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Abstract

A large number of well-defined hexagonal etch pits is
produced on the WSey surface by controlled anisotropic
corrosion. As a result a mixed surface (combining both
lc and ||c components) is created. This surface exhibits
plLotovoltaic properties even better than the atomically
smooth van der Waals surface. Measurements of elec-
tron beam induced current performed at low tempera-
tures give direct evidence for enlianced current collection
of [|¢ facets. Observations made by transmission electron
microscopy and scanning tunneling microscopy show the
presence of very low {|¢ steps on the van der Waals sur-
face.
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Introduction

Semiconductor/electrolyte interfaces started to be
intensively studied some thirty years ago when scientists
trained both in solid state physics and electrochemistry
realized that interfacial problems in electronic junctions
can be handled casier when a liquid junction is used. One
of the key advantages of semiconductor/liquid junctions
1s the ability to access the surface junction under operat-
ing cell conditions and to perform in-situ chemical treat-
ments which can improve the junction behavior. Some
chemical methods have been shown to Le extremely ef-
fective in improving the performance of certain semicon-
ductor/liquid or semiconductor/metal junctions (Heller
1981).

As stated before (Heller 1981, Hodes et al. 1985), in-
terfacial problems in semiconductor/electrolyte systems
involved in photovoltaic devices are difficult to control
and they usually dominate the electronic behavior of the
device. The problem is even more complicated when
anisotropic semiconductors, exposing different crystallo-
graphic facets, are used. Due to the anisotropy of the ma-
terial, preferential photon absorption on specific facets or
preferential carrier collection on others can be expected.
On the other hand, contact problems connected with
anisotropic exposure of intrinsic surface states must be
also considered. Such a complex situation is known to
occur when Schottky junctions between VIa-VIb layered
semiconductors, e.g. WSes, and suitable electrolyte, like
I /KI (or metals as Au), are to be obtained (Kautek et
al. 1980).

WSes is a semiconductor which is very suitable for
both Schottky and liquid junction photovoltaic cells due
to its high absorption coefficient of sunlight and its excel-
lent chemical stability in air and liquid media (Tributsch
1978, Lewerenz et al. 1980).

The hexagoual crystal lattice of WSey is built by
periodic stacking of triple atomic layers Se-W-Se in the
c-direction, with weak van der Waals (vdW) bonds be-
tween Se-layers. Consequently, WSey is characterized by




strong anisotropy of its electronic and mechanical prop-
erties (Wilson and Yoffe 1969) in mutually orthogonal (||c
and Lc) crystallographic directions. The WSeg crystal
can be easily cleaved along the vdW (Lc) planes expos-
ing an atomically smooth Se surface. It was generally
accepted that the collection efficiency of minority car-
riers, and hence light to electricity conversion efficiency
of those crystals, depends on the quality of the exposed
vdW surface. The charge carrier collection deficiency was
usually associated with electrically active defects such as
|c surface steps and near-surface dislocations (Kam and
Parkinson 1982, Lewerenz et al. 1982).

Controlled anisotropic corrosion (CAC) was found
earlier (Mahalu et al. 1990) to be a successful method
of chemical preparation of a mixed surface on WSes. It
was shown that as a result of CAC the existing surface
states are entirely passivated, and a complex geometrical
structure which involves, in a cooperative manner, both
Lcand ||c facets is formed. Such a structure was found to
be a photoactive mixed surface (Mahalu et al. 1991,
Phys. Rev. B, accepted for publication). It exhibits
unitary quantum efficiency (in the maximum absorption
range of the material) over extended areas together with
other unique optoelectronic properties.

The purpose of this paper was to characterize the
morphology of the mixed surface by high resolution mi-
croscopic techniques and to mnake a direct comparison of
the current collection efficiencies of the two main com-
ponents of the mixed surface, i.e. Lc and [[c facets.

Materials and Methods

Single crystals of n-type WSey were grown by chem-
ical vapor transport with bromine as the transport agent.
The crystals were approximately 0.3 mm thick with sur-
face areas between 0.2 and 0.8 cm?. CAC was used to
obtain mixed surfaces on freshly cleaved WSeg crystals
(Mahalu et al. 1990). For this purpose the crystals were
provided with ohmic contacts by first rubbing with an
indium-gallium alloy; they were then attached to a ti-
tanium substrate and encapsulated with an insulating
epoxy. Since the smooth, defect free vdW surface of n-
WSey is inert towards oxidation, corrosion and anodic
decomposition (Jaegermann and Schmeisser 1986, Ma-
halu et al. 1990), dislocations which serve as nucleation
sites for the CAC process were deliberately introduced
by mechanical indentation. CAC was carried out in 1M
HCI solution, using a classical three-electrode potentio-
static arrangement with a Pt electrode as a reference.
Finally the samples were carefully rinsed and soaked in
hot (60°C) 2M KOH solution to remove insoluble WO3
and occluded selenium oxide.

Secondary electron (SE) and electron beam induced
current (EBIC) images were obtained using a Philips
515 scanning electron microscope (SEM) equipped with
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a Hexland cold stage, at temperatures between 115 and
300 K. The accelerating voltage was varied between 20
and 30 kV. Schottky barriers were fabricated by evapora-
tion of a 2504 thick gold layer. The gold was evaporated
at an angle of 45° in order to provide equal thickness of
the Schottky contacts on |jc and Lc facets, at least for
a certain part of the etch pit area. For increasing the
signal/noise ratio, the Schottky contact areas were con-
siderably restricted, in the range 100 to 300 pm in diam-
eter. The electrical connection to the Schottky contacts
was realized using an electrolytically sharpened gold nee-
dle (see Fig. 4). The comparative EBIC measurements
were performed at 45°-tilted position. Thus an identical
orientation of |lc and Lc facets relative to the electron
beam was ensured.

For transmission electron microscopy (TEM) a Phil-
ips 400T microscope was used. Thin foils for TEM stud-
ies were prepared from the etched crystals by cleavage.
Very careful cleavage was needed in order to get foils
with large enough areas transparent to 120 kV electrons.
Scanning tunneling microscopy (STM) of freshly cleaved
and CAC etched WSey surface was performed using a
Nanoscope II (Digital Instruments).

Results

Morphology of the mixed surface on microscale

Morphological characterization of the mixed surface
(with resolution up to a few microns) was done previously
by Mahalu et al. (1988) and Jakubowicz et al. (1989).
One of the purposes of this work was to describe more
precisely the morphology of etch pits obtained on the
WSe, surface as a result of the CAC process. A general
view of the mixed surface created after CAC is shown in
Fig. 1. This surface is characterized by the presence of
well-defined hexagonal etch pits and individual ||c steps
in the regions between these pits. The typical depth of
the etch pits is ca. 20 pm while the height of individ-
ual ||c steps resolvable in the scanning electron images
varied between 0.1 and 0.5 um, as it was determined by
measuring step projections at 45°-tilted position.

Further information about the morphology of the
mixed surface was obtained by use of STM and TEM
techniques which provide better lateral and depth reso-
lution than SEM. We could learn from STM images that
even large regions of the mixed surface that appeared to
be as smooth as cleaved vdW planes in SEM (like area
S in Fig. 1), are actually composed of very low (~ 50 A)
llc steps (Fig. 2b). The average distance between these
steps is of about 500 A

TEM observations are in excellent agreement with
STM data. One can clearly see in TEM image of the
mixed surface (Fig. 3a) that the distance between the
steps is 400 - 500 A. These are ||c steps because the cor-
responding convergent beam electron diffraction (CBED)
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Discussion with Reviewers

SP. Shea: The authors have misinterpreted their EBIC
data, which does not actually support their conclusion
of enhanced current collection efficiency on ||c facets of
WSey. Consider their Fig. 5, for example. If the mech-
anism they propose is correct, then one would expect to
see alternating bands of uniformly light and dark regions
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corresponding to the |jc and Lc facets, respectively. This
is not what the pictures show. Instead, the left side of
Fig. 5a shows an EBIC scan line which peaks at the
bottom of each valley created by the intersection of ad-
jacent facets, and which has a minimum at each ridge
line between adjacent facets.

This is exactly what one would expect if the con-
trast were due to the interaction volume of the electron
beam with the sample being of the same order as the
In this case the interaction
volume would be entirely embedded in the sample when

features being examined.

the beam entered the sample at the bottom of a valley,
but would ”bloom” out the sides of each facet when the
beam was at the peak of a ridge. This is the same mech-
anism which limits the resolution of the EBIC technique
in determining diffusion lengths in semiconductor diodes
(see, e.g. Shea et al. 1978).

On the right side of Fig. 5a, the different orienta-
tion of the facets relative to the beam would mean that
the EBIC signal would be minimal just to the right of
one of the ridges, at the point where much of the beam
would scatter out of the sample through the adjacent
facet. Qualitatively these are exactly the effects seen in
the figure. Fig. 4 also does not support the authors’
conclusions, for similar reasons. Please comment.
Authors:  The mechanism proposed by this reviewer
(Shea et al. 1978) actually exists here. However, its
contribution to the EBIC-signal at the steps is not sub-
stantial enough to explain the observed features of EBIC-
profiles. Let us suppose that the reviewer is right, and
there is no difference in the EBIC behavior of the ||c and
Lec facets. Then, for symmetrical position of the |jc and
1c facets, all the effects suggested by the reviewer would
be identical for these facets. Thus, EBIC-profiles for ar-
bitrary facets of any kind should be identical, too. But
this is not the case.

The magnification in Fig. 5 is not high enough to
analyze an EBIC-profile within an individual step. Such
an analysis, however, may be done for Fig. 6. One can
see maxima of the EBIC-signal in the middle of the ||c
facets, and not at the bottom of valleys, as the reviewer
proposes. On the contrary, for the Lc facets the EBIC-
signal is always weaker in the middle and increases to-
wards both edges (where the electron beam begins to hit
the ||c facets!). This regularity does not depend on the
width of the facets.

Concerning the right side of Fig. 5 the reviewer’s
description fully agrees with our explanation given in
the text. Actually, there is no sense in discussing the
features of the EBIC image for this part of the etch pit.
The ||c facets were shadowed here during the gold evap-
oration (that was done at 45°-tilted position, see text).
Therefore, there is no Schottky contact on these facets,
and hence no EBIC (black contrast).
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R. Matson: In reference to the severe electron beam
damage to the sample, I assume 1) that the effect was
monitored in the EBIC mode and 2) that the electron
beam effects were greater with increased beam voltage
and/or beam current, and slower scan rate (higher charge
density per unit time). Do you have any idea why the
electron beam effected the material in terms of its elec-
trical properties (as measured by EBIC) in this manner?
Did you observe a preferential degradation of the mate-
rial’s EBIC response at the ||c edges? Did the material
recover either with time or re-exposure to air (oxygen)?
Is it possible that the electron beam is stimulating the
desorption of oxygen or some other agent as a passivant?
Authors:  We did not observe any preferential degra-
dation of the material’s EBIC response at the ||c facets.
Conversely, when the electron beam damage occurs (e.g.
at room temperature), it is stronger at the Llc facets
than at ||c facets. Furthermore, the material did not re-
cover neither with time nor with re-exposure to air at
room temperature. The rest of the reviewer’s assump-
tions are quite precise. This may indicate that the elec-
tron beam damage effects observed here are very simi-
lar to the phenomenon of electron-stimulated desorption
(ESD) of oxygen, described in his own paper (Matson
et al. 1988). Of course, we cannot totally exclude the
presence of oxygen on WSey etched surface - in spite of
careful rinsing in hot IXOH (see text) - since oxidation
is one of the stages of the controlled anodic corrosion
process. Therefore, the damage by ESD of oxygen is
plausible. It should be emphasized that an oxide layer,
if any, must be very thin, as it is not detected neither in
TEM images nor in diffraction patterns (Fig. 3). Recent
nuclear reaction analysis measurements using 018 (Ma-
halu et al. 1990, text reference) showed that a monolayer
of oxide exists at the etched WSeq surface.

H.P. Strunk: Fig. 5: Where is the SE detector located
in the image/sketch? This knowledge is necessary for the
comparison of EBIC/SE images. Does the sketch in Fig.
S¢ compare in geometry/inclination to the micrographs
in Figs. 5a and b?

The EBIC-contrast behavior of the steps seems to
be very complicated: Fig. 4b shows dark/bright/dark
contrasts, whereas Fig. 5b shows only dark/bright con-
trasts. In addition the contrasts in Figs. 5a and b are
complementary, which suggests a purely topological ex-
planation of the EBIC contrast. At sites with low SE-
cocflicients, i.e. comparatively high deposited energies in
excitation volume (=dark in Fig. 5a), the EBIC-signal
is high (=bright in Fig. 5b) because of a comparatively
high charge carrier production in the excitation volume.
How is this possibility of an artefact ruled-out?

R. Memming: Comparing Fig. 5a (SE) and 5b (EBIC)
one can see an almost complementary contrast (besides
the defect structures mentioned by the authors). Since
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the contrast in the SE-image is due to topographical rea-
sons this seems to be the same in the EBIC image (loss
of electrons in the current signal).

Fig. 5: Regarding the geometry/inclination,
the sketch at the bottom fully corresponds to the micro-
graphs in Figs. 5a and b; the SE detector is located here
to the left of the sample.

These indications explain already the SE-contrast of
lc and Lc facets in Fig. 5a (left side). The Lc facets are
tilted towards the SE detector, while the ||c facets are
tilted away from the detector; therefore, the |c facets
appear dark on the SE image. Concerning EBIC, the

Authors:

orientation of various steps relative to the electron beam
1s most important for comparison of their current signals.
One can see that, on the left side of the etch pit, the ||c
and lc facets are oriented symmetrically to the electron
beam. Hence, we interpret the enhanced EBIC-signal
from {|c facets as an intrinsic property of these facets,
i.e. enhanced current collection efficiency compared to
the Lc facets under the same conditions.

There is no artefact, i.e. there is no any physi-
cal relationship between SE- and EBIC-signals as H.P.
Strunk assumes. The complementary nature of the SE-
and EBIC-contrasts is only occasional. In other cases it
might be different. See, for example, Fig. 4. The ||c
steps with enhanced EBIC-signal (Fig. 4b, arrowed) ap-
pear also with enhanced SE-signal (Fig. 4a), due to their
appropriate orientation towards the SE detector. Note
that the difference in the EBIC-contrast behavior of ||c
facets in Figs. 4b and 5b results from different orienta-
tion of the specimen relative to the electron beam (see
text).
J.D. Meakin: There is unarguably a higher EBIC signal
from the short [jc steps than the longer Lc steps. How-
ever it is not clear that this is ascribable to enhanced cur-
rent collection. There will be considerable elastic back
scattering at the surface; electrons scattered from the
short ||c surfaces are much more likely to impact the
surface again than electrons scattered from the long Lc
surfaces. Can the authors exclude an enhanced EBIC
deriving from this effect?
Authors:  The reviewer is absolutely right regarding
this mechanism of an EBIC enhancement. It cannot be
totally excluded. In the present case, however, the con-
tribution of this mechanism should not be prominent.
If the EBIC enhancement were deriving from this effect
only, the EBIC signal on a ||c step would be minimal on
the top of this step (maximum distance from the neigh-
boring Lc step) and maximal at the bottom of the same
step (minimal distance from the neighboring Lc step).
Let us consider now Fig. 6, where the high magnifi-
cation allows to resolve reliably the EBIC profile along
the ||c steps. One can clearly see maxima of the EBIC
signal located always in the middle of ||c steps. Further-




more, Fig. 6 shows the weaker EBIC signal from the Lc
steps, even when they are shorter than the neighboring
[lc steps. These findings support our conclusion of an
enhanced current collection from |[|c steps.

J.D. Meakin: Could you give some estimate of the
hole diffusion distance which is presumably the carrier
responsible for EBIC in the n-type WSey?

Authors: The minority carrier diffusion length (L) was
not measured in this work. Previous measurements show
L to be ca. 3.5 um in the n-type WSey (Jakubowicz et
al. 1989, text reference), and ca. 1.5 ym in the p-type
WSes (Lewerenz et al. 1982, text reference).

H.P. Strunk: Fig. 7b: The discussed areas with strong
dark contrast look very like sites of charging (low tem-
perature and thus possibly low conductivity of the semi-
conductor in regions where by geometry the cross-section
of the current path is small). Please comment.

Authors: The presence of a gold layer (Schottky con-
tact) that is grounded via current amplifier prevents any
surface charging. Hence, the charged regions assumed by
the reviewer should be located in a near-surface layer of
the bulk. In that case they are most probably associated
with erystal defects of some kind. Hence, our explana-
tion is very close to the reviewer’s assumption. We also
need to add that such areas of reduced EBIC signal on
the ||c steps appear, as a rule, only at the initial stages
of the CAC process.

H.P. Strunk: Imaging of surface steps in TEM generally
requires specifically selected excitation conditions. What
are the contrast mechanisms operative in Fig. 3a?
Authors: We did not select specific conditions for imag-
ing these low steps by TEM. It follows from our obser-
vations that in this case the image contrast is not of a
diffraction origin. A decoration of low surface steps with
heavy W atoms cannot be excluded.

J.D. Meakin: What is the origin of the ring pattern on
Fig. 3b? Is it from surface corrosion?

Authors: The appearance of two rings seen in Fig. 3b
does not result from any surface corrosion. These are
actually the first and second Lauc zones, respectively.
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