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SUMMARY

The applications of electron beam electroreflectance (EBER) to Hg1_-Cd Te (MCT)
and other semiconductor systems are described. Temperature dependences of the
E. optical gap of MCT are in agreement with the results of,,other researchers.
For an epitaxial sample, a'E1/aT of -(6.7 to 8.2) x 10-4 eV/K has been
obtained. This value is consistent with that determined by Berlouis., (-6.6
(± 0.5) x 10-4 eV/K). As did Berlouis, (e find a larger thermal coefficiena
for epitaxial MCT on CdTe than for bulk CT. We have also measured the E1+A
band gap to be nearly 0.63 eV above the Ejj transition energy. Our data
suggests that A is 0.625 (± 0.012), and has a temperature dependence between
5 x I0- eV/K and 2 x i0- eV/K. The E,+A band gap has a dependence of about
-5 x 10

-4 eV/K.

MCT is more sensitive to electron beam current intensity than other materials
due to its relatively poor thermal conductivity. The lineshape observed at
1 -3 '210- A/cm appears to be from thermoreflectance (TR), based upon calculations

and detailed experimental studies. Therefore, EBER determinations of the
temperature dependence of the E' and E +A band gap energies demonstrate a
large variance. -

Further, we have collaborated with other researchers on EBER evaluation of MCT
growth and dry-etch processes. We have worked with Stanford Uniersity
students on evaluation of VPE grown MCT on CdTe substrates and compositional
variations from dry etching of MCT for the Army Night Vision Laboratories and
Plasmaquest Corporation.

Additionally '&e have extended EBER studies to other technologically important
crystal systeii-related to MCT. We have found correlations between the EBER
measurements of CdTe samples and surface preparation methods. 1n the case of
GaAs and related compounds, our results have shown promise in the analysis of
epitaxial films and heterostructures, which are briefly described. .. ,i ,
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I. INTRODUCTION

The primary objective of this research has been the accurate determination of
the temperature dependence of the E1 band gap of Hg 1_GCd.Te (MCT). We have

tested as wide a range of x-values as we could obtain, and made measurements

between 90 K and 400 K--the widest temperature range yet stldied by
electroreflectance for this materials system. We also planned to obtain the

E, +A1 energy gap information, so that the difference A could be evaluated as

a function of composition.

Originally, we expected to measure the Cd fraction by independent methods

(electron microprobe, IR transmission, X-ray diffraction, thermogravometric).

However, to avoid the difficulties and uncertainties associated with

independent measurements of the Cd fraction, we chose instead to use the

established room temperature optical E1  correlation Lo x-value

determinations, shown in Figure 1, for evaluating the MCT composition. This

allowed us to use the EBER measured El band gap at 300 K to determine the
composition of each sample at the point under optical examination. Therefore,

samples which may have contained variations in Cd content across the surface
remained valid for measurements by EBER for this research. Furthermore,
should a better expression of E1 (x) become available in the future, our

temperature dependence data will remain valid.

II. RESULTS

1. STUDIES OF THE EFFECTS OF ELECTRON BEAM CURRENT ON NONDESTRUCTIVE EBER
MEASUREMENTS.

For the measurement of band gap energies by modulation spectroscopies, one
generally desires as narrow a lineshap2 as possible, so that accurate
estimations of peak energies may be made. Presently, this issue is less
critical due to the availability of rapid least-squares fitting algorithms and
effective theoretical models for the critical points of the solid. Still,
present theoretical models assume band parabolicity in the vicinity of the
critical point energy, and this assumption is known to break down at energies
far from the critical point. It is therefore considered most favorable if the
modulated reflectance signals are narrow in energy.

All other experimental variables held constant, electric field modulation of
the sample (electroreflectance or ER), provides more narrow lines than

thermoreflectance (TR) arising from temperature modulation. This is due to

the higher derivative of the dielectric function e which is obtained
experimentally from ER modulation.2 Specifically, ER gives a third derivative

of c, rather than the first derivative from TR.3 These cases are demonstrated

in Figure 2, which shows the derivatives of a parabolic critical point. More

importantly, the ER mechanism does not affect the sample temperature nor the
(temperL.ture-dependent) band gap energies, whereas the TR mechanism affects

both. Experimentally, first derivative TR-like lineshapes were observed from

MCT in the earliest investigations by EBER.4  It was therefore important for

us to examine the potential for TR effects in EBER measurements of MCT.

1
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Figure 1. The correlation between E 1 and x value, at room temperature
(taken to be 300 K). From P. M. Raccah and U. Lee, J. Vac. Sci &
Technol. Al(3), 1587-1592, 1983. Their expression: E (x) - 2.135
+ 0.600x + (0.640 (±0.05))x.
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Figure 2. Illustration of ER an' TR as third and first derivatives of E,
respectively. The theoretical lineshape predicted for first,
second, and third derivatives of E are shown for a parabolic
critical pOiLt. The E2 function is the imaginary part of the
dielectric function e, and corresponds to absorption. The actual
high electron beam current density EBER data for MCT closely
resembles the "Thermo/Piezo-Reflectance" curve shown, but
inverted in phase.
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2. TESTS OF THE MECHANISM OF FIRST DERIVATIVE LINESHAPES FOR MCT

a. Evaluation of piezoreflectance induced by electric fie]Aq in EBER.

The observations of first derivative signals from our previous EBER

experiments were incommensurate with electroreflectance (ER), and suggested

that alternative modulation mechanisms were responsible. Earlier work had
demonstrated primarily first derivative EBER signals from MCT samples at low
electron beam current densities, even though third derivative signals were
observed on the same samples by electrolyte ER (EER). A typical spectrum of

both the E, and E +A energy gaps- appears in Figure 3, along with the first

derivative theoretical fits. These first derivative signals at first
suggested that thermoreflectance (TR) resulted from the electron beam heating
of the surface. However, a calculation led us to expect that this effect
should be inconsequential. 5

b. Evaluation of piezoelectrically induced modulated reflectance of MCT.

Other mechanisms were suggested and evaluated. It was hypothesized that the

first derivative shape may be due to either a band-filling mechanism, or
piezoelectrica-ly induced piezoreflectance (PzR).7 The PzR was evaluated
experimentally by comparing the lineshape at two different crystal
orientations. The PzR can be induced by surface charge if the
crystallographic direction of the sample permits electrostriction to occur.
Electric fields may produce PzR at a polar face only; in the case of MCT, the
Lii0] face is non-polar, prohibiting field-induced PzR.

To test the PzR mechanism, we obtained a crystal of [110]-oriented MCT from
Glen Carey, a student of Professor Spicer, at Stanford University. The sample
was cleaved at our laboratory, and was tested under standard conditions. The
results appear in Figure 4. As this figure shows, we obtained similar first
derivative results on the [110] sample as for our typical [lll]-oriented

samples. Differences in signal intensity between the [111] and [110] samples
do not conclusively show that PzR is completely absent--to do so requires
further studies with identically prepared samples, surfaces and experimental
conditions. However, we conclude that field-induced PzR is improbable as the

major cause of the first derivative lineshape obtained with EBER of MCT.

c. Evaluation of the band-filling mechanism in modulated reflectance of MOT.

The band-filling mechanism has also been suggested as an explanation of the
EBER liveshape of MCT. The band-filling mechanism has been proposed to

account for changes in E0 band gap energy which occur when the carrier density
exceeds the effective density of states of the conduction band (in n-type
materials) c' alei.Le band (in p-type materials). This is, in effect, taking
account of Q Burstein shift mechanism. In MCT, these effective densities of

states are .e small, owing to the very small effective masses of the
carriers, 30 thac degeneracy conditions are expected to be dominant. However,
the populati,, 1' the higher-lying E l and El +6 1 band gaps must be small and

non-degentcace, owing to their large energy spacing from the Fermi level in

4



EBER Study of MCT
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Figure 3. Representative EBER spectrum of MCT at 159 K. The completely

first derivative lineshape fits the experimental data reasonably
well, as shown.
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h !C 7T. Therefore, we do not expect that band-filling at E0 to play a major
role in the higher energy band gaps of MCT.

However, a refinement of the band-filling argument was proposed by Professor
Raccah of the University of Illinois at Chicago.8  Dr. Raccah suggested that
the degeneracies near E0 may affect the higher energy band gaps regardless,
due to free carrier interactions within the crystal. If that argument is

correct, then the band-filling mechanism should be present in MCT under any
conditions, as the material can be considered degenerate for low x values.

Therefore, we should observe a first derivative lineshape at all electron beam
currents in EBER measurements and at all frequencies of measurement. We

tested this hypothesis experimentally.

We have compared the band-filling and TR mechanisms, using the measurement
frequency. The band-filling takes place very quickly on the time scale of the

measurements (1/200 second, or 5 milliseconds typically). However, the heat
delivered per cycle should be proportional to the time that the electron beam

irradiates the surface per cycle (see the calculation in section 1.4).

Therefore, by increasing the electron beam modulation frequency, band-filling
effects should be unaffected, but TR effects should be reduced. We find
experimentally that the first derivative component of the lineshape is
diminished as the measurement frequency is raised, supporting the TR
mechanism.

The data in Figure 5 shows the results of two sequential EBER measurements on

the same MCT sample. Both spectra were acquired at identical stage
temperatures (96 K) and electron beam currents (12 pA). At 260 Hz, in

Figure 5a, we observe the characteristic first derivative lineshape. In
contrast, at 630 Hz, in Figure 5b, we observe an additional rise of the
leading edge of each peak, indicating a third derivative component. Table 1
below shows the comparison of the fitting parameters for the two cases. The
last column shows the ratio of third derivative to first derivative

amplitudes, and is a measure of the ER/TR contributions. At the higher
frequency, the ratio has increased by about 40%. These results are consistent

with those of Broser et al. in cathodoreflectance measurements on germanium.
9

We observe that the differences in energy estimates are statistically

insignificant, given the estimated errors.

d. Evaluation of the thermoreflectance mechanism in EBER studies of MCT.

To further distinguish between the possible origins of the first derivative
lineshape, we investigated the effects of electron beam current. It was
hypothesized that observation of a third derivative lineshape at low electron
beam current densities would also tend to discount the band-filling mechanism,

and support instead TR as the most likely cause of the first derivative
lineshapes at high electron beam current densities. Therefore, we
investigated the detection of very weak signals using low (-1 MA) electron

beam currents. If the same first derivative lineshapes were always obtained,
it would support the band-filling mechanism, and negate the TR mechanism.
Conversely, if a clear, third derivative lineshape were obtained at low

current, it would support the TR mechanism at high electron beam currents.

7
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Table 1. Effects of EBER measurement frequency on MCT data using GFF
model.

Frequency E1  E +A1  rE1 rl+Al A3/A, for E a
(Hz) (eV) (eV) (meV) (meV) (i0-3)

Comparison of GFF (1+2+3 D) Fits

260 2.537 3.172 91.3 97.6 2.52
(0.003) (0.011) (7.5) {6.6)

630 2.541 3.174 76.9 112.3 3.48
(0.003) (0.004) (4.6) (5.9)

ave: 2.539 3.173 84.1 104.9
std. meas. 0.003 0.002 10.2 10.4
std. joint 0.004 0.012 8.8 8.9

Notes:
1. Dimensionalities - 2 for both EI and E1+A .

2. Standard error in brackets (()).

aA3/A is the ratio of third derivative to first derivative component

The results supported the TR mechanism. We found that by sufficiently careful
data acquisition, we could obtain third derivative EBER spectra of MCT with
very low electron beam current densities. The fact that lineshapes
characteristic of electroreflectance could be obtained with very low electron
beam current densities suggested that ER is possible for MCT in this mode.
The results of these experiments appear in Figures 6 through 8. In Figure 6,
we show that very low electron beam current (0.6 iA) gives an EBER signal
which can be accurately fitted to a pure third derivative lineshape. Figure 7
shows the same sample, taken subsequently with a higher electron beam current
of 8 pA. The spectrum has changed in quite an obvious manner, and the
theoretical fitting of the data, attached in Table 2, shows that although the
third derivative is still present, the first derivative component of the

spectrum has dramatically increased in amplitude by almost 100 times. Figure
8 shows the same sample, taken subsequently with an electron beam current of
11 pA, but at more focussed conditions corresponding to a higher electron beam
current density. In that case, the first derivative component of the spectrum
has dramatically increased. These experiments have been repeated on several
samples.
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Figure 6. The EBER spectrum of sample #52 at low current density. Note

that the theoretical fit using a third derivative is adequate to
represent the experimental features.
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Figure 7. The EBER spectrum of sample #52 at intermediate current density

of 8 pA. A theoretical fit requires both a third derivative and

a first derivative component to represent the experimental data.
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Figure 8. The EBER spectrum of sample #52 at high current density. Note
that the theoretical fit using a first derivative is adequate to
represent the experimental features.
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3. COMPARISON OF EXPERIMENTAL CONDITIONS AND THEORETICAL FIT PARAMETERS ON
ESTIMATION OF BAND GAPS AND BROADENING PARAMETERS.

To achieve our research goal required numerical fitting of our experimental
EBER data to established models for optical transitions. In the case of MCT,
we consistently used a two-dimensional Lorentzian lineshape to model the
transitions E, and E 1i+A . As described above (in section II.1), the physical
modulation mechanism affects the theoretical derivative of the dielectric
function appropriate for fitting. For the TR mechanism, the first derivative
is appropriate; for ER, the third derivative is correct. In addition, Garland
and Raccah l° have suggested that the second derivative may provide a
contribution proportional to inhomogeneous broadening from defects in the
solid. The resulting "Generalized Functional Form" (GFF) of Garland and
Raccah may contain all three derivative components.

a. Comparison of low and high current density results.

We now compare the estimates of band gaps (El, El+A 1 ) and broadening
parameters (rEll rEl+Al) obtained from fitting the low, medium, and high
current density spectra using the Generalized Functional Form (GFF) of Garland
and Raccah. We seek to determine if the high current condition causes errors
in estimation of the band gaps or broadening parameters. The results of our
studies appear in Table 2.

b. How do El values measured at high current compare to low current, using
the full GFF (1&2&3)D theory?

(1) EffecLs of electron beam current density on energy gap estimates.

For the case in which samples have been mounted within a Cu gasket, the
results of Table 2 suggest that the 95 K estimate of E1 is essentially
unaffected by the electron beam current parameter. This result is obtained
regardless of the clear change from third derivative to first derivative
lineshape of the EBER spectra. By comparing the (1&2&3)D fits at 0.6 and at
8 MA, we find that the El values are 2.5596 and 2.5644 eV, respectively, with
a difference of 0.0048 eV. The resulting El values lie within the joint
standard deviation (we define the joint standard deviation here to mean the
square root of the sum of the squared individual standard deviation values)
(0.0116) of the E l measurements, which is 2.5608 eV. As a result, the higher
electron beam current conditions do not measurably affect the E l energy value
at 95 K when the full GFF (1&2&3)D is used consistently. This result may also
be interpreted to mean that the average surface temperature of the sample has
not been significantly affected by the electron beam.

Similarly, in comparing the (1&2&3)D fits only for the case of the E1+A peak,
the values from the low current (3.1784) and the high current value (1.2143)
differ by only 0.0359. This is 2.4 joint standard deviations of 0.0150.
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Table 2. Results of fitting MCT data to GFF model. Comparison of third
derivative to GFF (l&2&3 D) fits.

Beam Current El El +Ar El rE+A I  Model
(pA) (eV) (eV) (meV) (meV) (derivatives)

Fits using third derivative only

a) 0.6 2.5772 134.8 3
(0.0052) (5.2)

b) 0.6 2.5612 116.0 3
(0.0028) (2.4)

c) 0.6 2.5800 3.2027 125.1 177.9 3
(0.0035) (0.0063) (3.4) (6.3)

ave: 2.5728 3.2027 125.3 177.9
std. meas. 0.0083 0.0063 7.7 6.3

std. joint 0.0038 3.7

Fits using first, second, and third derivatives

a) 0.6 2.5555 109.9 1&2&3
(0.0054) (7.3)

b) 0.6 2.5573 103.2 l&2&3
(0.0081) (6.2)

c) 0.6 2.5661 3.1784 103.8 117.2 l&2&3
(0.0061) (0.0137) (7.1) (19.6)

ave: 2.5596 3.1784 105.6 117.2
std. meas. 0.0046 0.0137 3.0 19.6
std. joint 0.0065 6.8

Comparison of First Derivative and (1&2&3 D) Fits

d) 8.0 2.5695 3.2032 54.8 71.2 1
(0.0011) (0.0016) (1.1) (1.7)

d) 8.0 2.5644 3.2143 89.7 114.3 1&2&3
(0.0019) (0.0060) (5.5) (10.4)

ave: 2.5670 3.2088 72.3 92.7
std meas 0.0025 0.0055 17.5 21.6
std joint 0.0022 0.0062 5.6 10.5

Notes:
1. Dimensionalities - 2 for both E and EI+A .
2. Temperature - 95 K for all data.
3. Standard error in brackets (5).
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We conclude that no additional uncertainties are incorporated by evaluations
of the band gap energies El and E +A1 under high electron beam current
conditions at 95 K, when the thermal mounting is adequate. The higher
signal/noise resulting from the higher electron beam conditions may provide
some advantage in reduced error estimates in the cases of higher electron beam

currents, and resulting faster data acquisition.

(2) Effects of electron beam current density on broadening parameter estimates.

The estimates of broadening parameter F at El are affected more strongly than
the energy gap estimates when compared between different electron beam
currents, even using the same (full GFF) model. Between the low current
(1&2&3)D estimate of r (105.6 meV) and the high current value (89.7 meV) is a
difference of 15.9 meV. This represents 1.8 joint standard deviations of
8.7 meV.

Further, the estimates of F at E1+A1 appear to be less affected between
different electron beam currents, using the same (full GFF) model. Between
the low current (1&2&3)D estimate of F (117.2 meV) and the high current value
(114.3 meV) is a difference of 2.9 meV. This represents much less than even
the lowest standard deviation of 10.4 meV.

These results are interesting, because the effects of high electron beam
current are opposite from those anticipated. The F term represents carrier
scattering and it thus increases with sample temperature and defect density.
As a result, F may be anticipated to enlarge by increasing the electron beam
current density. However, the data in Table 2 controverts this hypothesis.
We note that the estimated standard deviation from the high current
measurement is lower than that of the low current measurements, presumably due
to the higher signal/noise obtained.

c. How do El values estimated with third derivative compare to (1&2&3)D at
low electron beam current densities?

(1) Effects of fitting model on energy gap estimates.

The results also show that the effect of adding all three derivative
components changes the estimation of the El and E +A energies very slightly.
For the El peak, the difference between the values from the third derivative
value (2.5728) and the (1&2&3)D value (2.5596) is only 0.0132 eV, which is

three times the joint standard deviation of 0.0045. For the case of the E 1+A1
peak, the third derivative value (3.2027) and the combined value (3.1784)
differ by only 0.0243. This is 1.6 joint standard deviations of 0.0151.
These appear to be significant differences (almost 3 standard deviations) in
band gap energy estimates, but these absolute differences in estimated band
gap energy are negligible considering the approximate error in x value.
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(2) Effects of fitting model on broadening parameter estimates.

TthIn contrast, the evaluation of the broadening parameter r appears to be very
strongly affected by the choice of theoretical fitting model. For the El
peak, the difference between the values from the third derivative value
(125.3 meV) and the combined (1&2&3)D value (105.6 meV) is 19.7 meV, which is
2.4 joint standard deviations of 8.26 meV. The difference in r between the
two cases is quite clear, for it represents a fractional difference of 17% of
the average value of 115 meV.

For the case of the El+A,1 peak, the values from the third derivative value
(177.9 meV) and the combined (1&2&3)D value (117.2 meV) show a difference of
60.7 meV. This is about 3 joint standard deviations of 20.5 meV. Again, the
difference in r between the two cases is quite clear; it represents a
fractional difference of 41% of the average value of 147 meV.

Therefore, we must hold the values of F to be extremely uncertain when
compared between different theoretical models. Although the lowest estimated
standard deviations are obtained from the limited third derivative model, the
differences between subsequent spectral fits (joint standard deviations) are
much lower for the full GFF (1&2&3)D fits. Although the differences were
statistically significant in the case of the energy gap estimates, they were
argued to be of little real consequence in their effect on the estimate of the
MCT composition. However, in the case of broadening parameter r, the
attribution of crystal quality to r value is much more significant due to the
high fractional differences between fitted values. We conclude from this
study that the full GFF (1&2&3)D fit must be used consistently in evaluating
the EBER data, even at low electron beam current densities.

d. How do El values estimated with first derivative compare to (1&2&3)D at
high electron beam current densities?

(1) Effects of fitting model on energy gap estimates.

At high electron beam current densities, we compare the effects of neglecting
the third derivative component of the theory (keeping only the first
derivative component), to the full GFF. The results show that the effect of
adding all three derivative components changes the estimation of the El and
E,+6 1 energies very slightly. For the El peak, the difference between the
values from the first derivative value (2.5695) and the (1&2&3)D value
(2.5644) is only 0.0051 eV, which is two times the joint standard deviation of
0.0025. For the case of the E1+A1 peak, the first derivative value (3.2032)
and the com'!ned value (3.2143) differ by only 0.0111. This is two joint
standard deviations of 0.0055. These appear to be insignificant differences
(below three standard deviations) in band gap energy estimates, and these
absolute differences in estimated band gap energy are negligible considering
the approximate error in x value.
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(2) Effects of fitting model on broadening parameter estimates.

In this section, we explain why we have found the full GFF model,

incorporating first, second, and third derivative components of the lineshape,

to be required for consistent evaluation of the EBER results. We use as a

basis the concept that the energy gap El and the broadening parameter F are
intrinsic properties of the MCT sample at the position and analysis

temperature used. Therefore, choices of model and analysis condition must

provide estimated values of these intrinsic parameters within the statistical

uncertainty of the measured values. Models which give grossly differing
values from multiple EBER spectra of the same sample cannot be considered

appropriate.

As observed comparing third derivative to GFF fits, the evaluation of the

broadening parameter r appears to be very strongly affected by the choice of

theoretical fitting model for first derivative to GFF models. For the El

peak, the difference between the values from the first derivative value

154 .8 meV) and the combined (1&2&3)D value (89.7 meV) is 34.9 meV. This

corresponds to 6.2 joint standard deviations of 5.6 meV. The difference in F

between the two cases is quite clear, for it represents a fractional

difference of 48% of the average value of 72.3 meV. Most importantly, it is

clear that the GFF (1&2&3)D fit most closely matches the low electron beam

results discussed above.

For the case of the E1+A1 peak, the values from the first derivative value
(71.2 meV) and the combined (1&2&3)D value (114.3 meV) show a difference of

43.1 meV. This is about 4.1 joint standard deviations of 10.5 meV. Again,

the diflerence in r between the two cases is quite clear; it represents a

fractional difference of 46% of the average value of 92.7 meV. Once again,

the GFF (1&2&3)D fit most closely matches the low electron beam results

discussed above.

As we found above in the low electron beam current case, in the case of high

electron beam current we must hold the values of r to be extremely uncertain
when compared between different theoretical models. Although the lowest

estimated standard deviations are obtained from the limited first derivative

model, the differences between low and high electron beam current spectral
fits (joint standard deviations) are much lower for the full GFF (1&2&3)D

fits. To reiterate, in the case of broadening parameter r, the attribution of

crystal quality to r value is much more significant due to the high fractional

differences between fitted values. We conclude from this study that the full

GFF (1&2&3)D fit must be used consistently in evaluating the EBER data, both

at low and high electron beam current densities.

4. STUDIES OF EBER DETECTION OF ELECTRON BEAM EFFECTS ON THE MCT SURFACE AND
CALCULATION OF THERMAL EFFECTS.

a. Effects of the electron beam on surface composition.

Given the low thermal conductivity of MCT,1' we anticipated that the electron

beam may cause surface heating and lead to a thermoreflectance signal, instead

of the electroreflectance (ER) signal desired. The concerns were two-fold.
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First, we were uncertain that the correct energy gap El and broadening
parameter F could be obtained accurately from the TR signal, due to the large
energy extent of the peaks. Secondly, we became concerned that the elec'ron
beam mav induce some surface modification which would affect the higher
temperature EBER measurements. We expected that this modification would be Hg
loss due to electron beam induced sublimation.

From earlier work performed on MGT, we anticipated that high electron beam
current densities may affect the MCT by causing sublimation of Hg in vacuum.
The current densities employed in the earlier studies were of order 80 pA into
an area of about 0.5 mm2. The electron beam voltage is typically 240 V.
These conditions correspond to a current density of 19.2 mA/cm , and a power
density Dp of 7.68 W/cm2 .

The effects of electron beam heating of Hgg1_CdxTe have been studied by earlier
researchers. Shih, et al.12 describes that Hg loss extends only a few
monolayers before Te on the surface retards further Hg loss, but that sample
heating may extend several thousand A; surfaces become p-type as Hg is lost.
The mechanism of Hg loss was found to be only related to heating, and not to
electron stimulated desorption (ESD), which would have required a minimum
electron energy.

We had earlier observed a slight but detectable change in the determined EI

MCT peak energy upon repeated EBER analysis cycles between 90 K and 300 K, as
shown in Figures 9 through 11. In this study, we had focussed the electron
beam to its smallest functional diameter of 0.5 mm, and used an average
electron beam current of 50 pA. This provided the strongest EBER signals, but
also caused the most intense heating of the sample by the electron beam. We
concluded that EBER analysis under these most severe conditions would cause
some detectable surface composition changes in MGT above a temperature
of 210 K.

13

Under conditions of lower electron beam current we find that surface
modification is observed only at much higher sample temperatures. Figures 12
to 14 show a series of EBER measurements of a single MCT sample, which are
listed in Table 3A. Figure 13 shows that the 90 K transition increases
significantly in observation #15, which followed the 400 K measurement. The
temperature dependence from these measurements, also ' -1 in Table 3B, is
aE1/aT - -3.59 (±0.25) x 10-4 eV/K. Figure 13 shows t, t -h the El and the
E1+A1 transition energies appear to change consistently with temperature.
Indeed, as Table 3B also shows, 8A1/aT is measured for this sample to be only
4.23 (±2.8) x 10 5 eV/K.
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Figure 9. High electron beam current (40 isA) MCT study showing the
temperature dependence of the El band gap. The back of the
sample was mounted to a copper holder with silver paint. The
data is fit to a linear E, temperature dependence (aEl/aT) of
-4.582 (±0.062) x 10-' eV/K.
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Figure 10. Deviations from linearity in Figure 6.
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MCT x=0.232 90K
Effect of High Temp Measurement Cycles

on El band gap by EBER
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Figure 11. The MCT study showing changes in 90 K El energies after EBER
analysis at 190 K and 210 K under high electron beam current
(40 pA) conditions. The data suggests that Hg is lost from the
surface, resulting in a net increase in Cd and an increase in El
band gap energy.
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Sample 56-i El Band Gap
Measured El values in Sequence
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Figure 12. The EBER study of sample 56-1 (MCT epi on CdTe) showing a
sequence of El band gap measurements (listed in Table 4). The
figure shows that the 90 K transition increases significantly in
point #15, which followed the 400 K measurement. The temperature
dependence from these measurements, also listed in Table 4, is
8E,/OT - -3.59 (±0.25) 10- 4 eV/K.
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Sample 56-1 El and El+Deltal Band Gaps
Multiple Sequence, Sample in Gasket
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Figure 13. The EBER study of sample 56-1 (MCT epi on CdTe) showing both the
El and the E1+A1 transition energies. 8Al/OT is measured for
this sample at only 4.23 (±2.8) x 10 - 5 eV/K, demonstrating that
the two transitions have essentially identical temperature
dependence.
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Table 3A. Results of sequential study of El, E1+A1 and Al bandgaps.

File Temp El F[E 1 ] El+Al r[E 1 +A Al
(K) (eV) _ (meV) (eV)

1 89 2.365 37.9 2.966 106.0 0.601

2 89 2.381 62.2 3.011 85.8 0.630

3 159 2.351 65.7 3.000 87.1 0.649

5 91 2.382 55.7 3.010 80.0 0.628

6 91 2.388 53.9 3.020 81.7 0.632

7 91 2.383 54.4 3.004 82.2 0.621

8 91 2.385 56.2 3.004 78.6 0.619

9 301 2.303 51.7 2.932 111.0 0.629

10 101 2.382 32.8 3.000 58.6 0.618

11 299 2.323 74.3 3.005 127.0 0.682(?)

12 351 2.291 53.7 2.928 106.0 0.637

13 401 2.279 60.2 2.912 141.0 0.633

14 301 2.304 47.7 2.927 91.0 0.623

15 86 2.409 41.1 3.020 100.4 0.611

ave: 0.6254
std. dev. 0.0116

Note:

1. All data taken on sample 56 with copper gasket.

Table 3B. Linear regression analysis: E(T) - A + BT (excluding File 11).

E l E + 6 1A 1

A (eV) 2.4160 3.0342 0.6182

Standard Error of A 0.0101 0.0152 0.0115

B (eV/K) -3.59E-04 -3.17E-04 4.23E-05

Standard Error of B 2.45E-05 3.68E-05 2.78E-05

R Sn,,qrd 0.9513 0.8709 0.1732

No. of Observations 13 13 13

Degrees of Freedom 11 11 11
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These measurements shown in Figure 14 demonstrate that a significant change in
E, energy followed the measurements at 300, 350, and 400 K, but not earlier
300 K measurements. This result is understandable from both the lower thermal

conductivity of MCT as temperature is raised, and the fact that less
additional electron beam energy is needed for sublimation of the Hg when the
incipient thermal energy is high.

b. Calculation of the electron beam effects on surface temperature.

Several pertinent calculations of the effects of electron beams on solids have
been published. We apply the salient results of several articles as follows.

If the electron beam diameter is much smaller than the distance between the
izradiation point and the isothermal mounting, as in an SEM, for example, the
surface temperature rise from a moving electron beam has been described
as 14.15.

AT - T - Ts = P/[(8 )1 2 Krb] (1)

where K is the thermal conductivity, rb the beam diameter, T. the temperature
at the center of the beam, and T the substrate temperature. The P is theS

power of the electron beam--that is, the product of the current and voltage.
Using the published", 16 thermal conductivity K of between 8 and 35 mW/cm-K,
and a beam diameter of 1 mm, we estimate the increase in surface temperature
to be between 0.014 K/pA and 0.0613 K/pA. Employing average current values of
1 pA to 100 oA results in an estimated temperature increase of between 0.1 K
and 6.0 K. The maximum surface temperature would be double the average value.

In the case of a semi-infinite solid, the effect of an electron beam on the
surface temperature has been treated by Pittaway. 17 In the Pittaway analysis,
the temperature at the surface, and at the center of a Gaussian electron beam

is

AT - {DP/Ksdn3/2 )tan- (2Q, / 2 ) (2)

where A - rt'/d 2  (3)

where d is the Gaussian decay parameter for the electron intensity (typically

0.5 mm), x is the thermal diffusivity, and t' is the time that the electron
beam is irradiating the sample. Of course, if the surface cools to the
substrate temperature during each cycle, then t' is the inverse frequency of
the electron beam. From published literature, 18 we estimate that the thermal
diffusivity x of MCT at 300 K has the value 0.007 to 0.03 cm2/sec, becoming

smaller as the Cd content or the temperature increases. As this analysis
contains the irradiation time within the arctangent function, it allows us to
calculate the frequency dependence of the heating, confirming the experimental
results. Table 4 shows the effects of frequency and peak electron beam

current at two typical electron beam diameters. These calculations compare
favorably to the experimental results in Table 1.
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Figure 14. Results of EBER analysis of a sample of MCT under low electron
beam current density conditions. We observe that the El energy
measured at 95 K changed by a negligible degree after cycling
even to 300 K under electron beam irradiation, in ultra-high
vacuum. However, following measurements at 350 and 400 K, there
was an increase in the El transition energy corresponding to Hg
loss from the surface.
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Table 4. Peak surface temperature rise from electron beam heating.

Diameter Peak Current AT @ 600 Hz AT @ 200 Hz
(mm) (AA) (K) (K)

0.5 200 5.9-13.1 8.9-21.8
100 3.0- 6.6 4.5-10.9
10 0.3- 0.7 0.4- 1.1

1 0- 0.1 0- 0.1

1.0 200 1.6-3.3 2.6-5.7
100 0.8-1.7 1.3-2.9
10 0.1-0.2 0.1-0.3
1 0 0

It the diameter of the electron beam is of the same order as the sample
thickness, then by analogy to electrical resistance problems, we can also
estimate the increase in surface temperature to be:

AT - DpL/K5  (4)

where Dp is the power density of the electron beam (7.68 W/cm2 at 80 uA and
240 V) and L is a mean thermal distance between the electron beam irradiation
and the isothermal sample mount. Using a value of L of 1 mm provides an
estimated temperature increase of between 22 and 96 K. For comparison, the
surface of GaAs would rise by only 1.7 K under the same conditions. Dropping
the electron beam current to 1 pA would change the surface temperature by only
0.3 K to 1.2 K. It is this large effect which we believe introduces the
measured thermal modulation, and simultaneously introduces error in the
estimation of the sample surface temperature.

c. Observations of differences in lineshape between El and E1+Al.

As a final comment about the TR mechanism, we discuss differences in lineshape
observed between the E and the El+A, peaks. In ER, the measurement depth is
limited by the smaller of the electric field or the light penetration depths.
In the case of MCT samples studied, the measurement depth is limited by the
light penetration- -about 500 A for the E, peak, and 300 A for the E1+A1 peak.
For this reason, the El+A, peak shows strong first derivative (TR) component,
even though the E, peak shows primarily a third derivative (ER) component in
our EBER spectra taken at low electron beam currents. Again, these
qualitative features support the TR mechanism over alternative modulation
mechanisms for the generation of first derivative lineshapes in EBER analyses
of MCT.
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d. Determination of optimal EBER operating conditions for MCT analysis.

We have determined low electron beam current density operating conditions for
the EBER instrument so that sample modification (Hg sublimation) from the
surface of the sample is unmeasurably small. The lower current densities are
achieved by enlarging the electron beam and light beam on the surface, to
spread out the energy of both beams. We have found that an electron beam spot
of 3 mm diameter or larger provides adequate relief from Hg loss.

The results of our study appear in Figure 14. These results show that

repeated measurements at 90 K give the same energy measurement as those taken
before repeated cycles of the sample to 300 K, under the lower electron beam
current density conditions. This test assured us that subsequent measurements

of MCT samples would not measurably affect our results.

5. INVESTIGATIONS OF THE TEMPERATURE DEPENDENCE OF THE El BAND GAP OF MCT BY
EBER.

After determining optimal EBER operating conditions for MCT, we have
investigated eight samples of MCT, ranging from pure HgTe (x - 0) to CdTe
(x - 1). We have obtained spectra from all samples over the El region, at
nominal temperatures between 100 K and 400 K.

a. Results of temperature dependence.

Upon analysis of our data, we found unexpectedly low values for the

temperature dependence aEl/aT. The most recent study by Berlouis et al. 19

gives a value of -6.6 (±0.5) x 10-4 eV/K for MCT with x between 0.23-0.36.
The Berlouis study of three samples also showed that a sample grown
epitaxially on CdTe had a larger temperature dependence of the E band gap
than the other two bulk samples. Our values for samples in the clip mounting,
appearing in Table 5, ranged from -0.905 to -5.600 x 10 - 4 eV/K. Using silver-
paint mounting for good thermal conductivity, (but large electron beam

currents,) we had obtained a value of -4.58 (±0.06) x 10-4 eV/K from studies
of x - 0.23 MCT. Our values for samples in the clip mounting lie
significantly lower than these literature values, and caused us to consider
instrumental conditions as a cause.

b. Discussion of results: effects of sample surface temperature.

We have estimated the effects of sample stage temperature error on the

calculated aE1/aT values. Temperatures are currently measured to 1 K
precision and 2 K accuracy by an iron-constant thermocouple (TC).
Additionally, we have installed an RTD (resistance thermometer device) for
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Table 5. Temperature dependence of El band gap on MCT mount.

Mount Sample x-value aEl/aT
(Raccah formula) (10-' eV/K)

Clip HgTe 0.000 -5.41
Clip 56 0.238 -3.36
Clip 53 0.247 -0.91
Clip 50 0.274 -3.49

Clip 52 0.342 -3.90
Clip CdTe 1.000 -5.97

Ag Paint N.A. 0.232 -4.58
Cu Gasketa 52 0.333 -7.78

Cu Gasketb 52 0.313 -8.49
Cu Gasket' 52 0.312 -6.691
Cu Gasketd 52 0.260 (±0.038) -9.19 (±2.12)

aLow current 0.6 MA.
bMedium current 6.0 MA.
'Rerun at low current 0.6 MA.
dE (298 K) - 2.3341 (±0.0368) eV, E1 (97 K) = 2.5198 (±0.0218) eV,

rerun at low current 0.6-2.0 AA .

correlated readings of the sample stage mperature. When temperatures
between 100 K and 300 K are used for estimation of aE1/aT, the deviation
induced in paired measurements affects the aE 1/aT results by only
5 x 10-6 eV/K which is 1% of the estimated value. Therefore, we feel that
temperature measurements with greater than 2 K accuracy are not needed for
this experiment.

Still, we suspected that our sample holder, with a single clip mount for the
MCT, shown in Figure 15, was insufficient to guarantee cold upper surfaces.
We believed that the radiation from the electron beam and from the room
temperature walls of the vacuum system was sufficient to heat the upper 300 A
of the MCT surface, so that the temperature of the measured surface was not

that of the copper sample holder. We then constructed a new sample holder
shown in Figure 16 with a surface copper gasket. The gasket provides both an
upper surface thermal contact, and better thermal contact to the copper sample

holder. We note that even this case is still insufficient to guarantee the
temperature of the sample surface, due to radiation heating from the probe
light beam and the electron beam. This issue is inherent to
electroreflectance measurements at the high energy band gaps of any
crystalline material, where the light penetration is so shallow.
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c. Results of experiments with new sample holder.

(1) Results at the E, band gap.

With the new sample holder, we re-ran the epitaxial MCT on CdTe sample 52, and
found a value commensurate with that of Berlouis. We found that at low
electron beam currents of 0.6 MA, at 96 K, El = 2.5662 eV, and at 300 K,
El - 2.4057 eV. This results in an estimate of aE1/8T of -7.79 x 10-4 eV/K,
using the Raccah formula, x - 0.333, for this sample measurement. Repeated
measurements on the same sample, but at a later time and a different position,
provided a value of -9.19 (±2.12) x 10-4 eV/K, and an x value estimate of
0.26 (±0.04). Therefore, our value goes beyond the upper limit of aEl/aT
found by Berlouis et al. (-6.6 (±0.5) x 10-4 eV/K). A subsequent measurement
of the same sample, at electron beam currents of 10 pA, gave an estimated
aEl/aT of -6.69 x 10-4 eV/K, which lies within the range specified by Berlouis
et al.

Although we can conceive of many reasons why our estimates of the 8E1/8T value
may be erroneously low (by Hg loss going to high temperature, or by
insufficient heating of the sample), we foresee only two reasons why the
temperature dependence may be estimated too large. First, increased surface
radiation heating at higher temperatures would cause an artificially high
value to be obtained. This may occur due to the reduced thermal conductivity
of MCT as the temperature is raised. We must secondly consider that the
epitaxial MCT on CdTe is a strained system, and that the El and E1+A1 band gap
energies will be responsive to strain in the epitaxial material. Therefore,
the temperature dependence of the epitaxial MCT may be larger than that of
bulk material. Of the three samples studied by Berlouis et al., the one
epitaxial sample did demonstrate the largest temperature dependence of the El
transition.

(2) Results at the El+Al band gap.

We have found no literature values for either the value of the E +Al band gap
which lies near the El transition energy, nor for its temperature dependence.
Our data on the El+Al band gap appears in Tables 2, 3, and 6. From Table 2,
the estimated A1 value ranges from 0.6188 to 0.6418 at electron beam currents
of 0.6 MA and 8.0 )A respectively, for sample 52 at 95 K. From Table 3, we
found that for sample 56, the value of Al was 0.6254 (±0.0116) eV and the Al
splitting has a small positive temperature dependence- -about 5 x 10-5 eV/K.
In contrast, as shown in Table 6 for sample 52, we have found the splitting to
be somewhat larger but still positive--about 2 x 10-4 eV/K. In both cases,
the El+Al band gap has a temperature dependence of about -5 x 10-4 eV/K.
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Table 6. Temperature dependence of MCT EI+A 1 and A1 band gaps. (All from
epitaxial sample 52 with Cu gasket mount)

Band gap Sample x-value a(E +A 1)/aT 8A1/aT
(Raccah formula) (10 eV/K) (10-' eV/K)

E +A current 0.6 pA 0.333 -4.078 +3.174
E +A current 6.0 pA 0.313 -6.074 +2.721
E +A rerun 10.0 pA 0.312 -4.209 +2.482

6. INVESTIGATIONS OF THE SURFACE TREATMENTS OF BULK CdTe AT THE E 0 BAND GAP
BY EBER.

In work closely related to the analysis of MCT, we have conducted studies of
CdTe bulk samples. Our studies were intended to show differences in the
quality of CdTe samples which had been prepared with different surface
treatments. We chose to study the E0 band gap transition, because the
penetration depth is quite large, and the potential for excitonic effects is
strongest. The exciton is very sensitive to defects and impurities due to its
large volume--sharp excitonic transitions correspond to long exciton lifetimes
and therefore high quality.

As Figure 17 shows, three samples of [lll]-oriented CdTe were studied. The
three possessed (1) a mechanical 0.3 jm diamond polish, (2) an alternative
"diamond turned" surface and (3), a combination of mechanical and chemical
polish. Figures 17a, b, and c show EBER spectra of the three samples, at
300 K. Sample 1 has the broadest optical transitions, followed by sample 2
and then by sample 3 which has the sharpest transitions. The transitions have
been initially modeled as excitonic, but may also be fitted to interband
transitions. Using consistent models for all three cases shows that the
broadening parameters r for the sharpest transitions in the three cases follow
the expected trend: 31.4 meV for (1), 31.0 meV for (2), and 10.8 meV for (3).
The peak energies also appear to increase from 1.464 eV to 1.494 eV to
1.511 eV. This indicates that the effects of purely mechanical polishing may
be to introduce defect states below the band edge.

7. STUDIES OF GaAs AND RELATED COMPOUNDS.

As we have recognized the difficulties of studying MCT with EBER, we have
expanded our studies to encompass GaAs and related materials where the
associated analysis issues (shallow light penetration, low thermal
conductivity) are less severe. Several of these studies which we describe
briefly below have been presented at scientific meetings or submitted for
publication.

Firstly, we have successfully used EBER to examine single GaAs/AlGaAs quantum
wells. Numerous results of this study are detailed in the attached paper,
which has been presented to the Electronic Materials Conference and submitted
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Figure 17. EBER spectra of three samples of [1111-oriented CdTe at 300 K.

The three CdTe surfaces had (a) a mechanical 0.3 pm diamond

polish, (b) an alternative "diamond turned" surface and (c), a

combination of mechanical and chemical polish.
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to the Journal of Electronic Materials. We have found evidence for many
intersubband transitions between both bound and unbound levels of single
quantum wells, and using the rectangular barrier model, we have estimated the
conduction band offset parameter Q. to be nearly 0.62 for the GaAs/AlGaAs
system.

Secondly, we have investigated many qualities of GaAs bulk material, and
presented data at the American Physical Society Meeting in St. Louis. Working
with collaborators at AT&T Bell Laboratories and Aerospace Corporation, we
have found clear evidence for an optical transition lying nearly 38 meV below

the E0 transition in several samples of semi-insulating GaAs.
20 The origin of

this peak has been the subject of recent research by several other groups.

Third, we have developed several new commercial applications of EBER analysis
to heterostructures. These structures include HEMTs fabricated of AlGaAs on
GaAs and also pseudomorphic HEMTs which contain strained layers of InGaAs.
Our EBER spectra of standard HEMT structures have been presented at the
November Materials Research Society Meeting in Boston,21 and our results on
pseudomorphic HEMTs in conjunction with researchers at the University of Texas
at Austin will be presented at the forthcoming Electronic Materials Conference
in Boston.

22

III. CONCLUSION

This final report summarizes our experimental researches of applications and
mechanisms of electron beam electroreflectance (EBER) to HglCdxTe (MCT) and
other semiconductor systems. We have investigated the temperature dependence
of the El and El+A 1 optical band gaps of Hg1,_CdxTe (MCT) which have earlier
been correlated to composition. In general, we find agreement to the
temperature dependence results of other researchers. In particular, for an
epitaxial test sample of HglCd Te with x - 0.32 we have repeatedly obtained a
value of aE1/aT of -(6.7 to 8.2) x 10- eV/K. Our value is slightly larger
than, but consistent with, that determined by Berlouis et al. (-6.6 (±0.5) x
10-4 eV/K). As did Berlouis et al., we find a larger temperature coefficient
for epitaxial MCT on CdTe than for bulk MCT, presumably due to the temperature
dependence of elastic strain.

Our investigations have also extended to the El+A 1 band gap which lies nearly
0.63 eV above the E. transition energy. Our data suggests that the value of
Al is 0.625 (±0.012), and may have a small positive temperature dependence
between about 5 x 10 -5 eV/K and 2 x 10-4 eV/K. The El+A 1 band gap has a

consistent temperature dependence of about -5 x 10' eV/K.

We have found MCT to be much more sensitive to the intensity of the electron
beam current than other crystalline materials such as GaAs or Si, due to the
relatively low thermal conductivity of MCT. The strongly "first derivative"
lineshape observed at electron beam current densities of 10

-3 A/cm 2 appears to

us most likely a thermoreflectance (TR) component to the modulated reflectance
signal, based upon studies of the frequency, electron beam current dependence,
and comparison of the El and El+A 1 lineshapes. The TR component can be
minimized at low temperature with much smaller electron beam currents,
resulting in a detectable "third derivative" electroreflectance (ER) signal.
However, at room temperature we have not successfully obtained ER signals
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without a large TR component. We suspect that surface heating by the electron
beam raises the sample temperature in the region probed by the light.
Primarily for this reason, repeated determinations by EBER of the temperature
dependence of the El and E +A1 band gap energies demonstrate a rather large
variance.

We have studied the effects of electron beam current density and theoretical
fit parameters on the estimates of the El and E1I+A1 band gaps and broadening
parameters. We find that the complete GFF (first, second, and third
derivative) lineshapes provide the most consistent estimates of parameters in
either the low or high current regimes. We find that high electron beam
current does not significantly affect the estimates of either band gaps or
broadening parameters. In fact, at low measurement temperatures, higher beam
currents seem to improve the parameter estimates by increasing the
signal/noise ratio of the data. Both low and high current density cases
demonstrate comparable band gap energy estimates and r values for the E1 and
E,+A1 band gaps of MCT when the full GFF theoretical model is used. The
estimates are more varied when the same spectra are fitted with either purely
first derivative or third derivative lineshapes alone.

We have also determined experimental conditions for the EBER analysis of MCT
which appear to be non-destructive when samples are measured to at least
300 K. We have found that sufficiently low electron beam current densities
provide adequate signal for estimation of the El and E1+A1 peak energies, but
relieve concerns about electron beam modification of the sample surface by
sublimation of Hg under vacuum. Using the new conditions, we find that
changes in E. energy are not significant after repeated cycles of an MCT
sample to 300 K while simultaneously under electron beam irradiation.

Further, we have collaborated with other researchers on EBER evaluation of MCT
growth and dry-etch processes. We have worked with Stanford University
students on evaluation of VPE grown MCT on CdTe substrates, revealing optical
information about the quality of various MCT epi layers. Compositional
variations from dry etching in small (500 jum) square areas of MCT were
evaluated for the Army Night Vision Laboratories and Plasmaquest Corporation.
We evaluated the lineshapes both inside and surrounding the etch pit, and
found no significant differences between the optically measured compositions.
This study resulted in a joint publication.

24

Additionally, we have extended EBER studies to other technologically important
crystal systems related to MCT, such as CdTe. In the case of CdTe, which may
be used for substrates in MCT epitaxy, we have found correlations between the
EBER measurements and sample preparation methods. Our EBER results on other
crystalline systems have also been quite encouraging. In the case of GaAs and
related compounds, our results have shown promise in the analysis of epitaxial
films and heterostructures. These ancillary results are briefly described.
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Electron Beam Electroreflectance (EBER) Analysis of Single Al.Ga 1 xAs/GaAs

Quantum Wells
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and
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AMOCO Corporation, Naperville, IL

ABSTRACT
Using the technique of electron beam electroreflectance (EBER), we have

obtained spectra of Al0 .36Ga0.69As/GaAs [1003-oriented single quantum wells.
W;ell widths of 10, 25, 50, and 100 A nominal thickness were studied. The EBER
spectra were compared to the predictions of the simple rectangular well model
for the r reciprocal lattice point, using effective masses within the well of
mh'h = 0.34m0' m1h = 0"094m0' and m = 0.0665m 0 . Differences between
experimental and theoretical excitonic transition energies were minimized by
adjustment of the well width and conduction band offset parameter Qr,
resulting in well widths within 15% of their nominal values and Q values
between 0.61 and 0.65. In general, we find that spectra contain allowed (An =

0) and forbidden (An o 0) transitions between bound states.
Additionally, we consistently observe features which we ascribe to

transitions between bound and delocalized "unconfined" or "resonant" states
lying close to the AlGaAs band edge energies. These states are most evident
in the thin wells, as the wider 50A and 100A wells contain many bound state
transitions which mask the resonant levels. In particular, for the 10A well
we observe allowed transitions ClHl and CILl, and a third transition. The
latter feature corresponds closely to a transition between Hl and the top of
the conduction band well (CT), and to a transition between the bottom of the
valence band well (VB) and Cl. Likewise for the 25A well, we observe allowed
transitions ClHl and ClLl, and distinct transitions between the top of the
conduction band well and both Hl and Lb.

From our 100A EBER spectra, we observe a feature which may be due to
quantum confinement at E0+A 0 . In spectra of this sample, we note a feature
lying slightly above the GaAs E +A energy, and which possesses a much larger
intensity and uncharacteristic iineshape than observed for the interband E0+A0
transition in bulk GaAs. This feature is suggestive of a transition between
the Cl level and the lowest confined state of the split-off band.
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I. INTRODUCTION
Both the theoretical understanding and experimental realization of solid

state quantum wells have been well established [1]. Experimental observations
of optical transitions in such structures have provided the impetus for
advanced understanding of excitonic and interband transitions in confined
systems [2]. In such studies, direct evidence of forbidden transitions and
the evidence of unconfined or resonant states in single and multiple QW
structures has come from modulation spectroscopies such as electroreflectance
;3] (ER).

Recently, an ER system employing an electron beam for surface field
modulation has been described (4]. The electron beam electroreflectance
(EBER) instrument amplifies the magnitude of the surface potential by flooding
the surface with low energy (-240eV) electrons. Owing to the square law
dependence of the amplitude of ER signals upon the strength of the electric
field modulation [5], EBER generally possesses higher signal-to-noise than
alternative contactless modulated reflectance techniques such as
photoreflectance.

The EBER technique probes all of the levels of the quantum well. EBER is
one of several forms of electroreflectance (ER) modulation spectroscopy which
have demonstrated superiority for such studies. The measure of the modulated
reflected light intensity provides information at all energies, in comparison
to PL, which only provides information about radiative recombination of the

lowest transition energies. In ER, one measures as a function of light
wavelength A both the reflected light intensity, R(A), and its changes, AR(A),
which result from modulation of an electric field within the crystal. The
ratio of the two, AR/R, is a signal which reveals the optical transitions of
the crystal.

In this paper, we describe applications of the EBER instrument to
analysis of GaAs quantum wells bounded by Al.Ga1x As barriers. Experimental
EBER data from several such wells are presented. The observed lineshapes are
characterized and quantified using established theory. The resultant energies
are related to the parameters of the rectangular barrier model for the r
point, using accepted effective mass values. Finally, the conduction band
offset parameter, QC is estimated, and our results compared to those of other
researchers.

II. THEORY
The GaAs/AlGaAs quantum well (QW) has been successfully modeled in the

past using a simple rectangular barrier. In this model, the QW is composed of
symmetric energy "barriers" encasing a narrow band gap "well," as shown
schematically in Figure 1. As indicated, the well has a conceptual width W
and band gap E . Both Al Ga As barrier layers have an identical band gap

E The totat energy ava-laie for carrier confinement, AE -(E -E ), is

s~ared between the conduction and valence bands. The fractfon available for

conduction band confinement is designated the conduction band offset
parameter, Q.. It is further assumed that Q depends only upon the well and
barrier materials, and not upon well width, temperature, or AlGaAs
composition.
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Based upon the rectangular barrier model, the Schrodinger equation

provides us with a trancendental equation for the bound state energies [6].

The equation is solved numerically for various well widths, depths, and

effective mass values appropriate to each subband, consistent with a range of
Q^ values. The general behavior of the bound states as a function of well

depth have been described [7]. From the bound state energies of each subband,
inter-subband transitions can be calculated. In Figure 1, we have labelled

the conduction band states Cn for the nth level above the bottom of the well.
Similarly, lzn and Hn refer to the light and heavy hole levels of the valence

band.

In the present case, we must also consider the possibility that

transition between conduction band levels and quantized states associated with
the split-off valence band may be observable. Quantum confinement has already

been reported by others at the E1 band gap [8], and excitons have been

observed at the E0+A 0 band gap in the past [9]. In bulk GaAs, the splitoff
valence band lies approximately 0.33 eV below the degenerate light and heavy

hole valence maxima at F. As the effective mass of this valence band is
nearly 0.15, the lowest quantum transition (ClSl) of this split-off band well

is therefore be predicted to lie about 0.33 eV above the ClHI transition.

Based upon earlier research [10], we expect the QW to also possess
unbound (unconfined, resonant) states outside of the conduction and valence
band wells. These states are predicted theoretically by more sophisticated

models [11]. For simplicity, we have conceptually grouped these additional
levels under the labels CT for "conduction band top" and VB for "valence band

bottom." The bound and unbound levels of the QW are the solutions of the
Schrodinger equation, with effective mass parameters representative of the

crystalline solid. Although the effective masses may possess a slight
temperature dependence, we will use the constant values suggested recently by
Shanabrook, et al [12]. Specifically, we use me - 0.067, mhh = 0.34, m1h

0.094 for the electron, heavy hole, and light hole masses in the (100)

direction, in units of the free electron mass. The energy levels of these
unbound states are also depicted schematically in Figure 1.

III'u EXPERIMENTAL:
The QW samples were grown by MBE at AMOCO. An initial GaAs epi layer

prefaced the growth of the QW layers. The thicknesses and nominal x values of

the barriers and well are indicated in Table 1. Neither GaAs capping layers
nor intentional dopants were used in the preparation of these samples, to

alleviate possible effects which may arise from carrier confinement in the cap
or from large built-in electric fields due to doping.

The EBER measurements were carried out near 90K or 300K, and monitored by
means of an Fe-Constantan thermocouple. During analysis, samples were
maintained under pressures of 10-9 torr. Electron beam currents on the order

of 1 pA or less, focussed to an 0.8 mm diameter spot, were employed to provide

a suitably strong modulation. At the sample surface, the electrons retained

240 eV of kinetic energy, which thermalize within 25 A of the surface [13].
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The probe light beam was provided by a 0.25 meter PTI Model I

monochromator, employing a 1200 line/mum grating. The monochromator was

illuminated by a 75 Watt Xe arc lamp. The monochromator wavelength was

stepped by an IBM PC/AT computer, and the signal acquired successively at each

wavelength step. The reflected probe light was detected with a Si photodiode.

The photocurrent signal was separated into AC and DC components

electronically, and measured by an EG&G PAR model 5207 lockin amplifier

synchronized to the electron beam. The numerical division of the two signals

provided the measured AR/R EBER spectrum.
We have analyzed the EBER spectra by non-linear least-squares fitting of

the experimental data to a superposition of Lorentzian lineshapes [14],

representing independent transitions. These individual transitions may have

an interband, excitonic, or impurity-to-band origin, which may be modeled by

appropriate choices of derivative and dimensionality. Presently, we have

incorporated the Marquardt algorithm for automated variation of the broadening

parameter F, the transition energy E, and the dimensionless quantities of

amplitude and phase factor. We are interested mainly in the comparison

between the experimental energies to those predicted by the model, so that the

parameters Q, and W can be deduced.
We have not treated impurities in this study. Impurities can cause bound

excitons as well as impurity-to-band transitions, which can each give features

in modulated reflectance spectra. Although infrequently such impurity

signatures have been observed below the GaAs E0 at some positions on these QW

samples (see Figure 3 for example), the QW transitions have been found to be

unchanged at locations where impurities have not been observed. We therefore

consider the effects of impurities in the case of these QW samples to be

inconsequential, while remaining cognizant of this assumption.

IV. EXPERIMENTAL RESULTS AND DISCUSSION:
An EBER spectrum of MBE grown AlGaAs on GaAs is shown in Figure 2. This

spectrum shows the energies and typical magnitudes of the GaAs and AIGaAs E0
transitions at 95K. It shows the EBER spectrum of an AlGaAs film on GaAs to

be free of observable transitions between the AlGaAs and GaAs E0 band gaps
[15]. We can observe the GaAs E0+A0 transition 0.33 eV above the E0
transition. However, the intensity of the split-off band transition is

usually quite weak relative to the E0 transitions [16].
For comparison to Figure 2, the experimental EBER data for the 10, 25, 50

and 100A quantum wells are shown respectively in Figures 3, 5, 7, and 9. The

spectra are expanded in various energy ranges to show the resolvable

transitions. In each case, we observe excitonic lineshapes within the energy

range between the GaAs and AlGaAs E0 band gap energies, in agreement with

previous reports [171. We have annotated the spectra with tentative

designations of the most intense features, based upon the rectangular barrier

model. The determination of the transition assignments is discussed below.
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Several effects influence the measured transition energies and

intensities. Although only transitions from states of identical symmetry may
be expected from a perfectly symmetric QW, in practice we observe transitions
between states of opposite symmetry as well. These transitions are a

consequence of asymmetries resulting from built-in and applied electric
fields. Electric field modulation causes both the energy levels and

wavefunctions to be Stark shifted within the well. These effects change the
wavefunction overlap and thereby affect absorption and reflection of light by

the structure, providing the measured modulated reflectance signal.
Accordingly, built-in fields may also introduce Stark-effect

perturbations of unmodulated electronic levels, introducing uncertainties in

the comparison of experimental to theoretical results [18]. Indeed, we have

observed that the ClHl and ClLl transitions are composed of distinct excitonic

doublets of opposite phase. In the case of the 50 A spectrum, we find the
energy change to be about 4.5 meV for the CIHI level, and 8.3 meV for the CILI

level. However, these energies only reflect the changes due to electron beam
:odulation, and do not indicate the effects of built-in electric fields. In

spite of these issues, we compare below the experimental results to the
rectangular barrier model disregarding possible Stark shifts of the levels.

I. THE 10 ANGSTROM WELL.

For the 10 A well shown in Figure 3, only three distinguishable

transitions are observed. All three lie below the AlGaAs E0 , and close to the
expected GaAs E0+A0 split-off band. The proximity of the QW transitions to

the substrate GaAs E0 +A0 and barrier AlGaAs E0 levels places some
uncertainties on their origin due to possible impurity-related or interference
effects. However, our examinations of the transition energies, broadening
parameters, and lineshapes show that the observed levels do not coincide with
the GaAs E0+A0 level, nor to impurity transition features we have observed in
bulk GaAs, even though we do observe an impurity feature 39 meV below the GaAs
E, transition in this sample, as noted in Figure 3. Therefore, we assign the
features below the AIGaAs E0 to excitonic transitions of the QW.

The experimental EBER data taken at 298K, shown in Figure 3, and data

taken at 103K show two strong peaks separated by nearly 0.02 eV, and lying
about 0.07eV below the AlGaAs E0 level. Theoretically, this well may possess
only Cl, Ll, and Hl bound states, so we take these two features to be the ClHl

and CILl transitions. Using the adjustable parameters are the well width W,
and the band offset Qr, we have minimized the squared differences between the

theoretical and experimental levels, weighted by the experimentally estimated

broadening parameter. The results of the minimization procedure appear in
Table 2. The procedure gives an extimated well width of 11.57 A and a Q. of

0.644. A spectrum of the same sample taken at 103K is best modeled by a
similar well width of 11.62 A and Q, of 0.646.

We also observe in the experimental data additional transitions below the

A1GaAs E, level, which do not correspond to any transitions between bound
states of this well. The levels do correspond closely to transitions between

the bound levels and the resonant states at the top and bottom of the GaAs
wells, CT and VB. The experimental and theoretical levels are compared

graphically in Figure 4.
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II. THE 25 ANGSTROM WELL
An EBER spectrum of the 25 A well appears in Figure 5, with several

observable transitions. The 25 A well contains Cl, Li and HI bound levels,
and as in the case of the 10 A well, resonant states CT and VB are also
proposed. None of the observed levels coincide with the GaAs E0+A0 level.
The EBER spectra of the 25 A QW data consistently show excitonic lineshapes
with energies listed in Table 3. No impurity-related features are observed
below the GaAs E0.

The results of least squares minimization of the differences between
theoretical and experimental levels appear in Table 2. The well width is
estimated to be 25.9 A and a Qc of 0.612. As in the case of the 10A well, we
observe additional experimental transitions below the AlGaAs E. level which do
not correspond to bound state transitions in this well, but which do
correspond to transitions between the bound levels and the resonant state.
The experimental and theoretical levels are compared in Figure 6.

III. THE 50 ANGSTROM WELL
From the EBER spectrum of the 50 A well, shown in Figure 7, many

transitions are observed. Though a well which is 50 A wide is predicted to
contain Cl, C2, Ll, L2, Hl, H2, and H3 bound levels, we find that the well is
slightly narrower, and does not contain transitions to C2, L2, or H3 levels.
Again, the GaAs E0+A0 level is unobserved, and we propose resonant states CT
and VB to explain additional features of the EBER spectrum.

As above, we have obtained W and Qc by minimization of the weighted
squared differences between the theoretical and experimental levels. The best
results are obtained from a W of 42.86 A and Q of 0.618, as summarized in
Table 4 . As in the ca-e of the thinner wells, we again observe additional
experimental transitions which do not correspond to transitions between two
bound states, but instead are ascribed to transitions between bound and
resonant states. The experimental and theoretical levels are presented in
Figure 8.

IV. THE 100 ANGSTROM WELL
In the case of the 100 A well shown in Figure 9, a large numler of

transitions are observed. The 100 A well is predicted to contain Cl-C3, LI-
L3, and Hl-H5 bound levels. Based upon the observations in the thinner wells,
we anticipate the existence of resonant states CT and VB. The well width W
and Qc are determined as above. The results appear in Table 5 which shows a
well width of 101.0 A and Qc of 0.639. Additional experimental levels which
correspond to transitions between the bound levels and the resonant states are
suggested, but are often masked by bound transitions. The experimental and
theoretical levels appear graphically in Figure 10.
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From our 100A EBER spectra, we observe a feature which may be due to

quantum confinement at E+A 0. In spectra of this sample, we note a feature at

1.898 eV, lying slightly above the GaAs E0+A0 energy of 1.834 eV, and which

possesses a much larger intensity and uncharacteristic lineshape than observed

for the interband E0+A0 transition in bulk GaAs. The levels which surround

this feature are the C3L3 and C3VB transitions. However, the observed feature

is much more intense than the C2L2 or C2VB levels from this sample.

Therefore, this feature is suggestive of a transition between the Cl level and

the lowest confined state of the split-off band. As the split-off band

effective mass is intermediate between that of the light or heavy holes, the

transition between the i't conduction band level Cl and the first split-off

band level S1 should lie about 0.34 eV above the ClHI to CLI levels. In the

thinner wells, the CISl level would be above the AlGaAs E0 level, and

therefore be attenuated in intensity. In the case of the 100 A QW, this level

lies below the AlGaAs E0. Supplementary features observed above the AlGaAs E0
transition in all samples may have similar origins, but may also be related to

Franz-Keldysh effects, which mask their clear determination.

V. CONCLUSION:

In this paper, we have presented experimental Electron Beam

Electroreflectance (EBER) spectra from four AlGaAs/GaAs/AlGaAs quantum wells.

We demonstrated that the observed optical transitions from quantum wells can

be successfully understood on the basis of the rectangular barrier model. The

transitions present in the experimental EBER data were fitted to excitonic

lineshapes. The resulting transition energies were then compared to the

theory, and optimized by variation of the W and QC parameters. For each of

the wells, reasonable assignments have been made on the basis of peak

intensity.

Additionally, we have confirmed the observation of forbidden but parity

allowed AN - 0 transitions in many cises [19]. Further, parity forbidden

transitions such as CIH2 and C2HI are also observed clearly in some samples.

These transitions are understood to occur from electric field modulation of

square QWs [20]. Additional peaks are experimentally observed, which suggest

transitions to unconfined or resonant states lying outside the well. These

features and their assignments are most evident in the thinnest wells, where

they are not masked by bound state transitions. In the case of the 100 A QW,

we find a large feature at the energy predicted for a transition between Cl

and SI, the lowest level of the splitoff valence band of the GaAs well. The

absence of alternatively strong transitions at this energy suggests that the

level is ClSI.
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Further, we have obtained estimates of the parameters W and Q for each

well. These results are summarized in Table 6. In all cases, the well widths

are calculated to be within 15% of their nominal values. The QC estimates lie

within the range of 0.612 to 0.646. The average of 0.629 is in close
agreement with values quoted by others using the effective mass values we have

adopted [213. Other choices of effective mass affect the calculated Q. value,
and do not represent valid comparisons, although the agreement between

experiment and theory may be quite similar. This interaction between Q and

effective mass choices have resulted in many combinations of values [22).
Wolford [23] used pressure to determine the crossing of the bands and found an

independent measure of Q, to be 0.685. If this value Q. is correct, it

suggests that -he effective mass values may be incorrect. Reddy et al found
Q = 0.65 with Mhh = 0.45, and attributed observed structures above E- of

AlGa As to resonant (unconfined) transitions. Their data was fitted with
lines~apes appropriate to interband transitions, and not excitonic lineshapes
for their observed features. However, the choice of lineshape should not have

introduced significant errors in estimation of transition energies.
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VIII. FIGURES AND CAPTIONS:

I Figure 1: Rectangular barrier model:
Figure 1: Schematic of QW, showing large band gap Barrier surrounding

narrow gap Well material. States of the well are schematically indicated:

conduction band states Cn, light hole levels Ln and heavy hole levels Hn. Not

shown is the split-off valence band, which lies 0.34 eV (A.) below the

degenerate light and heavy hole valence maxima. The states of this split-off
band well are similarly labeled Sn in the text. Unconfined transitions VB and
CT refer to the valence band bottom and conduction band top, respectively.

II. Figure 2: EBER spectrum of AlGaAs film on GaAs.

The EBER spectrum of a single AlGaAs film on GaAs. We can also observe
the GaAs E0+A0 transition 0.342 eV above the E0 transition.

III. Figure 3: EBER spectrum of 10A QW.

EBER spectrum of 10A QW at 298K shows GaAs substrate E0 at 1.424eV,
AlGaAs E0 at 1.855eV, and transitions just below AlGaAs E0 due to CaAs QW.

The energy regime just below the AlGaAs E0 has been expanded to show the
structure of the QW transitions. Three transitions are observed distinctly

separated from the AlGaAs E0, labelled with calculated assignments. An
impurity related transition is also observed 39 meV below the GaAs E0
transition.

IV. r'gure 4: Comparison of Theoretical to Experimental Assignments for 10A

OW.
The correspondence between the rectangular barrier model transitions and

experimentally determined energies from EBER are shown. The final QC is

0.646, and well width 11.62 A.

V. Figure 5: EBER spectrum of 25A QW.

EBER spectrum of 25A QW at 90K shows GaAs substrate E0 at 1.505eV, AIGaAs
E0 at 1.91eV, and transitions between due to GaAs QW levels. The energy

regime just below the AlGaAs E0 has been expanded to show the structure of the
QW transitions. In addition to the CIHI and ClLl, three transitions are

observed distinctly separated from the AIGaAs E0 are attributed to transitions
between bound and unbound levels.

VI. Figure 6: Comparison of Theoretical to Experimental Assignments for 25A

OW.
The correspondence between the rectangular barrier model transitions and

experimentally determined energies from EBER are shown. The final Qc is
0.612, and well width 25.90 A.

VII. Figure 7: EBER spectrum of 50A QW.
EBER spectrum of 50A QW at 90K shows GaAs substrate E0 at 1.505eV, AlGaAs

E. at 1.91eV, and transitions due to GaAs QW levels between these. The
spectrum has been expanded to show the weaker QW transitions, which have been
labelled with calculated assignments.
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VIII. Figure 8: Comparison of Theoretical to Experimental Assignments for 50A

The correspondence between the rectangular barrier model transitions and
experimentally determined energies from EBER are shown. The final Q is
0.618, and well width 42.86 A.

IX. Figure 9: EBER spectrum of 1OA QW.
EBER spectrum of IOOA QW at 90K. Transitions due to GaAs QW levels

appear in the expanded spectrum, with assignments based upon the rectangular
barrier model. Strong transitions Note the large trahition at 1.85eV, which
mav be due to transitions between Cl and the lowest splitoff valence band
level SI.

X. Figure 10: Comparison of Theoretical to Experimental Assignments for 1OA

0W.
The correspondence between the rectangular barrier model transitions and

experimentally determined energies from EBER are shown. The final Qc is
0.639, and well width 101.0 A.
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Table 1: Nominal well and barrier thicknesses for OW samples.

Sample Lower Barrier Well Upper Barrier

Number Al0.3Ga0.7As GaAs Al0.3Ga 0 .7As

thickness (A) thickness (A) thickness (A)

249 5500 10 1000

250 4160 25 1000

251 5000 50 1000

252 1600 100 1000
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Table 2: Best fit values for 10 A Quantum Wjell.

.emoperature 103K 298K

Qc 0.646 0.644

'.eil Wjidth 11.62 11.57

Tempprature 103K 103K 298K 298K

Transition Experimentally Predicted Experimentally Predicted

Designation Observed Transition Observed Transition

Energy (eV) Energy (eV) Energy (eV) Energy (eV)

GaAs 1.505 1.505 1.424 1.424

CiHl 1.842 1.842 1.770 1.769

CILl 1.860 1.867 1.792 1.793

ClVB 1.889 1.883 1.814 1.810

CTHl 1.889 1.884 1.814 1.811

GTL1 1.907 1.909 1.833 1.835

A1GaAs 1.907 1.905 1.855 1.824
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Table 3: Best fit values for 25_A Quantum Well at 85K.

Temoerature 85

Q- 0.612

Well 'Width (A) 25.90

Transition Experimentally Predicted

Designation Observed Transition

Energy (eV) Energy (eV)

GaAs 1.5050 1.5050

C lHl 1.7058 1.7058

Cl Ll 1.7321 1.7450

C lVB 1.8126 1.8128

CTH1 1.8382 1.8218

CTL1 1.8487 1.8610

A1GaAs 1.9000 1.9050
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Table 4: Best fit values for 50 A Quantum Well at 90K.

Terpe rature 90

Q- 0.618

',ell Jidth ()42.86

Transition Experimentally Predicted

Designation Observed Transi~tion

Energy (eV) Energy (eV)

G aA s 1.5050 1.5050

Cl1 1.6121 1.6162

C lLl 1.6405 1.6488

ClH2 1.7050 1.6958

C lVB 1.7479 1.7395

CTH1 1.7479 1.7659

CTL1 1.8148 1.7985

CTH-2 1.8540 1.8455

A1GaAs 1.9050 1.9050
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Table 5: Best fit values for 100 A Ouanttim Well at 90K.

Best fit for

lernerature 90

Q 0.6388

Wjell Width ()101.03

Transition Experimentally Predicted

Designation Observed Transition

Energy (eV) Energy (eV)

GaAs 1.5083 1.5080

ClH1 1.5443 1.5458

ClLl 1.5570 1.5590

ClH2 1.5632 1.5687

C 11-3 1.6070 1.6058

ClL2 1.6185

C2Hl 1.6371 1.6340

C2LI 1.6371 1.6472

ClH4 1.6540

C2H2 1.6564 1.6570

ClL3 1.6801 1.6844

ClVB 1.6801 1.6863

C1HS 1.6880

C2H3 1.6941

C2L2 1.7058 1.7068

C2H-4 1.7489 1.7423

C3HI 1.7549 1.7602
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C2L3 1.7727

CM3L 1. 7734

C 2VB 1. 7746

C2H5 1.7763

C3H2 1.7796 1.7832

CTL1 1. 7844

CTHl 1.7796 1.7866

CTH2 1.7942

C3H3 1.8147 1.8203

CTH3 1.8313

C3L2 1.8330

CTL2 1.8566 1.8594

C3H4 1.8686

CiSi 1.8975 1.8864

C3Hi5 1.8892

CTH4 1.8949

C3L3 1.8975 1.8966

C 3VB 1.9008

GTH5 1.9135

A1GaAs 1.9089 1.9080
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Table 6: Summar-Y of Calculated Well Thicknesses and Q Parameters.

Ternerature(K) 103 298 85 90 90

Q, 0.646 0.644 0.612 0.618 0.639

Nominal W(A) 10 10 25 50 100

Caic W(A) 11.62 11.57 25.90 42.86 101.03

W, d if 16.2 15.7 3.6 -14.3 1.0
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