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I. SUMMARY

We have completed the Phase I study of heterojunction III-V layers using EBER.
In the case of single films, we have shown that the direct band gap of
Al Ga, As composition from the entire range x = 0 to 1 is detectable. We have
determined the excitonic energy levels of a wide range of AlGaAs/GaAs single
quantum wells. The observed levels have been identified with respect to the
simple rectangular barrier model. resulting in very good agreement with

published work. In HEMT studies, our EBER results strongly suggest the
presence of 2DEG states at the heterojunction interface, as reported by
earlier researchers. In addition, we have found direct evidence of

superlattice buffer layers in HEMTs, which has not been previously reported.
Furthermore, we have utilized the Franz-Keldysh oscillations originating in
the heavily doped AlGaAs film to estimate the built-in electric fields in HEMT
samples. Although we have not yet succeeded in correlating the 2DEG density
nor carrier mobility to features of EBER spectra, we have demonstrated that
poor quality HEMT material can be detected.

Beyond our original intent, our studies have encompassed fundamental
investigations of the mechanism of EBER, the presence of excitons in crystals
and structured samples. We have also measured the EBER spectra of strained-

layer pseudomorphic QW and HEMT structures. Additionally, we have data which
shows that carrier type can be determined optically from the phase of the EBER
features.
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II. INTRODUCTION AND OBJECTIVE

The objective of our Phase I research was to determine the usefulness of
Electron Beam Electroreflectance (EBER) for the characterization and
understanding of heterostructures. We intended in Phase I to show the
feasibility of the technique for this purpose, and to examine the potential
for more advanced studies in Phase II.

OQur original proposal called for the initial characterization of electronic
structure at AlGaAs/GaAs interfaces by EBER. Specifically, we proposed the
investigation of quantum well and HEMT structures, to demonstrate the
applicability of EBER to analysis of these structures. We intended to examine
the electronic levels associated with single quantum wells, used in laser
devices, and single heterojunction interfaces, characteristic of HEMT devices.
Our objective was to observe and parametrize additional spectral features of
these interfaces, using EBER.

ITI. PROGRESS AGAINST THE WORK PLAN

In this section, we review the progress made against our original research
plans.

A. OBTAIN SAMPLES OF BOTH SINGLE HETEROJUNCTION INTERFACE AND SQW SAMPLES.
STATUS: DONE.

(a) SQW samples: We have obtained SQW AlGaAs/GaAs/AlGaAs samples with
x = 0.3 for the barrier layers and with a well width range of 10, 25,
50, and 100A. Additionally, we have obtained GaAs/InGaAs/GaAs SQW
samples of several well widths and In content. For further studies, we
have acquired both InAs/GaAs and AlGaAs/GaAs superlattices.

(b) Single Heterojunction samples (part 1): We have obtained samples of
AlGaAs/GaAs structure with a variety of AlGaAs x value and generally low
doping. The samples have been grown by both MBE and by MOCVD
techniques. These samples play the role of coutrol for comparison to
the HEMT-type of structures described in (c) below.

(c) Single Heterojunction samples (part 2): We have obtained HEMT samples
with "standard" AlGaAs/GaAs structure with a variety of AlGaAs x value
and high doping. Although they are not specifically single
heterojunction structures, we also have obtained advanced HEMT samples
with InGaAs QW layers between the AlGaAs and GaAs, to preliminarily
extend the HEMT study.

B. MEASURE SPECTRA FROM SINGLE HETEROJUNCTION INTERFACES. STATUS: DONE.

We have measured EBER spectra from more than 8 single heterojunctior
AlGaAs/GaAs HEMT structures, based upon thin N'-doped Al Ga, As layer on




undoped (100) GaAs. We have also studied such structures with a short period

AlGaAs/GaAs superlattice underlying the HEMT structure. We have also
experimentally obtained spectra using variations in electron beam current
density and sample temperature, from 80K to 300K. The data are discussed

below in the Results section.

C. QUANTIFY OBSERVATIONS FROM SINGLE HETEROJUNCTION INTERFACES. STATUS: DONE.

We have, to the extent possible, parametrized the observed signals from 2DEG
transitions. These signals have been found to be most clear in cases where
the sample composition has been simplest. We do observe additional
oscillations from HEMT samples in which Hall measurements indicate the
presence of a 2D electron gas. These additional features are absent in cases
where the AlGaAs 1is 1lightly doped, and no 2DEG 1is observed by Hall
measurements. The data obtained so far are discussed below in the Results
section.

D. MEASURE SQW SAMPLES. STATUS: DONE.

We have measured several single qua-tum well (SQW), similar experiments were
performed. The quantum wells are formed of a thin layer of GaAs, 25 to 100A
thick, bounded by relatively thick Al Ga, As barrier layers. Total conduction
and valence band well depths, determined by composition of the barrier and
well materials, were estimated from E, band gap measurements. EBER spectra of
quantum wells of various depths and widths were obtained for several
temperatures and beam current densities. The data obtained so far are
discussed below in the Results section.

E. QUANTIFY OBSERVATIONS FROM SQW SAMPLES. STATUS: DONE.

After obtaining the EBER spectra of various quantum wells, the spectral peaks
were fitted to the GFF theory expanded to include excitonic effects. The
energy positions of the peaks and their lineshapes were quantified. Our data
are discussed below in the Results section.

F. COMPARE TO THEORY. STATUS: DONE.

Once energy levels were determined, they were compared to theoretically
allowed transitions between electron states and light and heavy hole sub-
bands. The simple 1-D potential well model was used to provide the assignment
of quantum numbers to observed transition energies. Estimates of critical
parameters such as the well width W and the conduction band offset, Qc, were
made. The data obtained so far are discussed below in the Results section.
The results of this work are being condensed into a paper for submission to
the Journal of Electronic Materials.




G. DESCRIBE THE RELATIVE MERIT OF THE EBER TECHNIQUE FOR THESE PURPOSES.
STATUS: DONE.

A major goal of the Phase I study is to ascertain the relative merit of EBER
for analysis of heterojunction interfaces. A comparison of the results to
those of photoreflectance and electrolyte ER (EER) and similar techniques has
been performed. A table of comparisons is attached as Appendix 1.

IV. DIRECT RESULTS OF PHASE I RESEARCH.

A. INVESTIGATIONS OF AL GA, AS DIRECT BAND GAP FROM x = 0 TO 1.

Our investigations of Al Ga, As has shown that the direct band gap of the
entire range of composition from x = 0 to 1 is detectable. The EBER data from
both low and high-x AleanAs films, grown by MBE, are shown in the attached
Figures 1 and 2. They show that clear features can be observed and fitted to
lineshapes for the evaluation of band gap energies E;, E+A,, E,, and E +4,
The formulae of both Casey and Panish!, and of the more recent Kuech?, et al
are used for estimation >f the Al content of the films. Unfortunately, these
two formulae do not agree closely at middle ranges of x value, so we currently
employ both expressions as estimates of Al content from band gap.




EBER Spectrum of Low-x AlGaAs
Nominal x=0.18, measured x=0.206
Theoretical Component Lineshapes Shown
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Figure 1: EBER spectrum of low-x Aleal_xAs.




EBER Spectrum of High-x AlGaAs
Nominal x = 0.80, Measured x = 0.858
T = 298K
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Figure 2: EBER spectrum of high-x Al Ga,_As.
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B. QUANTUM WELL STUDIES (ALGAAS/GAAS/ALGAAS).

One of the main objectives of the Phase I proposal was to investigate multiple
heterojunction samples, specifically quantum wells (QWs). We have completed
this section of the study, by using EBER to determine optical transition
energies in AlGaAs/Ga.: samples from 10A to 100A. We have developed software,
based on the rectangular barrier model, for the analysis of these samples, and
have successfully fitted the data to the theory.

1. Rectangular Farrier Model.

The model appears schematically in Figure 3. It shows the designations for
conduction band (C), and valence band light (L) and heavy (H) hole states. We
observe very similar unbound (unconfined, resonant) states as reported by
earlier researchers®. Additional unconfined transitions are incorporated with
two simple above-band gap states labelled CT and VB. Resulting transition
energies are non-linear functions of the well depth, band offset parameter Q..
and the well width, and of course the choices of effective mass values. It is
knrwn that the observed transitions are really excitonic and lie somewhat
below the interband levels predicted by the theory‘. Therefore, to minimize
the discrepancies induced by the (unknown) exciton binding energies, we have
minimized the energy differences between the ClHl level and the other
transitions. We also know that this method has a weakncss, as the Stark
effect’ on the lowest (ClHl) level results in a lowering of that energy, but
the higher transitions are shifted to higher energy.

2. Comparison of EBER results to model.

In spite of these arguments, we obtain very close agreement between the
predicted and observed spectral features in these wells. Our results appear
in Figures 4, 5, and 6. The predicted Qc parameters agree well with those of
other researchers. We find that Q, lies between 0.57 and 0.65, within the
0.60 * 0.05 range suggested by Glembocki et al®. Our estimates of well width
lie generally within 10% of the nominal values. A paper describing these
results have been submitted to the Journal of Electronic Materials for
publicationﬁ

3. Superlattice studies.

Further, we have studied multiple, interacting QWs (superlattices) of
AlGaAs/GaAs, and have found precise agreement between our studies and those of
earlier researchers using photoreflectance (PR). The spectrum of a
superlattice, provided kindly by Dr. Robert Sacks of United Technologies,
appears in Figure 7.
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Figure 3: The QW model, based on the rectangular barrier model.
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EBER Spectrum of 25A GaAs Quantum Well
with x=0.3 AlGaAs Barriers; T=85K
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Figure 4: The EBER spectrum of a 25A QW, with peaks identified from

the model of Figure 1.
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EBER Spectrum of 50A GaAs Quantum Well
with x=0.3 AlGaAs Barriers; T=90K
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Figure 5: The EBER spectrum of a 50A QW, with peaks identified from

the model of Figure 1.

14




Figure 6:

EBER Spectrum of 100A GaAs Quantum Well

with x=0.3 AlGaAs Barriers; T=85K
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EBER Spectrum of Multlple Quantum Well
71A GaAs Wells/201A AlGaAs Barriers
T=301K
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CHARLES EVANS & ASSOCIATES

Figure 7: Superlattice of AlGaAs/GaAs (71A Well/201A Barrier).

164




C. HEMT STUDIES (ALGAAS/GAAS).

Applying our technique to the industrially important 1issue of HEMT
qualification, we have studied "standard" AlGaAs/GaAs MODFET structures
included in the Phase I plan. The energy band diagram for this structure is
shown in Figure 9. Additionally, there often is used a superlattice (SL)
buffer of thin AlGaAs and GaAs layers to provide better confinement of the
2DEG, and to isolate the HEMT from the substrate.

1. Signals originating from the GaAs epitaxial film.

As shown in Figure 10, the EBER spectra of these structures possess many
spectral features, covering a wide energy range. Lowest in energy is a strong
feature which we believe is an excitonic state associated with the substrate
and epitaxial GaAs lying below the AlGaAs film. This feature is much stronger
than observed from simple bulk GaAs at room temperature, but is typical of
observed signals in epitaxial GaAs capped by AlGaAs films. It may be the case
that some carrier confinement effects or impurity binding of excitons causes
an increase in exciton Rydberg. We note that verbal discussions with
researchers versed in photoluminescence (PL) indicate that large exciton
signals are observed from single heterojunction interfaces, typically.

2. Signals originating from the AlGaAs film.

At about the energy expected from the Al content of the AlGaAs film, we
observe large oscillatory EBER features. These features we believe to be
Franz-Keldysh oscillations arising from the high electric field in the doped
AlGaAs film. These oscillations can be used to estimate the magnitude of
built-in electric fields in the HEMT structure. As Figure 11 shows, this
analysis can be useful in the case of the HEMT.

From a search of the literature and verbal discussions with experts in ER, we
understand that the band gap energy of the AlGaAs is uncertain under these

conditions. Even so, we have been able to place reasonable bounds on the
AlGaAs E; band gap energy from the spectra. Another issue which we have
investigated is the effect of AlGaAs doping on the Ej band gap -- the Burstein

shift effect. We have discussed this situation with Professor P. M. Raccah of
the University of Illinois at Chicago, and he has reported finding this effect
in InP EER spectra. Therefore, we have composed simple software to estimate
the corrected E; band gap in the case where the AlGaAs doping is known.

17
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Figure 8: Energy band diagram of an AlGaAs/GaAs HEMT.
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EBER Spectrum of HEMT #2B
T=298K
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Figure 9: EBER spectrum of a typical AlGaAs/GaAs HEMT.
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Figure 10:
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EBER Spectrum of HEMT #3B
T=298K, 50A GaAs cap
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Figure 11: EBER spectra of the 2DEG signals in AlGaAs/GaAs HEMT.

21




3. Signals originating from the 2DEG.

Most importantly, between the GaAs E; excitonic feature and the AlGaAs E;  and
Franz-Keldysh oscillations, we find characteristic features which we attribute
to transitions between the valence band Bloch states and those of the 2DEG
quantized states, as suggested by Glembocki and Shanabrook in PR studies®.
These additional features are present at all temperatures measured, from 90K

to 400K, with slight changes in characteristic. We have found that these
spectral features are oscillatory, but are not the typical Franz-Keldysh
oscillations one may expect. We do not believe that these features arise

primarily from excitonic transitions, as argued by Bottka, et al®, due to the
extremely high electric fields present at the heterojunction interface, and
the fact that these oscillations appear to be very independent of temperature

-- two conditions seem incommensurate with excitonic states. However,
currently we have not enough experimental evidence to completely support or
reject the theoretical excitonic vs. interband argument. Although we have

extended the Generalized Functional Form (GFF)!° for fitting transitions to
include excitonic effects, we can generally find several theoretical models
which exactly match our data. We have also quantified the changes induced by
current density and sample temperature variations, and find them to be small.
This is an area which will require further investigations in a Phase II study.
We anticipate publishing our results on HEMTs in the next few months.

Further, we have preliminarily examined HEMT structures isolated from the
substrate by AlGaAs/GaAs superlattices. From collaborations with Bell
Laboratories researchers, we have found clear evidence of transitions from the
superlattice (SL) buffer states. The SL is used to electrically isolate the
HEMT from the substrate, to provide immunity from substrate potential
fluctuations, and is very difficult to characterize by alternate methods. We
have been able to detect clear differences between samples grown a different
times, showing that optical analysis of these structures may provide the means
for non-destructive production analysis.
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V. ANCILLARY RESULTS OF PHASE I RESEARCH.

A. INVESTIGATIONS INTO THE MECHANISM OF EBER.

We have studied the mechanism of EBER to experimentally elucidate the
modulation origin. From our experiments, we have determined that surface
charging by electrons satisfactorily explains the observed signal AR/R
strength dependence upon electron beam voltage and current. Our data
contradicts earlier speculation that the electron beam merely excites
electron-hole pairs, and therefore reproduces PR. In fact, the wunipolar
modulation of EBER provides both the means to increase non-contact signals,
due to the square-law dependence of the signal on modulation surface electric
field, and to detect the carrier type of the material.

B. DETECTION OF CARRIER TYPE WITH EBER.

As a consequence of the unipolar modulation mechanism, we have observed the
phase changes in EBER signals which arise from P-type and N-type
semiconductors such as GaAs and InP. We have actually demonstrated carrier
type inversion in "high resistivity" GaAs crystals between 90K and 300K, as
shown in Figure 13. We conclude that we can detect the carrier type of these
crystals, non-destructively and non-contact, as others have shown in the past
with the contact techniques of electrolyte ER (EER) and surface barrier ER
(SBER). This is a capability which is impossible with the alternative non-
contact technique of PR. Further, we have been able to detect a 2f modulation
signal from P-type InP, which clearly elucidates the EBER mechanism as surface
charging by electrons.

C. FREE AND BOUND EXCITONS OBSERVED IN GAAS.

Following observations of sub-band gap spectral features, we have probed into
both free and bound excitonic transition determinations in bulk and epi films,
and found evidence for impurity-to-band transitions as well. These
investigations wunderlie the study of heterojunction structures, for we
anticipate that spectral features from alternative mechanisms must be
understood. Therefore, we have opened up the possibility for impurity and
defect analysis using EBER. We have presented evidence of these alternate
mechanisms during the March American Physical Society Meeting in St. Louis.

D. STRAINED LAYER QUANTUM WELL STUDIES (GAAS/INGAAS/GAAS).

We have extended our studies from the well-understood regime of AlGaAs/GaAs
heterojunctions to the more current and difficult regime of the strained-layer
system InGaAs/GaAs and InGaAs/AlGaAs. Through our research with EBER, we have
successfully found energy transitions in such QW structures, and have
successfully fitted the observed spectra to excitonic models. A typical
spectrum appears in Figure 8. We anticipate significant future work in this
area, but we require special IR detectors, gratings, and order-sorting filters
for our system to extend operation to 0.7eV. In the theoretical area, we
still require research to model the strained layer system so that the energy
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levels may be determined from physical parameters such as the strain, the well
thickness, the In content, and the band offset parameter. We are presently
collaborating with Professor B. Streetman and Dr. A. Dodabalapur at the
Univeffity of Texas at Austin in the application of EBER to pseudomorphic
HEMTs™".

E. BIBLIOGRAPHY.
Lastly, we have continued to build a complete annotated bibliography of ER and

related papers, for a comprehensive reference in the field. To date, we have
over 200 technical papers which have been reviewed.
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Figure 12: EBER spectra of GaAs at 300K and 90K. Note the phase

inversion of the signal, which arises from change in carrier
type, from P-type at 300K to N-type at 90K.

25

—————————————————————————————————




Delta-R / AR

Delta-R / R

Figure 13.

.0E-

.0E~

.0E-14

.0E-4

.0E~-4

.0E-4

.OEzé

4

.0E-4

.0E—-4

.0E-4

1.

CHARLES EVANS B ASSOCIATES 1/12/1989 10: 53 3%
L T 1 1T v 1 T T ¥ T 1 L Tl T T T T T T T T 1 T 1 T T
L 4
i T = 288K J
. -
_1
}_ ~
s 4
= 4
| 4
T SR WY N N T TSNS S TN NN TN [N G SN NS SN TR NS UHU NV N N N R RN SN S S |
30 1.35 1.40 1.45 1.80 1.558 1.60
ev
CHARLES EVANS § ASSOCIATES 1/12/1989 15 03 06
I IR SRR | T T T T T T 1 7T LA | T T 1 L) T ﬁi Lo T T T T T
| T = 97K ]
- 1
L 4
i i
- .
r- -
L .
TSR S VN NN SUNNY WY SUNAE S N SN (NN AU SV NS WU N S N N SO SR WU S SN SO S S 1
40 1.45 1.50 1.55 1.60 1.65 1.70
eV
300K and 90K EBER data from an MBE grown GaAs film, with
very low Si doping. We observe a noticeable peak in the
300K data which is clearly increased in magnitude at 90K.
This peak is attributed to excitonic interactions.

26




CHARLES EVANS & ASSOCIATES 7°13/49B8 :1Z: 4B: 5&
L ‘ .
.L -
% 00E-4 + -
3 -
L .
L :
L :
[ )
2.00E-4 + -
[ TaGadk . "
L riases
! /// \
! Y
. ./\ I J
0.0F 4
r {
i {
'
r 4
-
} 1
9
1.3 1.4 1.5 1.6
ey
Id: GW00B8-162. InGaAs QW, Temp: 301.0 K, 2.190 ua
qw080001 880701.1157 FIT ¢
SACKGADD
] L1 (-]
3.68TE-T  @.0 .0
0.8308-7
7 LINESHAPES
Energy bmwe Theta Al A2 A3 AS A7
A 1,283 5.9 4.828 -4 7B2E-2 .9 3.9 3.9 .0
0.0010 1.9 @.431 2.137¢-9
8 1.2728 3.5 9.126 -3.1326-9 2.9 -1.335€-17 2.0 0.0
0.0821 1.1 0.678 4.33eE-9 1. 046€-12
P & § Iy 4 19.7 1.687 2.121E-8 2.9 3.¢ 3.0 2.9
.00V 1.1 9.248 5.0%1E-9
0 1.344% 9.8 1.784 G.002E-% 0.9 0.0 0.0 0.9
0.0833 3.4 €.797 4.4S4E-¢
€ 1.3886 18.2 2.581 1.095€-8 9.9 2.0 2.9 2.0
.07 1.7 9.166 6.617E-3
Fool.4190 5.9 3.947 -21.450€-8 Q.9 9.0 0.9 0.0
0.0001 2.1 0.035 8.§53E-10
5 1.4817 6.5 3.449 -1 3G0E-8 0.0 2.9 2.9 2.9
0.0083 3.3 0.091 (.2)4E-9

Figure 14:

EBER spectrum of strained layer InGaAs/GaAs quantum well.
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VI. PLANS.

A. IMPROVEMENTS IN INSTRUMENTATION AND METHODOLOGY.

From discussions with our collaborators, we anticipate that significant work
is required further into the infrared region, which we are currently

unequipped to perform. To remedy this situation, we have studied the
requirements of new detectors (InGaAs) and monochromator gratings (600 1/mm),
with accompanying software changes to facilitate this modification. We

anticipate that work in the near-IR (from 0.6 eV to 2 eV) will enable studies
of InGaAs films to achieve near IR band gaps required in telecommunications
research, Ge/Si superlattices which hold promise of direct-band gap
transitions induced by strain, and of EL2 mapping (at 0.74eV in GaAs).

B. IMPROVEMENTS IN SOFTWARE AND MODELS.

We already feel that, in addition to experimental support, certain theoretical
modeling efforts must also be undertaken. From the work on superlattices
which has been published, we believe that the Bastard envelope-approximation
method must be developed in-house. This would provide us with the ability to
identify and predict the optical transitions in the superlattices of HEMTs.
We are also working to make models of HEMTs for prediction of optical
transitions, similar%y to those initially done by researchers at the Naval
Research Laboratories’?.

C. COLLABORATIONS.

During the Phase I research, we have collaborated with many researchers on
evaluation of GaAs and heterojunction samples using EBER. Researchers at
Aerospace, Hughes, Varian, Xerox, Hewlett-Packard, AT&T Bell Labs, Stanford
University, United Technologies, Spectrum Technology, Intel, ICI, and AMOCO,
among others, have submitted samples for analysis. We anticipate joint
research with many of these organizations in the future.

VII. CONCLUSION.

We believe that each of the initial goals of the Phase I proposal have been
clearly achieved, demonstrating not only the feasibility but also the wide
utility of EBER studies of heterostructures. We have observed spectral
features which indicate 2D electron gas at the heterojunction interface of
AlGaAs/GaAs HEMT samples. Using the EBER, we have successfully studied the
AlGaAs signals for estimates of composition over the full range of Al content.
We also have calculated the magnitude of built-in electric fields in the
AlGaAs layers of HEMTs, using the Franz-Keldysh oscillations present in the
EBER spectra. We have determined the existence and the energy levels of
underlying superlattice buffer layers, wused in the 1isolation of HEMT
structures.

In the case of quantum well samples, we have achieved satisfactory agreement
with simple theoretical models. We have measured single quantum wells of the
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range 25 to 100A. We observed both allowed and forbidden transitions, and we
also find evidence for unconfined states. Our estimates of the conduction
band offset parameter are in close agreement with those of earlier
researchers.

Following observations of sub-band gap spectral features, we have examined
both free and bound excitonic transitions in bulk and epi films, and found
evidence for impurity-to-band transitions as well. These investigations
underlie the study of heterojunction structures, for we anticipate that
spectral features from alternative mechanisms must be understood. Therefore,
we have opened up the possibility for impurity and defect analysis using EBER.

In the realm of multiple heterojunction studies, specifically those cf quantum
well (QW) samples, we have used FBER to determine optical transition energies
in AlGaAs/GaAs samples from 10A to 100A. We have developed software, based on
the rectangular barrier model, for the analysis of these samples, and have
successfully fitted the data to the theory. Further, we have studied
multiple, interacting QWs (superlattices) of AlGaAs/GaAs, and have found
precise agreement between our studies and those of earlier researchers using
photoreflectance (PR).

We have extended our studies from the well-understood regime of AlGaAs/GaAs
heterojunctions to the more current and difficult regime of the strained-layer
system InGaAs/GaAs and InGaAs/AlGaAs. Through our research with EBER, we have
successfully found energy transitions in such QW structures, and have
successfully fitted the observed spectra to excitonic models. We anticipate
significant future work in this area, as many of the fundamental physical
parameters of this system have yet to be determined.

Applying our technique to the 1industrially important issue of HEMT
qualification, we have studied both "standard" AlGaAs/GaAs MODFET structures
as well as the strained layer AlGaAs/InGaAs/GaAs structure. We find
characteristic features above the GaAs band gap, which we attribute to
transitions between the valence band Bloch states and those of the 2DEG
quantized states, as suggestea by Glembocki et al in PR studies. For the
strained layer systems, we find additional features below the GaAs band gap
which we attribute to absorption from the Stark-shifted energy levels of the
InGaAs QW.

Importantly, from collaborations with corporate researchers at Bell
Laboratories, we have found clear evidence of transitions from the
superlattice (SL) buffer states. The SL is used to electrically isolate the
HEMT from the substrate, to provide immunity from substrate potential
fluctuations, and is very difficult to characterize by alternate methods. We
have been able to detect clear differences between samples grown a different
times, showing that optical analysis of these structures may provide the means
for non-destructive production analysis.

We have studied the mechanism of EBER to experimentally elucidate the

modulation origin. From our experiments, we have determined that surface

charging by electrons satisfactorily explains the observed signal AR/R

strength dependence wupon Electron beam voltage and current. Our data

contradicts earlier speculation that the electron beam merely excites

electron-hole pairs, and therefore reproduces PR. In fact, the wunipolar
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modulation of EBER provides both the means to increase non-contact signals,
due to the square-law dependence of the signal on modulation surface electric
field, and to detect the carrier type of the material.

To this end, we have studied the phase changes in EBER signals which arise
from P-type and N-type semiconductors such as GaAs and InP. We are, in fact,
able to detect carrier type inversion in "high resistivity" GaAs crystals
between 90K and 300K. We conclude that we can detect the carrier type of
these crystals, non-destructively and non-contact, as others have shown in the
past with have the contact techniques of electrolyte ER (EER) and surface
barrier ER (SBER). This is a capability which 1is impossible with the
alternative non-contact technique of PR. Further, we have been able to detect
a 2f modulation signal from P-type InP, which clearly elucidates the EBER
mechanism as surface charging by electrons.

We have collaborated with many other researchers on evaluation of GaAs and
heterojunction samples using EBER. Researchers at Aerospace, Varian, Xerox,
Hewlett-Packard, AT&T Bell Labs, Stanford University, United Technologies,
Spectrum Technology, Intel, ICI, and AMOCO, among others, have submitted
samples for analysis.

In response to the needs for rapid analysis of samples, we have redesigned the
EBER sample holders to significantly improve throughput. We have eliminated
the silver paint originally wused, as it proved an unreliable mechanical
mounting in UHV, and after repeated thermal cycles often failed. We have
instead chosen to hold samples to the same Cu holder using a Cu-Be spring
clip. For studies requiring enhance thermal contact, we have additionally
used a Cu-Be gasket to hold the samples to the mounting.

Finally, we anticipate that significant work is required further into the
infrared region, which we are currently unequipped to perform. To remedy this
situation, we have studied the requirements of new detectors (InGaAs) and
monochromator gratings (600 1/mm), with accompanying software changes to
facilitate this modification. We anticipate study of Ge/Si superlattices, and
InGaAs films to achieve near IR band gaps required in telecommunications
research.
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APPENDIX 1

METHODS TO EVALUATE OPTICAL TRANSITIONS IN SQLIDS

Transmission/
Absorption &

Reflectance &

Category Luminescence Mod. Absorption Mod. Reflectance
Special Photo-L.(P.L.) Electro-Abs. PiezoR (PzR)
Realizations Cathodo-L. Piezo-Abs. ThermoR (TR)
Thermo-L. Thermo-Abs. ElectroR (ER):
P.L.Excitation ElectrolyteER (EER)
(PLE) Surface Barrier ER
(SBER)
TransverseER (TER)
Electron Beam ER
(EBER, CathodoR)
Magneto - ER, Ete.
PhotoR (PR)
Magneto-PR,
General Shows lowest Shows all Shows all
Character- electronic states - states -
istics states only broad features broad features
PLE shows higher 1in Absorption, in Reflectance,
states also. sharp in modulated sharp in modulated
Absorption. Reflectance.
Experimental Requires Low Any Temp. Any Temp
Temperature Temp (6K) for
Required: best results
Level of Large Large Large
Understanding: wealth of experience
applied simple theory well
experience theory developed,
and theory but not simple
Capabilities: Radiative All radiative All radiative
transitions & Nonradiative & Nonradiative
only, transitions: transitions:
(except PLE).
Does not show Shows Shows
indirect gap All All
transitions transitions Transitions
Effects on Nondestructive Destructive Nondestructive
sample:

Probed depth:

Variable by
choice of

excitation
wavelength.

Entire sample
thickness is
probed.

Depth probed depends
upon wavelength and
absorption properties
of sample.
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M 0 TO_ EVALU. OPTIC TRANSITIONS IN SOLIDS
Comparison Electrolyte Photo R Electron
EER to ER EER Beam ER
PR to EBER
Modulation Modulation (Non polar) Unipolar
mechanism: of Surface Annihilation modulation
Electric of built-in of surface
field « VA2 surface Electric potential,
in either +V Field, using by adding
or -V direction e hole generation electrons to
(Unipolar) (essentially surface,
photoconductivity (even though
and photocurrent) e hole pairs
are also
generated)
Experimental Electrolyte Scattered laser Cathodo-
Inadequacies/ can: light looks like luminescense
Problems Etch sample, sample signal. modulation
Contaminate Non-polar frequency
surface, modulation cannot looks like
Freeze/boil tell carrier type. sample signal
(T limits) Weak built-in
fields give weak
PR signals. Probe
beam DC weakens
built-in field.
Requires surface
states recharge
each cycle-poorer
at low temps.
Strengths/ Inexpensive Appears to be Excellent S/N!
Advantages to set up. inexpensive UHV environment.
Know Electric to set up in Unipolar
Field! So can lab - HeNe modulation can
get doping, etc. laser + give carrier
m+ from FK osc. chopper. type.
Could be done in
UHV without
any difference.
Remarks Typically, Very Very
very noisy weak signals- strong signals
spectra. in general in general.
Problem w/ ~10-100x smaller Success in
sample than EBER cases where
etching by . PR and
Electrolyte PzR failed.
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