum gives two peaks in the E region, 
0 

four in the E
2 

region, and three in the E
1 

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 
I 

spectrum yields one peak in the E region, one strong and one weak in 
0 

I 

the E2 region, and two in the E
1 

region~ 

Si (Fig. 7). Because of the difference in the band structures 

near the direct gap, the spectrum of Si is somewhat. different from those 
I 

of others in the E
1 

and E
0 

regions. Here, the E
1 

peak appears at higher 
I 

energy and overlaps with the E peak. We assign the peak at 3.4 eV to 
0 

I 

E
0 

, and the one at 3.45 eV to E1 . The spectrum in the E2 and E1 

regions are similar to those of others. We can decompose the spectrum 
I 

into one strong and one weak peaks in the E
2 

region, and one in the E
1 

region. 

IV. DISCUSSION. 

A qualitative comparison between our spectra and the spectra obtained 

fro~ electroreflectance2 •3 and thermoreflectance6 •7 measurements should 

be made. At room temperature, our spectra compare well with thermo-

reflectance 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. vlhile we 
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recognize no new structure in the E
1 

region, there are generally more 
I I 

distinct structures in E
0

, E2 , and E
1 

regions. 

We must now identify the various reflectivity peaks in our spectra 

with particular interband transitions in the crystals. It was believed 

that a reflectivity peak which is usually originated from an absorption 

peak was likely to come from critical interband transitions at a point 

of high symmetry. Recent calculations,1 •16 however, indicate that a 

strong reflectivity peak should come from critical interband transitions 

over a region in the Briilouin zone, not necessarily around a point of 

high symmetry. We shall use this as a general principle in the assignment 

of reflectivity peaks. 

For the ~1rpose of illustration, we reproduce in Fig. 10 the band 

structure of GaSb. 1 •17 The band structures of the other semiconductors, 

except Si, are qualitatively similar to that of GaSb. For Si, the 
I 

point r
1
(r

2
) appears to be higher in energy than r

15
. (We use here the 

zincblende group notatbns for Si and Ge;) The band structure of Fig. 10 

should be modified accordingly.
18 

A direct consequence is that Si 

has an indirect energy gapalong 6. In Fig. 10, we use arrows to indicate 

critical transitions with large joint densities of states in those 

general areas of the Brillouin zone. These are the transitions which 

may give rise to theobserved reflectivity peaks. 

Let us now discuss each spectral region separately for the six 

crystals. Assignment of all the observed reflectivity peaks to the 

corresponding interband transitions is suw~arized in Table I. Our 

assignment is based on the available information about the band 

. 1 16-23 structures of these sem1conductors. ' Unless specified, we shall 

r. 
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always refer to the spectra at 5°K. 

A. The E
1 

Region 

Except for Si, all our spectra show a sharp doublet. It is 

generally agreed that this, doublet correspor1ds to A
3 

-+ A
1 

transitions 

with the A
3 

level spin-orbit splitted. 1 ' 3 A simple analysis 23 shows 

that the spin-orbit splitting of A
3 

near 1 should be around 2/3 of the 

spin-orbit splitting at r
15

. No spin-orbit splitting should exist for 

24 
the A1 level. As shown in Table II, the observed splittlng of the 

doublet confirms the above 2/3 rule. 

The e~istence of reflectivity peaks for 1
3 

+ 1
1 

transitions has been 

1 14 
a mystery. ' The fact that we have seen no additional structure in 

the E
1 

region indicates that either the 1
3 

-+ 1
1 

transitions are too weak 

or they are hidden in the A
3 

-+ A
1 

structure. 
I 

The band structure of Si puts f
1

(f
2

) above r
15

. Thismakes the 

A
3

-+ A
1 

transitions and the ~::. 5 -+ 1::.
1 

(4-5) transitions partially degenerate 

18 in energy. As shown in Fig. 7, 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 3~45 eV peak to the A
3

-+ A1 transitions, and the 

3.40 eV peak to the/;; -+ 6 (4-5) transitions. The spin-orbit coupling 
5 l 

in Si is small .. It gives a splitting of 0.04 eV at r15 (r~ 5 ), 3 ' 25 

and even smaller splittings along 11.
3 

and 1::.
5

. 23 The resolution of our 

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

of either A
3

-+ A
1 

or 6
5

-+ 6
1 

(h-5) transitions. We therefore rule out 

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

to the spin-orbit doublet 9J the A
3

-+ 11.1 transit'ions . 
. I 
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Figures 2-7 show that all the E1 peaks appear significantly 

sharper at lower temperatures. This suggests possible exciton effect 

associated with the A
3 

+ A1 transitions. Shaklee, et a19 have shown 

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

lineshape of the E
1 

peaks. 11 
Rowe, et al have also confirmed the 

existence of hyperbolic excitons from the pressure dependence of the 

E1 peaks. Our spectra suggest that this exciton effect is present in 

all III-V and group IV semiconductors. 
I 

B. The E Region 
0 

I 

We can identify a doublet in the E group for the four III-IV 
0 

I 

compounds and a single peak for the two group-IV elements. These E 
0 

peaks were originally assigned to 4-5 transitons at or near r,14 •3 

. 17 19 but the low joint density of states near r rules out such an asslgnment. ' 

The peaks are more likely due to 6
5 

+ 6
1 

(4-5) transitions away from 
17,19 

r. Oniy the 6
5 

level is spin~orbit splitted. . 17 25 Pseudopotentlal ' 

and k • R calculations21 indicate that the spin-orbit splitting along 

6
5 

should be even smaller than the splitting at L
3 

(band 4) (which is 

2/3 of the splitting at r
15

). Our results agree well with this assertion. 
I 

The observed E doublet for a III~V compound has indeed a splitting 
0 

smaller than that of the E
1 

doublet (see Table II). In Ge, the symmetry 

points at x
5 

become degenerate, and calculation shows that the spin­

- 23 
orbit splitting along 6

5 
( 4) should be small. We vrould nbt expect to 

resolve the spin-orbit doublet in the Ge spectrum. -we should there-

fore ~ssign the single E
0 

peak of Ge to 6
5 

+ 61 (4-5) transitions. 

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

,_ 



-13- UCRL-19091 

C. The E
2 

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 

decompose the E
2 

group quite unambiguously into a broad strong reflectivity 

peak and several small peaks at higher energies. Pseudopotential 

calculation
1

•
16

•17 •19 indicates that this broad peak should be due to 

E
2 

+ E1 (4 + 5) transitions over a large region in the Brillouin zone. 

The spin-orbit splitting along E1 is small, 17 •23 and vrould be difficult 

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

observe a reflectivity peak corresponding to x
5 

+ x
1 

transitions at an 

energy between E
2 

+ E
1 

(4-5) and t:..
5 

+ t:..
1 

(4-5) transitions. We cannot 

recognize any such structure in all ou~ spectr~. This suggests that 

either x
5 

+ x
1 

transitions are too weak or they are hidden in the broad 

E
2 

+ E
1 

(4-5} peak. 

The small E
2 

peaks have higher energies than the E
2 

+ E
1 

(4...:5) 

transitions. As seen from Fig. 10, 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 E2 structures, but we 

can unambiguously identify pne peak in Ge, and Si, three in InAs, InSb, 

and GaSb, andprobably also three in GaAs. We then recognize that 

for all the III-V compounds, the spacing between two of the three peaks 

agrees quite well with the spin-orbit splitting of the t:..
5 

level (see 

Table I). We therefore assign the doublet to 4-6 transitions along 

26 
/::.. (close to X). The same transitions should give rise to only one 

reflectivity peak in Ge and Si, since the spin-orbit splitting along 
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. . 23 25 
6

5 
for these two elements lS small. ' Accordingly, the small E

2 

peak of Ge a~d Si should correspond to 65 + 6
1 

(4-6) transitions. The 

remaining small E2 peak of the III-V compounds is assigned to 4-6 

transitions around E as suggested by pseudopotential calculation. 27 

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

because of the slight difference in their band structures. 
I 

D. The E
1 

Region. Our spectra, limited by the uv cutoff of the 
I 

spectrometer, cover only part of the E
1 

region in Si, Ge, GaSb, and 
. I 

InSb, and none in GaAs and InAs. The E1 peaks are normally assigned to 

4 6 ~ L. 3, 28 ~ - transitions along H close to Both 11
3 

levels are spin-orbit 

splitted, but the splitting of /1.
3

(6) is expected to be considerably 

Of ~3(4).17,20 smaller than that H We should therefore expect to see two 

doublets separated by the spin-orbit splitting of /1.
3

(4). 

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

one unresolved reflectivity peak as expected. In Ge, we can identify 

two peaks with a separation somewhat larger than the splitting of the 

/1.
3 

+ /1.
1 

doublet. This suggests that the splitting of /1.
3

(6) in Ge 

is very small, and the observed /1.
3 

+ /1.
3 

transitions are closer to L than 

the /1.
3 

+ /1.
1 

transitions. In InSb, where the spin-orbit coupling is 

larger, we have actually observed three peaks with the fourth one being 

cut off by our spectrometer. The spin-orbit splitting of /1.
3

(4) derived 

from them is again somewhat larger than the splitting of the /1.
3 

+ /1.
1 

doublet. The separation of.the two closely overlapping peaks gives 

the spin-orbit splitting of /1.
3

(6) near L (see Table II). In GaSb, 

we can observe only one doublet with a small splitting corresponding 

to the splitting of /1.
3

(6). The other doublet at higher energy should be 

I 
I 
I 
t 

.. 
! 
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outside the range of our spectrometer. 

From the above description, we have seen that the consistency of 

our assignment of reflectivity peaks is remarkable good. For more 

quantitative discussion, one must, however, resort to pseudopotential 

1 
calculations. We have deduced from our spectra the spin-orbit splittings 

at various symmetry points in different crystals. The results are 

summarized in Table II. 

We can also obtain from our spectra at various temperatures some 

information about the temperature dependence of the band structures. 

Figures 2-7 show that all the major reflectivity peaks shift to lower 

energies at higher temperatures. This temperature effect can be 

understood qualitatively from thermal expansion of crystal lattices 

29 and the Debye-Waller effect. Expansion of a lattice should reduce 

the energy separation between bands. Lattice vibration at finite 

temperatures should decrease the effective core potenti,al by the 

Debye-vlaller factor, and hence decrease the spli ttings 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 E
1 

doublet and the major 

E
2 

peak of GaAs. The three curves behave similarly. We can deduce 

from these curves an average temperature coefficient of 

dE/dT = (5.3 ± 0.4) x 10-4 eV/°K for the E
1 

doublet and 

(3.6. ± 0.4) x 10-4 eV/°K for the E
2 

peak in the temperature range 

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

with the exponential dependence 
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with, for example, A= 0.28 eV, B = 320°K for the E
2 

peak. In the other 

crystals, we have observed similar temperature dependence of the 

reflectivity peaks. We present in Table III the observed temperature 

coefficients of the E
1 

and the major E
2 

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 seen from our spectra, all the structures become sharper at 

lower temperatures. This is presumably due to reduction of lifetime 

broadening. In particular, the E
1 

peaks have been associated with 

hyperbolic excitons partly for this reason. There are also remarkable 
-I 

sharpening of E
2 

and E
1 

peaks at low temperatures. It would be interesting 

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 improvement on the spectral resolution over other techniques. 

In particular, our low-temperature spectra give more clearly-defined 

reflectivity peaks than either electroreflectance or therinoreflectance 

spectra. With available information about the band structures, the 

spin-orbit splittings, and similarities among the semiconductors, we 

can consistently assign all the observed reflectivity peaks to proper 

critical transitions between bands. Values of spin-orbit splittings at 

various symmetry points can then be deduced. Results agree well with 

simple theoretical'estimates. 

Our measurements at various temperatures also yield valuable 

, ! 
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information about the temperature dependence of the band structures. 

As predicted by qualitative argument, all the reflectivity peaks shift 

to higher energies at lower temperatures. The structures in the 

spectra generally become much more pronounced at lower teml?eratures. 

Sharpening of the E1 peaks at lo¥r temperatures is particularly 

striking and can be explained in terms of reduction of lifetime 

broadening of the hyperbolic excitons associated with A. Whether the 

exciton effect is also important in the other transitions remains to 

be investigated. 

To help us make sure that our assignment of reflectivity peaks 

is correct; measurements on samples under uniaxial stress should be 

performed. That a stress can .be exerted on the sample without much 

complication is another advantage of the wavelength-modulation scheme. 

The pressure dependence of the reflectivity spectrum should also yield 

valuable information about hyperbplic excitons associated at various 

t . 30 symme ry polnts. 
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TABLE CAPTIONS 

Table I. Energies (eV) of observed reflectivity peaks in the six 

crystals. Assignment of various peaks to particular interband 

transitions is also given. 

Table II. Spj.n-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
15 

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

M. Cardona, Phys. Rev. l7h, 828 (1968). 

Table III. 
-4 eV Average temperature shifts in unit of 10 /°K between 

80 and 300°K for the E1 doublet and the major E2 peak in the six 

4 -4 eV crystals. Accuracy is ± 0. x 10 /°K. 

i. 
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FIGURE CAPTIONS 

Fig. l. Ref1ecti vity spectrwn and logarithmic derivative reflectivity 

spectrum of InSb at 5°K in the.range between 1.75 and 6 eV. 

Fig. 2. Logari.thmic derivative of the reflectivity spectrum of GaAs at 

5, 80, and 300°K. 

Fig. 3. Logarithmic derivative of the reflectivity spectr~~ of GaSb 

at 5, 80, and 300°K. 

Fig. 4. Logarithmic derivative of the reflectivity spectrum of InAs 

at 5, 80, and 300°K. 

Fig. 5. Logarithmic derivative of the reflectivity spectrum of InSb 

at 5, 80, and 300°K. 

Fig. 6. Logarithmic derivative of the reflectivity spectrum of Ge 

at 5, 80, and 300°K. 

Fig. 1. Logarithmic derivative of the reflectivity spectrum of Si 

at 5, 80, and 300°K. 

Fig. 8(a). Electroreflectance spectr~~ of InAs at room temperature 

(reproduced from Ref. 3). 

(b). Thermoreflectance spectrum of InAs at 77°K (reproduced -. 
from Ref. 7). 

Fig. 9. Decomposition of the derivative reflectivity spectrum of InSb 

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

in the text. 

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

indicate interband transitions which are possibly responsible for 

the observed reflectivity peaks. 

Fig. 11. Temperature shifts of the E
1 

doublet and the .major E
2 

reflec­

tivity peak of GaAs. 
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