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OPTICAL PROPERTIES OF SEMICONDUCTORS

Rolf W. Martin* and Otto A. Srobel?

Abstract — A computer based laboratory experiment in the
physics lab for students of communications engineering,
computer engineering and software engineering is
described. The aim of the experiment is to bring the students
at an early stage into practical contact to modern physics
such as semiconductors, wave and quantum optics, and to
gain a deeper understanding of the mechanisms of
absorption and emission of light by semiconductors. The
actual experiment is divided into three parts: After getting
acquainted with the experimental set-up by calibrating the
spectrometer the students measure the absor ption coefficient
in gallium phosphide and finally some emission spectra of
different LEDs.

INTRODUCTION

Edingen Universty offers enginesring degrees in  different
fields of professond enginesring. The education regulaly
takes four years divided into eight semesters. Since physcs,
dong with cdculus chemisry and some other subjects, is
conddered to be the bads of modern technologies our
students atend lectures in experimental physics in ther first
two semesters. Usudly such a course is supplemented by
laboratory experiments which are conducted by the students.

The experiment described in this paper was developed
for dudents of communications engineering, computer
engineering and software engineering. In their firsd semester
they atend a physics lecture of three periods (3 = 90
minutes) per week which mainly deds with mechanics In
the second semester the lecture is two periods per week and
covers waves, some quantum mechanics and solid dae
physics, especiadly semiconductor physics During the
second semester the dudents have to do four laboratory
expeiments. Each experiment takes about three hours and is
caried out by two sudents. A detailed laboratory report
must be completed and has to be submitted two weeks after
the performance of the experiment.

For the dudents of communications engineering and
computer engineering a sound knowledge of the properties
of semiconductors is of grest importance. Therefore, besides
the dasscd mechanicd experiments we introduced two
experiments that cover this topic. One gpparatus is designed
to messure the Hal effect and some basic properties of
semiconductors, the other one which is described in this
paper deds with the opticd propertties of semiconductors.
Paticularly those <udents who intend to specidize in

optodectronics, which is one of the eectives offered in
higher semedters, teke advantage of a deeper understanding
of the interaction between light and semiconductors.

CALIBRATION OF THE SPECTROMETER

The opticd key indrument of the equipment shown in
figurel is the spectrometer. It is a monochromator of Cerny-
Turner type with a focus length of 22 cm. The grating is 50
mm wide and is ruled with 1200 groovesmm; it is blazed for
500 nm. The grating can be rotated manudly by means of a
turning knob a the front of the housing. The transmitted
wavelength can be read from a wavelength indicator. The
monochromator is equipped with exchangegble dits of fixed
width.

From the accompanying lecture the students know about
the dispersve propeties of a diffraction grating. However,
they have in generd never worked with a commerda
insrument before and therefore it is important that they
become acquainted with it. Thus dfter the supervisor has
explaned the main features to them, they have to cdibrae
the wavelength read-out. This is done by focussng a low
pressure mercury lamp onto the entrance dit of the
monochromator as shown in figure 1. The wavdengths of
the spectrd lines of mercury are wel known from literature
[1] and listed in table I. By turning the wavelength knob the
grating is postioned so that the light of eg. the prominent
green line a 546.1 nm is fully trangmitted through the exit
dit. The found read-out of 546.6 nm is the actudly messured
wavelength of the spectrometer. A compilation of typical
results for the different wavelengths is presented in table 1.
As the measuring errors gppear to be within a bandwidth of
+ 1 nm, which is just the specified accuracy, the instrument
is considered as being adjusted setisfactorily.

The cdibration procedure is done purdy “by hand”
while the intensity of the transmitted light is judged by the
human ee Of course, this measurement could be
accomplished dso with the aid of the photodiode and the
amplifier which will be used laer anyway. However, we
think that it is very important for te students to experience
physics not only by means of computer controlled machines
but dso by manudly handling and playing with things and
usng the human senses ingead of dectronic sensors A
much better feding and understanding of the performance
and the limits of an instrument isthus gained.
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FIGURE 1
BLOCK DIAGRAM OF THE EXPERIMENTAL SET-UP
TABLEI gap is a fundamenta quantity of the semiconductor and

WAVELENGTHS OF SPECTRAL LINES OF A LOW PRESSUREMERCURY LAMP.
COMPARISON BETWEEN THE MEASURED VALUES AND THOSE TAKENFROM
THE LITERATURE([1]

Reference wave- Measured wave- Meesuring error
length, | /nm length, I ,/nm (-1 pom
579.1 579.6 -05
577.0 5771 -01
546.1 546.6 -05
491.6 490.8 08
435.8 434.3 15
407.8 407.1 0.7
404.7 4045 0.2

ABSORPTION OF LIGHT

Theory

The sudents know from the accompanying physics lecture
that in sngle atoms eectrons may occupy only well defined
“dlowed” energy daes. In solids the dectrons do occupy
more or less broad alowed bands sepaated by “forbidden”
gaps A dample energy-band scheme of a semiconductor is
depicted in figure 2. At temperatures close to 0 K, the
highest vadence band is filled with dectrons. The next higher
dlowed band, the so cdled conduction band is empty. The
two bands are separated by an energy gap of width Eg This
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influences many properties of the materiad. Therefore, one of
the tasks of the students is the determination of the band gap.
At room temperature a condderable number of dectrons has
been lifted from the valence band into the conduction band
leaving holes in the dectron sea of the vaence band. The
necessary energy is gained from therma movement.

A trangtion of dectrons from the vaence band into the
conduction band can dso take place if the required energy is
supplied by radiaion. According to Eingein's theory,
radiation can be conddered as a flow of opticd quantum
paticles cdled “photons’. Each photon carries a cetan
amount of energy which is proportiona to the frequency, n,
of the dectromagnetic wave and is given by

c

Eph = hn :hl—; @

h beng Planck’s congant, ¢ the velocity of light and | the
wavelength [2]. It becomes dear that light can only be
absorbed in a semiconductor if the energy of the photons is
larger than the band gap, ie Epp ® Eg In other words: the
wavdength of the light must be smdler than the wavelength
| 4 that corresponds to the energy gap, Eg:

c

| £1 ,=h—.

9 Eg

If this condition for absorption is met, it appears that the

opticd power of the light wave, F, is exponentialy reduced

while travelling through the crystd. If the power which is
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coupled into the crysta is denoted by Fg, the transmitted
power that leaves acrystal of thicknessd isgiven by

F =Fyep(-ad). )
a is cdled “absorption coefficient” and has to be detemined

by the students. From (3) it follows that
0
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FIGURE 2
PROCESSES OF LIGHT ABSORPTION AND EMISSION REPRESENTED IN THE
ENERGY-BAND SCHEME OF A SEMICONDUCTOR

Experiment

The block diagram of figure 1 shows that the light which is
being transmitted by the monochromator fals on a slicon
photodiode. The signd is fed into a lock-in amplifier which
is tuned to the reference frequency of a mechanica chopper.
This lock-in technique is widely used in optics to enhance
the dgnd-to-noise ratio. After andogto-digitd converson
the data are fed into the computer via an IEEE 488 bus. The
grating of the monochromator is turned by means of a
stepper motor which is activated vial/O card from the PC.

In order to messure the absorption coefficient according
to (4), the quotient (F/F 0) is needed. Therefore, a firs
spectrum which is denoted Fq(l) is measured without a
semiconductor in the opticd path. As for the investigated
materid gdlium phosphide (GaP) the band gep is close to
225 ¢V, the intereting wavelength region is from 500 to

600 nm. Next the crystd of thickness d = 045 mm is put
close to the exit dit and the amplifier is adjusted so that the
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sgnd a 600 nm is identicd to the signd measured without
the semiconductor. The judification of this adjustment is
given by the fact tha for waveengths wel above the
fundamental  edge, 1o absorption does not teke place.
However, as GaP like dl semiconductors has a high index of
refraction (n » 328 @ 600 nm, [3]) it exhibits a high
reflectance (28 % @ 600 nm, [3]) and therefore the actud
power levels F (600 nm) and F (600 nm) are not equd.

The results of the measured spectra F(l) and F(l) are

plotted in figure 3 &. Figure 3 b) presents the redion
F()Fo() & cdculated by the computer. It seems

interesting to note that the spectra characteristics of the
lamp (here a tungsten lamp was used) is of no importance
for the resulting curve of F (1 )/F o(1).

Optical power in arb. units

1 -
75 - :
5 t 3
25 | -
520 580 600
Wavedength | /nm
FIGURE 3

A) MEASURED SPECTRA OF THE OPTICAL POWER F (] ) WITHOUT, AND

F(l') wiITH GAP CRYSTAL,
B) CALCULATED POWER QUOTIENTF (I )/Fg(l)

The semiconductor GaP is especidly suitable for such a
student experiment because the fundamenta absorption edge
lies in the middle of the vishle spectrum and therefore the
dudents can literdly “see” the band gap of the
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semiconductor by looking through the crystd againgt white
light. It appears that GaP has got a reddish-yelow color
which is due to the fact that the short wavelengths of the
white light (violet and blue) are absorbed and the long
wavelengths (yedlow and red) ae transmitted. The
absorption edge liesin the green region.

In their laboratory report the students have to caculae
and plot the absorption coefficient, a, by using (4). A typicd
result is presented in figure 4. The intersection of the tangent
to the a(l) curve with the horizontd axis leads to
Iy » 551 nm. Accordingly, the band gap of GaP is found to

be Eg» 2.25 eV in good agreement with the literature [3, 4].

0

530 540 550 560 570 [/nm

HGURE 4
CALCULATED ABSORPTION COEFFICIENT
USING THE DATA FROM FIGURE 3 B)

EMISSION OF LIGHT

Theory

The above mentioned physics course is dso concerned with
emisson of lignt and the students should be wel prepared
for this subject. If the conduction band is filled with more
than an equilibrium digtribution of eectrons then dectrons
can fdl back spontaneoudy into holes of the vaence band.
In the course of this recombination process energy is
rdeased either in form of light or heat. In the case of
radiative recombinaion one photon is emitted for each
trangtion as shownin figure 2.

The emission of radiation is reaed to the trandtions of
eectrons from the higher energy levd in the conduction
band to the lower levd in the vaence band. The vdue of the
energy gap, Eg, between these levels is ditinctive for every
semiconductor, eg. for GaAs Eg » 143 eV. The photon

energy of the radiaive emission is gpproximady the same
asthe energy of the forbidden gap:

Eon »Ec- BEv =&y ©)
Hence, the center wavedength of the radiaion can be
cdculated usng (2):
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The wavelength and the color of the emitted light
consequently depends on the band gap of the semiconductor
which can be controlled by techniques of crysta growth.

Furthermore, by this laboratory experiment the students
should learn that there is no source which emits light a a
sngle wavelength. It is impossble to redize pure
monochromatic light, but there is aways a polychromatic
behavior which can be undersood as follows The
condgdered dectrons and holes show an energy distribution
that resembles the dendty of molecules in the amosphere
which becomes thinner the higher we go. Figure 5 depicts a
schematic sketch of the didribution of eectrons in the
conduction band and holes in the vaence band. From this
distribution it is clear that the emitted photons have different
energies depending on the actud energies of the dectrons
and holes prior to recombination.
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FIGURE 5
THERMAL DISTRIBUTION OF ELECTRONS AND HOLES
IN A SEMICONDUCTOR

To gan a rough idea of the expected spectrd line width
of the emitted radiation it can be argued, following dasscd
thermodynamics, thet the distribution of eectrons and holes
hes an energetic width of 3kT each, whee k is

Boltzmann's congant and T the dbsolute temperature.

Therefore, the emisson bandwidth is expected to be
approximately
DE » 3kT . @)

This energy bandwidthDE can be reca culated into a spectrd
bandwidth, DI , in terms of wavelengths:
| |2

DI =—3kT =— 3KkT. 8
g hc

It can not be expected from this smple theory that the
experimentd line width is in pefect agreement with the
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prediction of (8), but it will be seen in the next paragraph
that the agreement is ressonable The correct spectrd line
shgpe for bandto-band trandtions can be cdculaed by a
convolution integra over the density of dates and the Fermi-
digribution functions of the eectrons and holes [4]. This
leeds indeed to a beiter agreement between theory and
expeiment but is much too complicated for students at that
dage.

The quantitetive description of the bandwidth is
determined by the FWHM definition (full width at haf
maximum). The gpplicaion of a genedly accepted
definition by internationa <Standards is very important to
meke results comparable. Otherwise serious mistakes could
occur. This has to be pointed out when teaching students to
understand meesured diagrams.

Radigtive  recombingtion is the basc underlying
principle of light-emitting diodes (LEDs) and semiconductor
lasrs. An LED congsts of a p-n junction, where in the A
doped region there is an excess of dectrons in the
conduction band whereas in the pdoped region an excess of
holes in the vadence band is registered. By applying a
forward current, eectrons will flow from the ntype to the
neighboring p-type region and holes vice versa. This process
dlows a huge recombination rate of dectrons and holes and
leads therefore to the emission of light.

Experiment

The experimentd set-up is practicdly the same as the one
used for the absorption messurement (see figure 1), except
for the replacement of the tungsten light source by the LEDs
under test and obvioudy the GaP crystd is removed. The
measurement  procedure is dso nealy unchanged. Figure 6
depicts the result, i.e. a plot of the opticd power versus
waveength of three LEDs measured consecutively.
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FIGURE 6

MEASURED SPECTRA OF THE OPTICAL POWER VERSUSWAVELENGTHFOR
THREE DIFFERENT LEDS(GREEN, YELLOW, RED)
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The messurement yields spectrd bandwidths of 30, 35
and 39 nm, repectively, whereas from the cdculation on
the badis of (8) line widths of 20, 22 and 27 nm, respectively
ae expected. The agreement of the experimentd result and
the theoretical prediction is only of quditative nature due to
the shortcomings of the goplied theoreticd modd as
explaned in the previous section. However, the <udents
may eesly veify that the line width is temperature
controlled according to (8). This can be done by changing
the forward current of the LED. With increasing current the
temperature within the LED is raised which results in a
broadening of the line width. In particular, the tendency of
risng bandwidth with increesng wavdength is in good
agreement with the theoretica prediction of (8).

CONCLUSIONS

The rather complex processes of the interaction between
radigion and matter can be made quite cdear even to
undergraduate  students by practicd measurements  of
absorption and emission of light by semiconductors. The use
of semiconductors whose band gap corresponds to
wavdengths within the visble spectrum seems especidly
adequate. In this case, the students can intuitively understand
the underlying principles simply by visud inspection of the
colored light; i.e. sudents not only read out the center
wavelengths of the LED emisson to be 560, 590 and 650
nm, respectively, moreover they aso identify the colors
green, yellow and red Smply by looking at them.

The success of the laboratory experiment is
dependent on a good preparation of the students. Besides the
accompanying lecture the dudents receive a comprehensive
description of the physcd fundamentds as well as some
details concerning the experimenta set-up.
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