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An experimental setup that employs lock-in detection to measure the optical transmission data
on a bulk semiconductor sample is described. A straightforward manipulation of these data
yields the semiconductor’s absorption coefficient a in the energy range near its absorption edge
(0<a <100 cm™"). The theory of optical transitions in semiconductors required to analyze the
resulting absorption spectra is presented. It is shown that a model based on an indirect optical
transition involving a single phonon accurately describes data taken on a silicon sample. Based
on this analysis, a value of (1.098+0.004) eV for silicon’s indirect band gap and an energy of
(51=£4) meV for the involved phonon is deduced. Conversely, it is shown that data taken on a
gallium-arsenide sample are consistent with a model based on a direct optical transition involv-
ing exponential band-tail states. A value for the band-tail’s Urbach slope of Ey=(6.7+0.2) meV
is found. All of these results accurately agree with published values. This laboratory demon-
strates important concepts in solid state physics via universally applicable experimental tech-

niques at a level appropriate for upper-division undergraduates.

I. INTRODUCTION

The most direct and perhaps simplest method for prob-
ing the band structure of a semiconductor is to measure its
optical absorption spectrum. In the absorption process, a
photon of known energy excites an electron from a lower
to a higher energy state within the semiconductor. Thus,
by inserting a wafer of semiconducting material into a
monochromatic light beam and studying the changes.-in
transmitted optical intensity as a function of wavelength,
one can investigate some of the possible quantum-
mechanical transitions that the semiconductor’s electrons
can make and learn much about the distribution of allowed
electronic energy levels.

A bulk semiconductor’s optical absorption coefficient a
can be directly calculated from optical transmission data.
When light of intensity /, and wavelength A is incident on
a semiconducting wafer of thickness x, a transmitted in-
tensity J emerges at the opposite face. Accounting for mul-
tiple reflections that occur within the wafer, the transmis-
sion coefficient T=1/1I,, is given by'™
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T=[(1—R)?exp(—ax)]/[1—R? exp(—2ax)],
(D

where R is the reflection coefficient at the air-
semiconductor interface. Near its band edge, the imaginary
part of a semiconductor’s index of refraction k=Aa/4w is
much smaller than the real part #; thus the reflection co-
efficient becomes

R=[(n—1)2+K2)/[(n+1)2+K?)

=[(n—1D/(n+1]~ (2)
For example, in the experiment described below, the larg-
est a considered is 100 cm™!, while A~1 pm. Conse-
quently, k<1072/4mr =~ 1073, Since n=3.4 for both Si and
GaAs, the approximation of Eq. (2) is clearly valid.

The dominant mechanism for optical absorption in a
semiconductor of band gap E, is valence band-to-
conduction band electronic transitions.** Assuming par-
abolic bands, it has been shown that if a photon of energy
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Fig. 1. Block diagram of optical transmission measurement system.

E directly creates an electron-hole pair (as at the band
edge in a direct gap semiconductor), the absorption coef-
ficient is given by

a=A(E—Ep)"", ©)

where the constant 4 depends only on material properties.
However, quite commonly in direct gap semiconductors,
disorder due to impurity and temperature effects will cause
exponential band-tails of electronic states to extend into
the semiconductor’s forbidden gap. Then, near the absorp-
tion edge, optical transitions from a parabolic band to an
exponential band-tail state are manifested by an exponen-
tially varying absorption coefficient,

a= B exp(E/Ep), (4)

where B is a constant and K, is the Urbach slope, a pa-
rameter describing the steepness of the exponential band-
tail. On the other hand, if a phonon of energy E, is rex
quired to conserve momentum in the optical production of
an electron-hole pair (as at the band edge in an indirect
semiconductor), assuming parabolic bands,

a=a,+a,, (5)

where a, is the absorption coefficient due to transitions
involving the absorption of a phonon

a,=C(E—E,+E,)% E>E,~E, - (6)

and a, is the absorption coefficient due to transitions in-
volving the emission of a phonon

a,=D(E—E,~E,)? E>E+E, )

where the constants C and D depend on material proper-
ties and temperature. Note that in the &, process, a photon
along with a thermally available phonon creates an excited
electron, while in the a, process, a photon creates both a
phonon and an excited electron. Thus the latter process has
a greater optical energy threshold.

A recent paper presented an optical transmission lab-
oratory designed for thin-film semiconductor samples.’
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Fig. 2. Transmission coefficient vs optical gth data taken on sili-

con and gallium-arsenide samples.

The analysis for this experiment utilized the interference
pattern apparent in the transmittance data to extract the
sample’s complex refractive index and, subsequently, the
semiconductor’s band gap. In this paper, we report an al-
ternate experimental method that employs lock-in detec-
tion to directly determine a bulk semiconductor’s absorp-
tion coefficient a near its band edge (a<10* cm™').
Straightforward analysis of this data reveals the nature of
the semiconductor’s band gap (whether direct or indirect),
yields accurate values for parameters that describe band
structure features (e.g., E,,E;) and, in the case of an in-
direct gap, determines the phonon energy involved in the
optical transition. We demonstrate the application of this
technique with data taken on silicon and gallium—arsenide
samples.

II. EXPERIMENT

Figure 1 illustrates our experimental system, optimized
for the investigation of samples with E, in the near infra-
red. A 100-Watt tungsten-halogen source illuminates the
280-pym-wide entrance slit of a 1/8-m monochromator
(Oriel 77264SPR) equipped with a 600-lines/mm diffrac-
tion grating (Oriel 77299). Exiting light passes through a
280-pm-wide slit followed by an externally mounted
800-nm long-pass interference filter (to eliminate second-
order wavelengths) and condensing lens, producing a col-
limated monochromatic beam of variable A in the range of
800-1600 nm with a bandpass of 4 nm. This beam is me-
chanically chopped (typically at 4 Hz, the lowest fre-
quency available from our Ithaco 230 chopper, in order to
maximize our detector output) then focused onto an Eltec
404VM pyroelectric detector (chosen for its wide spectral
response and low cost). The pyroelectric detector’s output,
which is proportional to the modulated light intensity, is
monitored by a PAR 5209 single-phase lock-in amplifier.
For a given 4, the incident intensity I, is measured with the
sample withdrawn. Then, with the sample placed in front
of the detector, the transmitted intensity I is measured and
the transmission coefficient 7'(1) =1/1, is calculated. The
entire setup is mounted on a 31 ft Newport breadboard
and is immune to environmental influences such as room
lighting and nearby heated bodies (e.g., students) by virtue
of the lock-in detection method.
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Fig. 3. Semi-log plot of absorption coefficient @ vs optical energy for
silicon sample. Dominant cause of a-uncertainty in the low- and high-
energy range due to uncertainty in reflectivity R and transmitted intensity
I, respectively.

Our silicon sample is a 1-in.-diam, (1.00+=0.02) mm-
thick disk that is optically polished on both sides and con-
veniently mounted in a Newport filter holder. Such sam-
ples, stocked as IR windows, are readily available from
several optical companies. With a 1-mm sample thickness,
our optical system allows sensitive detection for values of a
up to about 50 cm ™. Alternately, we obtained good results
by optically polishing a 0.5-mm-thick silicon wafer (of the
type used in device fabrication) in a geology thin-sections
lab. This smaller thickness increased our sensitivity to a by
a factor of two. Our gallium-arsenide sample is a commer-
cially purchased 2-in.-diam (0.50+0.03) mm-thick un-
doped wafer, optically polished on both sides.

III. ANALYSIS AND RESULTS

Figure 2 shows T(A) data taken on our samples at
wavelengths ranging from the transparent regime (a=0)
to the limits of detectability in the absorptive region (a
~100 cm™!). For Si and GaAs, this range corresponded
to data from A=1300-900 nm in 10-nm increments and
A=960-892 nm in 2-nm increments, respectively.

To extract a(A) from these measurements, we exploited
the fact that n and, therefore, R [see Eq. (2)] are only
slightly varying over the narrow energy range of our data.®
Thus we deduced a value for R from the long-wavelength
portion of the data and used this value in analyzing all of
our measurements. From Eq. (1), we see that when a=0,

T=(1—R)/(1+R). ®)

Averaging values calculated in the transparent region of
1300-1200 nm for silicon and 960-950 nm for gallium—
arsenide, we obtained a value of R=0.31+0.01 and
R=0.33£0.01 for Si and GaAs, respectively. These fig-
ures are consistent with published values for the near-
absorption-edge index of refraction in silicon and gal-
lium arsenide.

Armed with this knowledge of R, the measured T(A)
data, the known thickness of our samples and the following
solution derived from Eq. (1):
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Fig. 4. Plot of a'? vs optical energy for silicon sample. Least-squares fit
for low-energy linear region (due to phonon-absorption process) shown
with extrapolation to higher energies. x-intercept is E,— E,=(1.047
+0.004) eV.

_a=—x""In([{(1-R)*+4T*R*}'/
—(1—=R)?1/2TR?), . 9)

we calculated the value of a at each wavelength in the
absorptive regime. Applying the rules of propagation of
errors to Eq. (9), we found that the calculated value of a
varied by only a few percent for £0.01 uncertainties in R,
except when a=0, i.e., in the transparent region. Signifi-
cant uncertainties also occurred at our largest a values due
to the low signal-to-noise ratio of transmitted intensity
measurements in that regime.

Figure 3 displays the absorption spectrum that was ob-
tained on our silicon sample. We demonstrate that indirect
optical transitions between parabolic-shaped band edges
are responsible for producing this spectrum by the follow-
ing analysis.

A. Phonon-absorption transition

Equations (5)—(7) predict that for optical energies E
<E,+E,, a=a,only. Thus, for an indirect gap semicon-
ductor, a linear region should appear in the low-energy
portion of a plot of a'/? vs E. From Eq. (6), the x-intercept
of this straight-line portion is (E,— E,). Figure 4 displays

[(1 — 0{2]”2 (Cm—IIZ)
&
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Fig. 5. Plot of a)/?=[a—a,]'"* vs optical energy for silicon sample. Lin-
ear least-square fit yields x-intercept of (E3+Ep) =(1.148+0.005) eV.
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Fig. 6. Semi-log plot of absorption coefficient a vs optical energy for
gallium-arsenide sample. Linear region above 1.37 eV indicates exponen-
tially varying region of a. Linear least-squares fit yields slope of
Ey'=(149£5) eVl

such a plot and identifies the low-energy linear regime. A
weighted linear least-squares fit for these data yields an
x-intercept value of  (1.047+0.004) eV. Also, using the
slope and y-intercept of this fitted line, the extrapolation of
a, absorption to higher (E>E,+E,) optical energies is
shown.

B. Phonon-emission transition

For optical energies E> E,+ E,, Eq. (5) indicates that
a, can be found by subtracting the extrapolated c, (deter-
mined above) from the measured a. Equation (7) then
predicts that a plot of (a—a ;)1 vs E will yield a straight
line with an x-intercept of (E,+E,). Figure 5 reveals that
such a plot does indeed produce a straight line. A weighted
linear least-squares fit results in a x-intercept value of
(1.148+0.005) eV for this fitted line.

The value of silicon’s indirect band gap and the
momentum-conserving phonon’s energy now can be easily
calculated. One-half of the sum and difference of the two
above x-intercepts yield the following values:

E,=(1.098+0.004) eV, : :
E,=(0.051+0.004) V.

These results are consistent with published values®’ based
on the single-phonon model that we have employed. (A
four-phonon model, which accounts for the four branches
of the phonon dispersion relation at a given k-value, has
been employed by G. G. MacFarlane et al.® to analyze the
temperature dependence of absorption-edge spectra, yield-
ing a value of E,=1.121 eV for silicon.)

It is interesting to compare our findings with informa-
tion known from independent techniques. Cyclotron reso-
nance measurements demonstrate that silicon’s conduction
band minima lie in the [100] directions. Comparison of our
experimentally determined range of E,=(47—55) meV
with the measured phonon dispersion relation for silicon®
identifies this energy interval as characteristic of either a
longitudinal acoustical or longitudinal optical phonon with
a wave vector k at 80%-100% of the zone boundary in the
[100] direction. Thus, based on our analysis, we deduce
that the conduction band minima occur at a momentum
value that deviates by at most 20% from the zone edge.
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This conclusion is in qualitative agreement with band
structure calculations that place silicon’s conduction band
minima at about 80% of the way to the zone boundary.

Figure 6 displays the absorption spectrum that was ob-
tained on our gallium-arsenide sample. This plot displays
the very steeply rising absorption edge (beginning at absut
1.37 eV) that is characteristic of a direct gap semiconduc-
tor. Noting the straight-line character of the absorption
edge on the semi-log plot, we conclude that a is propor-
tional to exp(E/E,) in the region of 1 cm~!<a <100
cm ™. Equation (3) then leads us to conclude the GaAs is
a direct gap semiconductor with significant band-tailing
into-its forbidden gap. A linear least-squares fit of our data
yields an Urbach slope value for the exponential band-tail
of Ey=(6.70.2) meV. This result agrees with published
reports, "1 which attribute a (5-7) meV band-tail to po-
tential fluctuations caused by ionized impurities in un-
doped GaAs.

IV. CONCLUSION

Using an experimental setup and data-analysis appropri-
ate for an upper-division laboratory, we have demonstrated
that optical transmission data taken on silicon is consistent
with a model based on indirect optical absorption between
parabolic band edges. We calculate the indirect band gap
to be about 1.10 eV, with the conduction band minima
occurring fairly near the zone boundary. Conversely, we
have shown that data taken on gallium-arsenide agrees
with a model based on direct optical transitions involving
exponential band-tails. This upper-division laboratory al-
lows undergraduates to gain insight into the interaction of
light with matter as well as valuable experience with ex-
perimental techniques such as lock-in detection and data
modeling.

ACKNOWLEDGMENTS

We would like to thank Ron Brown of California Poly-
technic University, San Luis Obispo, for helpful discus-
sions and Fred Pool of Jet Propulsion Laboratory for the
donation of our GaAs sample. This work was funded by a
generous gift from Captain and Mrs. Fred Bates and NSF-
ILI Grant No. USE-91-50979.

!3. 1. Pankove, Optical Processes in Semiconductors (Dover, New York,
1975), Chaps. 3-5.

T. S. Moss, Optical Properties of Semiconductors (Academic, New
York, 1961) Chaps. 1, 3, 9.

3G. G. MacFarlane, T. P. McLean, J. E. Quarrington, and V. Roberts,
“Fine structure in the absorption-edge spectrum of Si,” Phys. Rev. 111,
1245-1254 (1958).

“R. H. Bube, Electronic Properties of Crystalline Solids ( Academic, New
York, 1974), Chap. 11.

°L Martil and G. Gonzalez Diaz, “Undergraduate laboratory experi-
ment: Measurement of the complex refractive index and the band gap
of a thin film semiconductor,” Am. J. Phys. 60, 83-86 (1992).
SHandbook of Optical Constants of Solids, edited by E. D. Palik (Aca-
demic, New York, 1985), pp. 429443, 547-569.

’G. G. MacFarlane and V. Roberts, “Infrared absorption of silicon near
the lattice edge,” Phys. Rev. 98, 1865-1866 (1955).

8S. M. Sze, Physics of Semiconductor Devices (Wiley, New York, 1981),
Chap. 1.

%J. 1. Pankove, “Absorption edge of impure gallium arsenide,” Phys.
Rev. 140, A2059-2065 (1965).

19T, S. Moss, “Optical absorption edge in GaAs and its dependence on
electric field,” J. Appl. Phys. 32, 2136-2139 (1961).

J. M. Essick and R. T. Mather 649



