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A new optical method which allows the identification of electronic defects in semiconductors
is presented. Deep level characterization is done by detecting changes of the Brewster

angle induced by optically excited transitions involving defects. An empirical model is
developed which correlates the minima of the derivative of the Brewster angle as a

function of photon energy with the energetic locations of defects in the semiconductor gap.
Contactless room-temperature measurements on n-GaAs (100) and p-InP (111)

clearly reveal defects with high accuracy, including the well known EL2 and EL12 centers in
GaAs. The applicability of the method for semiconductor device technology processes is

discussed.

The analysis of electronic defects is of crucial impor-
tance for semiconductor materials development. The need
for deep level characterization in electronic devices and
their components has led to the establishment of a series of
detection methods. Among those, techniques such as deep
level transient spectroscopy (DLTS),!* photocapacitance
spectroscopy (PCS),>" electroreflectance (ER)* and
photoluminescence (PL)>!° require either sample contact-
ing or cooling. Other methods as, for instance, electron
spin resonance (ESR),”"3 photoreﬁzectance,M photother-
mal deflection spectroscopy'” and standard reflectivity
measurements are limited in sensitivity and/or applicabil-
ity.

The technique presented here is based on the optical
properties of semiconductors below the band-gap energy.
If, in a first approximation, the semiconductor is viewed as
a dielectric in this energy range, the reflectivity for light
polarized parallel to the plane of incidence should vanish.
The presence of an absorbing defect can be mathematically
modeled as a harmonic oscillator, influencing the reflectiv-
ity R, and the Brewster angle ¢z The calculation per-
formed below shows that for 2 given oscillator strength, the
changes in ¢p are larger than in R, Therefore, a measure-
ment of ¢p versus photon energy is characterized by a
higher sensitivity.

The influence of an absorbing center on R, and ¢ can
be calculated assuming Lorentz oscillatory behavior.'®!?
For the complex dielectric constant

- S

E=¢€; — l€ry=€, + g = iaT (1)
where w;: frequencies of the absorbing centers; I'; damp-
ing: s; oscillator strength; the Brewster angle can be deter-
mined analytically and is described by the function @p
= aresin(f, ,)) which will be given in the appendix. For
comparison of the change in ¢ and the change in R, we
also give the analytical relationship of R,= R, ) i the
Appendix.

Figure 1 shows data obtained by incorporation of a
simulated defect in a semiconductor band tail region. The
data were calculated using several Lorentz oscillators at
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E,=1.56 eV (band gap)} and above to simulate typical
semiconductor behavior such as for GaAs. A small oscil-
lator (defect center) with an oscillator strength
5;=5%10"% and a damping of T'; = 50 meV at 0.75 eV
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FIG. 1. Calculated optical properties for a simulated dielectric function ¢
generated by Lorentz oscillators. The contribution from oscillators at
fiw = 1.56 ¢V and above simulates the optical properties of a semicon-
ductor with an energy gap at 1.56 eV. A small oscillator at 0.75 eV is used
to simulate an optical absorption center within the band gap (a,b); ¢
reflectivity caleulated from Eq. (3); d: &5 calculated from Eg. (2): e,f:
first and second derivative of ¢z, respectively.
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FIG. 2. Schematical drawing of the experimental setup; L: lamp; M:
monochromator; L,L;: lenses; Ch: chopper; B: beamsplitter; P: polarizer;
D,,D;: detectors; S: sample.

has been added. This absorbing center changes the reflec-
tivity at normal incidence Ry by ~2X 10~*, the real and
imaginary part of the dielectric function by Ae; ~ 2
X 10~ ?and by A€, ~ 8 X 10~ 3, respectively. The Brews-
ter angle changes by Agp ~ 1 X 10~ 2 deg and the reflec-
tivity in the minimum by AR, ~ 2 X 105, The assumed
defect structure exhibits an oscillator strength which is
lower by a factor of ~ 100 compared to the oscillator sim-
ulating the onset of direct transitions.

The defect contribution is assumed to be almost unde-
tectable in the €, spectrum [Fig. 1(a)]. The calculation
shows that the minimum of d¢z/dEp;, reveals the energetic
position of the defect level at 0.75 eV. For higher detection
sensitivity, we suggest to use the second derivative
d*¢p/dE%, where the inflection point identifies the defect
level position E, [Figs. 1(e) and 1(f)]. The spectral
changes in R, also displayed in Fig. 1(c) are seen to be
smaller than those in ¢z [Fig. 1(d)].

The experimental arrangement is schematically shown
in Fig. 2. As a light source a tungsten iodine lamp with a
Kratos monochromator was used. The light beam is split
into a reference and a signal channel, detected at D; and
D;, respectively. The signal beam is polarized parallel to
the plane of incidence, using a Glan-Thompson polarizer
P. The polarized light is focused onto the sample held at an
angle ¢ close to the Brewster angle ¢ 5. The reflected inten-
sity is detected by a cooled Si-(0.4~1 um) or Ge detector
(0.8-1.7 um). For analysis of the reflected intensity and
the Brewster angle position, the signal at D, was measured
as a function of the angle ¢. The minimum was determined
by a least squares fit and the according reflectivity R, was
determined by comparison with the signal at detector D;.
Standard lock-in technique was used for data analysis. The
accuracy of the method depends critically on the angular
resolution of the goniometer table on which the sample is
mounted. The mechanical specification yields a resolution
better than 2 X 10~ % deg. The step motor limitation results
in a resolution of 4 10 ~* deg. To determine the first and
second derivative of the measured Brewster angle spectra a
specific algorithm based on a compensation parabola
method (quadratic least square fit) was used.'®

In Fig. 3, data recorded on n-GaAs (100) are dis-
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FIG. 3. Spectral dependence of the Brewster angle for n-GaAs; for iden-
tification of the defect structures at 0.754, 0.785, 0.835, 0.916, and 1.005
eV, the inflection point of the second derivative and the minima of the first
derivative where used.

played. For comparison the spectral dependence of ¢ itself
is also shown in the figure. The inflection point of the
second derivative of the Brewster angle with respect to the
photon energy locates the energetic position of a series of
levels, among them defects at the energetic position of the
well known EL12!° and EL2%"! centers. Additional lev-
els determined by photocapacitance measurements® are
also reproduced with high accuracy.

Figure 4 gives an analogous dataset for InP(111).
Here, too, the inflection point of d’¢z/dE%, determines
E;, with high accuracy as evidenced by comparison with
literature data.?? It should be noted that two conditions
have to be fulfilled simultaneously for unambiguous iden-
tification of E: inflection of d’pg/dE%, and a minimum in
d@ B/ dE Phe

The Brewster angle spectroscopy (BAS) allows the
identification of deep levels in the semiconductors and in-
sulators at room temperature. The method is particularly
suited in areas where bulk semiconductors have to be an-
lyzed as, for instance, materials preparation for photovol-
taics and photoelectrochemistry. The limitations of the
method with respect to number and/or concentration of
absorbing centers cannot be estimated at present but it
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FIG. 4. Spectral dependence of the Brewster angle for InP showing ab-
sorbing centers at 0.787, 0.845, 0.916, 1.005, and 1.107 eV; identification
of defect level as in Fig. 3.
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appears that the sensitivity is among the highest compared
to other deep level detection experiments, For development
of semiconductor materials for photosensitive devices such
as solar cells and detectors, BAS provides a powerful tool
in the materials optimization process.

Appendix: The analytical expression for the Brewster
angle in the case of a complex dielectric function® is de-
rived from the third order equation

(I€I4~31612)y2 le|*

(2|e]” + 2¢;) (f€f2+61)
with y = sin? ¢ and a= |€|*/(2]€|? + 2¢,). The solution
is straightforward and will be given elsewhere.?* The cor-

responding equation for the reflectivity, R, is developed
from the Fresnel equations:

R,=rnry
g+ |€]? cos® ¢ — cos (e + sin® ¢) 2(pe + )
T p+ |€|2cos? ¢ + cos ¢+ sin® @) 2 (1 + k)

p’=|€|?—2¢ sin ¢ +sin*¢ and K=e¢; —sin® §.

(4)

3

y+a=0 (2)

(3)

¢ denotes the angle of incidence.
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