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OBSERVATION OF TRANSITIONS BETWEEN ELECTRONIC STATES

AT THE (111) A-FACE OF CdTe BY ELECTROLYTE ELECTROREFLECTANCE .

BY

Paul M. Raccah, J. W. Garland, Z. Zhang, L. L. Abels,

S. Ugur and S. Mioc
Physics Department
University of Illinois at Chicago
Box 4348, Chicago, Illinois 60680
AND
M. Brown, Rockwell International Sclence Center

1049 Camino Dos Rios, Thousand Oaks, CA 91360

ABSTRACT

The observation of a large piezoelectric contribution to the electro-
reflectance signal from the (1}1) A-face of CdTe is reported. This contribution,
which is absent from the B-face signal, 1is associated with two-dimensional
Interfacial strains between the A-face and a thin native oxide film. Lineshape
analysis 1s used to verify the nature of this contribution and to obtain values

for the transition energy and other quantities which characterize the electronic

band structure at the interface. 5::ﬁf) &
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We report here the results of a comparative study of the A and B polar (111)
faces of CdTe using electrolyte electroreflectance (EER). Even though the
use of an ambient technique such as EER to study CdTe makes inescapabié the
presence of a native oxide layer which inhibits! surface reconstruction, a
glant local piezoelectric contribution to the A-face signal was observed,
whereas the B-face signal contained no such contribution. A large signal of
the type which we have observed from the A-face of CdTe can arise only from
unusually large electric- field-driven local distortions on or near that surface,
i.e., only from a large local plezoelectric effect. Therefore, we must conclude
that there exists a reglon of greatly lowered stability associated with the
oxidized A-face but not with the oxidized B-face, which exhibits no such signal.
We interpret this lowered stability as arising from bond bending at the A-interface
between the CdTe and its native oxidized surface film. As is shown in detail
in this communication, a careful analysis of the data imposes that the observed
giant plezoelectric signal arises primarily from a two-dimensional interfacial
region having a thickness of no more than two or three atomic layers.
We believe these striking results to be related to differences between the
reconstruction of the clean A-face of CdTe and that of the clean B-face. It

2 and theoretically3 that the reconstruction

{s well known both experimentally
of the clean A-face of zincblende materials differs substantially from that
of the clean B-face. In particular, the A-face reconstruction involves a much
greater lowering of the energy; thus it is more difficult for an oxide film to
totally 1inhibit the reconstruction of the A-face. Also, the A-face recon-~

struction involves the formation of a lérge number of cation vacancies'_"" which

would remain after oxidation, whereas the B-face reconstruction does not.!-3

Recently, we have generalizedS the electroreflec*ance (ER) theory of Aspnesb

to account quantttatively for the effects of piezoelectricity, strain, polarizable
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defects and alloy disorder (where applicable). Our results show that plezoelectric
shifts as small as 10~4 eV in either local or bulk interband transition energies
give rise to ER signals not previously understood. These signals, which were
observed7’8 as early as 1966, have a lineshape substantially different from
that of the usual ER llneshape6 and in the absence of inversion symmetry also
have a different dependence on the modulating electric field ﬁM' This effect
is greatly enhanced by the existence of lowered structural stability, such as
that expected at the A-face of CdTe. In the absence of this effect, because
the light penetration in the energy range of interest i3 at least of order 100A
one would expect the ER lineshape to contain only a very small contribution
from the interface region. However, our theory suggests that a marked lowering
of the structural stability at the A-face interface could lead to an electro-
strictive polarizability large enough to allow one to sample the two=dimensional
interface region independently of the bulk, even though it occupies only a
small fraction of the total volume probed.

Our experimental results have confirmed this suggestion in a spectacular
manner. For the same c¢rystals we found very similar bulk EER signals from
the A- and B-faces but found the A-faces to exhibit a large additional linear
piezoelectric signal at a somewhat higher critical energy. We have confirmed
the nature of this additional signal by lineshape analysis and by a study

of its dependence on E The EER system, which {s described elsewhere,9 was

M’
used to obtain spectra in the vicinity of the E, critical point from (111)
oriented CdTe samples.

Typlcal EER spectra obtained from A- and B-faces of the same sample are shown

in Fig. 1; the difference between the two lineshapes i3 obvious. This difference
\ .

i3 independent of the electrolyte used (organic9 or 1/10 N KOM or 1/5N lactic

—‘—
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acid) and was observed for all of our single-crystal samples. These samples
were of varied origin and were grown by different methods. The quantitative
results discussed here were obtained from a sample carefully selected to be of
exceptional structural quality which was given a careful chemomechanical bromine/
methanol polish to produce relatively damage-free surfaces. This treatment is
standard for CdTe w~afers prior to epitaxial HgCdTe growth. Both A-and B-faces
are easily polished and epitaxial layers can be grown on both types of surracesf

EER spectra were obtained at six different modulation voltages from 5V to
30V in order to analyze the dependence on EM of the amplitudes of the various
contributions to the total 1lineshape. In addition, automatic spectroscopic
ellipsometry (ASE) was used to determine the optical properties of both the Cd
and the Te faces, and the third-derivative spectra were numerically computed and

compared to the EER results.
For any derivative spectroscopy, such as ER, the lineshape arises primarily

from interband transitions in the immediate vicinity of critical points in the
Brillouin zone. In general, the contribution of a given interband transition and

given critical point to the low-field ER lineshape is given by the expression,

LJ(E) - “‘AEJ DJ(”(E) + [A02 + 1/2(AEJ)2) DJ(Z)(E) + 1/3()101)3 p,(3)(E)}. (1)

J

Here, A 1s a constant independent of the modulating field EH' AEj and Ao2 are the
shifts due to EH in the critical-point interband transition energy Ej and in
the mean-squared scattering potential 02 from defects and/or alloy disorder,

respectively, and KQJ is the energy gained from the fileld EH by the optically

excited carriers. The term quadratic in AEJ, which is negligible in most cases,

is included because AE, is expected to be unusually large for the A-face,

J
whereas 4¢° is expected to be relatively small. The functions DJ(E)(E) are

given by the equations
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where a and B are the Seraphin coefficients

and €14 and €p4 are the real and
imaginary parts of that part of the dielectric tuﬁction which arises from the
given interband transition in the vicinity of the given critical point. Note
that AEj and 402 contain parts linear in F‘H for any crystal not having inversion
symmetry and for surface effects, whereas (MQJ)3 is strictly quadratic in EM’
For the !'31 critical point, which for CdTe has dimensionality d=2, upon

making the usual approximations.6 Eq. (1) reduces to the closed form

Ly(E) = c{ - 3 (8B, L, (1)(E) + (2802+(4E})?) L, (D(E)] + (may)3L, (3)E)}. (2)

Here C is another constant independent of EM' and
L1(m)(E) - cos(e1fm¢1),[(s-g1)2 R rf]“’z. (3)

where 01 is a phase angle which is treated as a parameter, I‘l is a phenomenological

broadening parameter, and ¢, is given by the expression

01 - tan-1 [r1/(E-E1)]u

Both Eqs. (1) and (2) reduce to the corresponding Franz-Keldysh results of Aspnes6

for the case in which Al-':‘1

The final expression used to- fit our EER data was obtained by

- Aoz -00

substituting Eq. (3) into Eq. (2) and allowing an adjustable constant background,
which is assumed to arise from any surt'aée rilm present and/or from the tails

of signals from critical points distant in energy. The quantities CAE1, caoz.
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C(HQ1)3. 91, IE:1 and T, usually are treated as free parameters, although E:1
and l", couid have been determined from ASE and held fixed.

'i‘he B-face lineshape contained only a negligible first-derivative term and
a small second-derivative term and could be well fit in terms of a single
transition between bulk states in the vicinity of a single critical point. On
the other hand, the A-face spectra contained a large first-derivative contribution
associated with a glant electrostrictive polarizability on that face and a
substantial second-derivative term in addition to the usual third-derivative
Franz-Keldysh term. !

In considering the physical interpretation of these results we must examine

the implications of the fact that our measurement was not made in vacuum and

therefore that both surfaces of the crystal were covered by a native oxide. Our

" show that such oxide layers grow only two or

ASE measurements and others
three atomic layers (- 7 A) in the period of time after etching during which
we carry out our measurements. Their spectra are featureless in the spectral
region of interest and make no observable contribution to the EER signal;

moreover, the difference between the A- and B-face signals is unaffected by the

thickness of the native oxide (at most 30 A). Therefore, the semiconductor/oxide

interface on the A-face must differ markedly from that on the B-face, and the

large magnitude of the additional' first-derivative A-face signal must arise

from a large linear electrostrictive polarizability associated with the A-

interface.

In order to test whether the large rirst—d.erlvatlve contribution to thé A-face
lineshape arises from the interface region or from the bulk, we attempted
first to fit the A-face lineshape in terms of a single transition between

bulk states. Somewhat to our surprise, we found a reasonable fit, although

L R R R
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the data displayed a small asymmetry not reproduced well by the fit. In this

fit we found A02

to be comparable for the two faces but found AE, to be large
for the A—race.. However, we found E:1 to be 25 meV higher and.l‘1 to be 25
meV smaller for the A-face than for the B-face, showing the fit and hence the
assumption of a single bulk transition to be incorrect for the A-face. This
conclusion was confirmed by comparison with ASE, which showed the !-:1 value
to be correct for the B-face but not for the A-face. Also, the B-face lihneshape
could be rit after being numerically differentiated, but the A-face lineshape
could not be. Thus, the first-derivative plezoelectric signal must arise
from different transitions than those which give rise to the bulk third-derivative
signal. Those transitions must be confined to a region near the A-face with
depth considerably less than the depth of 1light penetration..

Having established that the first-derivative signal arises froman i{nterfacial
region which includes no more than one layer of oxide and does not reach far
into the bulk, we then addressed the question, "Does that region include only
one or two atomic layers or does it extend several atomic layers into the
bulk?" In order to answer this question we fit the A-face data as the sum
of two lineshapes ~ one from the bulk having no first-derivative
(piezoelectric) termand one from the interfacial regionhaving no third-derivative
term. Second—derivative terms, which result from polarizable défects. were
allowed in both lineshapes. Because the two lineshapes had been shown to arise
from different regions of the crystal, we allowed all parameters to vary indep-
endently for each of them. B'esc fits to the data for both faces are shown in
Fig. 1. and values of the sigriu’lcant field-independent parameters obtained
from those fits are sl‘pwn in Table I.' The dbulk values found for E‘ were essentially

the same for the A~ and B-faces, but the first-derivative signal from the
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interfacial region gave a transition energy larger by -~44 meV and a broadening
parameter of only ~60 meV, smaller than the A-face bulk value by -33%. If the
interfacial region extended several atomic layers into the bulk, the transition
energy would vary smoothly as a function of depth, leading to an Inhomogeneous
broadening of the first-derivative signal, contrary to what is seen. Thus, the

first-derivative piezoelectric signal must arise from an interfacial region

having a thickness of no more than one or two atomic layers. The origin of
the observed narrowing of the lineshape in the interfacial region is not clear;
it could arise from a different atomic structure at the interface. The best

fits also give a value of A02

for the A-face bulk lineshape approximately three
times as large as that for the B-face lineshape. We attribute this result at
least in part to the effect of vacancies associated with the original A-face
reconstruction which remained after oxidation.

In order further to check the validity of our model for the observed
A-face lineshape, we determined the dependence of the parameters (qu)3, AES,
(Aoz)b and 2(Aoz)s + (AES)2 on the modulation voltage V,
to the Schottky barrier theory 1is proportional to EMZT (Here, the subscripts

which according

s and b denote surface and bulk values, respectively). We found the following
results in agreement with theory, which predicts that (Hﬂb)3 is proportional

to VM and that AE an 402 both must be of the &orm aVHOTS + bVM;

C, (M@y)3 = 0.0574 v, | ' (4)
- - 0.5+
Cy 8Eg 17.29 ¥,0:5 + 0.38 v, | (5)

(6)

2 0.5 -
Cp (80°), = 0.71 Vy 5 - 0.0u43 Vi

2
C, (Ao )s ~ 0, and | (1)




2 2
Cs (aEg)" = (c3 AEg) /Cs ~ 0.1724 Vi . (8)
Here, UQ, Es and o0 are measured in units of electron=volts, and VM i{s measured

in volts. From Egqs. (5) and (8) we find Cs - 1.7 x 103 and thus find

) 0.5 _
BE, ~ -0.01 (V02 = 0.02 V).

The fits of cb(unb)3 and CsAEs to Eqs. (4) and (5) are shown in Fig. 2. The
relative scatter in the fits to Eqs. (6) and (8) are larger by a factor of
about two because the quantities being fit are much smaller. If we assume

(Hﬂb)3 = 3 x 1076 VH' which is consistent with estimates of Aspnes,?2

we find
Cb =2 X ?Ou or ICS/Cbl- 0..08.. This result is reasonable because the ratio Cg/Cy
should be of the same order as the ratio of the thickness of the interfacial
region to the depth of light penetration.

Although our results say nothing quantitative about the structure of
the A-face CdTe/oxide interface, the following possible model for the interface
suggests itself. On the A-face the interface is between a Cd-face and the
oxide matrix, whereas on the B-face it 13 between a Te-face and the oxide
matrix. There 13 no reason to expect the oxide to destabilize the Te-face,
the reconstruction of which does not Iinvolve vacancy formation. However,
it i{s conceivable that oxygen atoms in :.he first honolayer bond with the Cd-face,
more or 1less as Te atoms would, givihg a sort of epitaxy %etween the CdTe
and the oxide and inhibiting the reconstruction observed on clean Cd faces.
This would explain the observed disappearance of the Cd-face reconstruction
upon oxidation. However, due to the Cd vacancy formation which accompanies
the original reconstruction, it would allow large strains and a high polarizability

at the interface. The additional A-face signal would then come from a highly

polarizable two dimensional Cd(Te,0) crystal residing at the interface between
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the CdTe A-face and the native oxide. We summarize our results as follows.

We have found that the electroreflectance spectrum of the (111) A-face
of CdTe contains a large anomalous contribution from the linear plezoelectric
effect, which is absent on che B-face. We interpret this contribution as
arising from electronic transitions occurring 1in the two-dimensional A<face
CdTe/oxide interfacial region, verifying this interpretation by using our
generalized theory5 of electroreflectance to perform a detalled analysis of
our EER spectra, including their field dependence. We also offer a model
for the structure of this Iinterfacial region. The_critical energy and other
quantities related to the band structure in the interfacial region were found
from an analysis of the EER data.

We gratefully acknowledge technical discussions with Dr. Michael Martinka
and the support of the Night Vision Laboratory (Contract #DAAK T70-83-K-0047)

as well as the support of DARPA (Contract #MDA 903-82-C-0506).
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Figure 1

Figure 2

FIGURE CAPTIONS

Best fits of Eq. (2) to the ER signals from the Cd-~ and Te-faces
(or A- and B=faces) of a CdTe crystal. The Te-face signal was obtained
with a modulation voltage VM = JV, whereas the Cd-face signal was
obtained with VM = 30V. Thus, the Te-face signal is a factor of 7.5
smaller than the third-derivative component of the Cd-face signal

which digs a sharp hole in the positive first-derivative, plezoelectric

component.

- 3 ’005
Straight-line fits of the parameters cb(unb) and Cva ' AES as

functions of VM and vMO‘S. respectively, yielded by Eqs. (4) and (5).
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TABLE 1
PARAMETER A-FACE B-FACE
E, (eV) 3.388 + .006 3.379 ¢ .005
rb(ev) 0._092 t ..006 0.075 = 7005
Eg(eV) 3.432 £ ,006  =eme-
I (ev) 0.062 £ .006 -===-

Values of the interband transition energy E and broadening parameter
I' for bulk states (b) and surface states (s) as measured by EER on the A-

and B-faces of CdTe.
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