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ABSTRACT

A novel method of sample cross-sectioning, beam-exit Ar-ion cross-sectional polishing, has been
combined with scanning probe microscopy to study thin AlGa;.xAs/GaAs layers. Additional
contrast enhancement via a citric acid/hydrogen peroxide etch allows us to report the observation
of layers as thin as 1 nm. Layer thickness measurements agree with transmission electron
microscopy (TEM) data to 0.1 + 0.2 nm, making this a very promising low-cost method for

nanoscale analysis of semiconductor heterostructures.
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INTRODUCTION

Semiconductor nanostructure devices are complex structures which rely on precise dimensions;
small variations can cause extensive changes to device properties. It is often essential to obtain a
cross-sectional analysis of the sample, if only to determine whether the actual device matches the
design. For I11-V semiconductor samples, much of this work is carried out using transmission
electron microscopy (TEM). This method requires careful sample preparation; combined with
only a limited number of available facilities it is inevitably an expensive process. As such,
investigating other methods to identify buried nanostructures is advantageous. Scanning probe
microscopy (SPM), with its nanometre-scale precision and unique sensitivity to surface material
properties through a wide range of techniques, is a common tool available in most facilities.
Combined with cross-sectioning, SPM is a promising candidate for identifying and analysing
sub-surface structures. Here we report the use of a novel cross-sectioning method, beam-exit Ar-

ion cross-sectional polishing (BEXP),l'2

in combination with selective etching and SPM to
measure thicknesses of nanoscale semiconductor layers with an accuracy that approaches that of

TEM.

Various methods exist for cross-sectioning samples. Mechanical grinding and polishing,’
a low cost technique, is generally unsuitable for SPM as it can result in sample damage and
contamination by abrasive particles. lon-beam polishing methods, such as focused ion beam
(FIB) and Ar ion polishing, are therefore better suited for SPM studies. However, although FIB
is an established technique for preparing TEM samples,* the limited beam size means that this is
a slow method for producing the macroscopic-scale sections required for SPM, which relies on

optical methods to determine the area of interest. Furthermore, the ion bombardment in FIB also



generates peripheral damage to the sample, which can increase the amount of TEM and SPM

characterisation artefacts.
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Figure 1. (a) Conventional Ar-ion beam cutting. The layers of interest lie close to the beam entry
point. This area of the cut is strongly affected by the proximity of the mask, making SPM
imaging of near-surface structures impossible. (b) Beam-exit Ar-ion cross-sectional polishing.
The area of interest is far from the mask and only exposed to the beam-exit. Roughness here is of

nanometre-scale values, making it suitable for SPM imaging of near surface structures.

Ar-ion beam milling, a related technique, is also used for sample thinning for TEM® as
well as cross-sectional polishing for scanning-electron-microscopy samples.®” Cross-sections are
produced by mounting the sample next to a masking plate. A broad Ar-ion beam is directed

normally to the sample surface, rapidly milling the unshielded section of the sample [Figure



1(a)]. Although the majority of the cut has roughness on the nanoscale, the first few micrometres
of the cut at the beam-entry point have a high degree of curvature and low surface quality,
rendering them unsuitable for characterisation of nanoscale structures. As most semiconductor
device structures are grown on top of a large substrate, and thus tend to be in the top few
hundreds to thousands of nanometres of the sample, regular Ar-ion beam cross-sectioning is, in

general, unsuitable for studying semiconductor devices.

A recently developed method, BEXP,"? modifies this configuration. The sample position
is rotated, so that rather than entering through the top, the ion beam impinges upon the side of the
sample at a shallow angle and exits the surface far from the masking plate [Figure 1(b)]. This
beam-exit point exhibits a much lower (true nanometre-scale) surface roughness than the area
close to the mask, making it suitable for SPM. As BEXP cuts at an angle, the layers within the
sample are "stretched out" over a larger area when compared to a traditional cross-section,
allowing easier determination of small structures. Also, such geometry produces an in-depth
section that is only slightly tilted with respect to the sample surface, so both can be imaged in
one SPM scan. This close-to-flat surface is very favourable for high-performance SPM imaging,
and the presence of top and cross-sectioned areas in the image facilitates the identification of the
area and the morphology of the subsurface nanostructures. Specifically, this set up is achieved
by first attaching the sample to a pre-manufactured angled holder (usually 5-30°) with a
temporary adhesive, in this case wax with a low melting-point. In order to keep the ion beam
perpendicular to the surface at the entry point, the geometry of the sample is modified using a
mechanical lapping and polishing technique with several grades of diamond paper. Great care
must be taken at this stage as irregularities present in the surface may affect the quality of the

cut. The pre-angled holder and sample are then placed within a Leica EM TIC020 triple ion-



beam cutter, which uses three Ar-ion beams mounted in a plane to form a wide milling-region
sector of 100°.% The sample is positioned 20-40 pm above the masking plate, resulting in a cut
approximately 2-3 mm wide and 200 pum deep (dependent on the mounting angle and entry
point). The Leica system allows Ar-ion accelerating voltage within a 1-8 kV range. Cuts are
initially milled at 5-7 kV until the process reaches the area of interest (usually 2-3 hours). The

voltage is then reduced to 1 kV to polish the surface at a lower energy for 15-30 minutes.

For this study, we have used a series of AlyGa;xAs/GaAs superlattices with varying layer
thickness and composition grown via molecular beam epitaxy. Contrast was initially provided by
allowing samples to oxidise before scanning. Al,Ga;«As rapidly oxidises in ambient conditions,
with oxidised Al,Ga;«As layers protruding out from the surrounding GaAs, with a height that is
dependent on Al content x.° Although this oxidisation is sufficient to distinguish thick
Al Ga;4As layers or large groups of thinner (3 nm or less) layers, individual or wide spaced
small layers, particularly those with low Al content, are difficult to distinguish. Therefore,

contrast was increased using a selective etchant.

Due to its availability, selectivity and ease of use, a wet etchant combination of citric acid
and hydrogen peroxide (Ce¢HgO7/H,0,) was chosen. CgHgO-/H,O, is a reaction-rate-limited
etchant working by an oxidation-reduction mechanism, with the H,O, acting as the oxidising
agent and the citric acid dissolving the resulting oxidised material. C¢HsO+/H,O; can be used for
a number of 111-V material combinations.’*** Etch selectivity, defined as the ratio of etch rates,
depends on the composition and doping of a sample, and can be vastly modified by changing the
ratio of chemicals used. For Al,Ga;«As/GaAs samples etched with CgHgO7/H,0,, etch rates
decrease as x increases.* Due to the varying Al,Ga;..As composition throughout the sample it

was important that etchant was selective between GaAs and AlyGa;xAs with low Al content x.



Previously reported etch selectivities for GaAs/Alg3Gag7As are generally in the 100:1 region

(95,0155, 116%%).

EXPERIMENTAL DETAILS

Sample growth: AlGa;<As/GaAs superlattices were grown on a (100)-orientated Si-
doped GaAs substrate by a VG VH80 molecular-beam epitaxy system. The sample consists of 3
sets of 5 superlattices, each of 10-14 layers. The first set consists of AlAs/GaAs layers of varying
thickness but constant periodicity of 15.5 nm. The AlAs layer thickness ranges from 1-8.5 nm.
The second set of superlattices has a constant AlAs layer thickness of 3 nm, and GaAs layers
varying from 2-17 nm. The final set of superlattices has constant AlyGa;.xAs/GaAs thickness (3
nm and 12.5 nm respectively), but different Al,Ga;.«As compositions x, ranging from 0.2 to 1.0.
Each superlattice is separated by a 38-48 nm GaAs spacer, whilst each set of superlattices is

separated by a 220-228 nm GaAs spacer.

Beam-exit cross-sectional polishing: Samples were mounted on a BEXP angled holder
(5° slope) with an overhang of ~300 um. The beam entry surface was then filed down normal to
the beam direction with 30 um, 9 um and 1 pm diamond paper. The holder was placed within the
vacuum chamber and BEXP was initiated at a vacuum of 2.0 x 10 mbar. lon guns were allowed
to warm up at a voltage of 3 kV for 10 minutes prior to processing at 6 kVV. Once beam-exit
occurred (approximately 2 hours), voltage was decreased to 1 kV for 20 minutes to polish the
surface. The process resulted in a cut of approximately 11° through the area of interest (with
respect to the sample surface). Samples were subsequently cleaned in an ultrasonic bath using

trichloroethylene, acetone and isopropanol for 10 minutes each.



Etching: Several different CsHgO-/H,0, ratios and etch times were tested, with a 4:1
ratio etch for 30 s found to provide the required amount of contrast across the whole structure
without removing too much material. Citric acid (CgHgO7) was first produced by dissolving
anhydrous citric acid crystals in de-ionised (DI) water with a ratio of 1 g C¢HgO7:1 ml DI H,0.
This solution was mixed with fresh 27% hydrogen peroxide (H,O,) at a 4:1 ratio. The
CeHs07/H,0, mixture was allowed to return to room temperature before etching. Samples were
submerged in the etchant for 30 seconds without stirring. Samples were then rinsed in DI water

for at least one minute to stop the etching process.

Scanning probe microscopy: A Digital Instruments Multimode SPM with a Nanoscope
I1la controller was used in an ambient environment. SPM was operated in tapping mode to
provide an assessment using a basic and commonly available technique. Phosphorus (n) doped Si
tips with a resonant frequency of approximately 300 kHz and force constant of approximately 50
Nm™ were used. Images were taken with fast scan direction perpendicular to the sample
structure, and with a typical scan rate of 1-2 Hz. Images were analysed using WSxM software.'
Measurements for thin layers were made on 750 nm images produced at 512 samples/line.

Thicker layers required larger scan sizes.

Transmission electron microscopy: A TEM analysis of the structure was undertaken in
order to provide a comparison with the SPM data. A Jeol 2000FX TEM operated at 200 kV was
used to study the sample, calibrated using a I11-V superlattice structure with a period measured

by double-crystal X-ray diffraction to an accuracy of better than 0.1%.

RESULTS AND DISCUSSION



Figure 2 shows composite BEXP-SPM and TEM images of the complete structure. In
both cases, brighter layers are AlGa;-xAs whilst darker layers are GaAs. For BEXP-SPM,
Al Ga;4As layers appear brighter than the surrounding GaAs due to a combination of oxide
growth and the CgHgO+/H,0O, etching GaAs much more rapidly than AlGa;«As. Although
contrast is not as high as for TEM, all layers are clearly visible in the BEXP-SPM sample, with
AlAs layers as thin as 1 nm being clearly distinguishable on the far right-hand side of the image.
Contrast for both BEXP-SPM and TEM can be seen to increase with Al content x (left-hand side)
and layer thickness (right-hand side). The centre region of the structure consists of layers with

constant Al composition and thickness, so contrast does not change.
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Figure 2. (a) Composite BEXP-SPM topography image combining three 5 pum scans of the

complete structure etched with 4:1 C¢HgO+/H,0, for 30 s. Vertical scale is 10 nm. The image has
been de-saturated for ease of comparison with TEM. (b) Composite TEM image of the same
area. From left to right: 75 nm AlAs barrier layer, 3 nm AlyGa;.xAs composition x varying layers
(0.2-1), 3 nm AlAs layers with different GaAs spacing, and differing thickness AlAs and GaAs

layers (from 8.5-1 nm). Images have been resized to provide a comparative figure. Contrast and



level have been modified slightly to increase clarity of layers in both images. The scale bars are

different lengths due to the larger surface area scanned in a BEXP cross-section.

Due to the unique sample geometry produced in the BEXP process [Figure 3], layer
thicknesses can be measured by using the vertical movement of the cantilever between two
points. Accuracy in these measurements is not solely dependent on the z-axis movement of the
probe as the tip moves both vertically and laterally between points and as such care must be
taken when determining the layer transition positions. However, the primary reliance on z-axis
movement, combined with the larger lateral area scanned due to BEXP geometry, helps to reduce
the tip-size effect on measurements. A number of scan profiles illustrating the variation in
topography of the surface are presented in Figure 4. Measurements were made with zeroth-order
flattened scans, with layer transition positions being determined by comparison with plane-fitted

versions. Results were then compared with the TEM data for the structure.
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X
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Figure 3. Comparison of traditional and BEXP cross-sections. In a traditional cross-section,
image acquisition and measurements are undertaken in the direction illustrated using the lateral

(x) motion of the tip. In a BEXP cross-section, mounting the sample is much easier and the



shallow cut angle means that each layer covers a much larger area, allowing easier identification
using SPM techniques. The images obtained using this technique are therefore laterally at a
larger scale than in a traditional cross-section. The sample geometry means that layer thicknesses

are determined by the vertical movement of the cantilever between two lateral points.
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Figure 4. Examples of etched topographical scans (left), plane-fitted versions (inset) and scan
profiles (right) used for layer thickness measurements. Actual topography is shown in blue whilst
plane-fitted versions of the raw unfiltered data are shown in red. AlAs layer thicknesses are
approximately (a) 8.5 nm, (b) 6.5 nm and (c) 5 nm. As can be clearly seen, contour height due to
the oxidation of AlAs layers reduces as layer thickness decreases. Vertical scale on the inset

plane-fitted images is 5 nm.
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Figure 5 shows the difference between SPM and TEM layer thickness measurements
plotted against TEM layer thickness. 167 layers were analysed, the majority below 20 nm in
thickness. The mean result of three measurements at different positions was used to determine
the thickness of each layer. For thin layers, SPM measurements were found to be very close to
the TEM values. Results are remarkably consistent, regardless of layer composition, with the
mean difference for layers under 20 nm thickness being just 0.1 = 0.2 nm, or 2 + 4% when
expressed as percentage accuracy. For thicker layers, absolute accuracy decreases, although
percentage accuracy correspondingly increases, with layers between 30 and 80 nm having a
difference of 1 + 2%. However, only a very limited number of measurements have been made for
layers above 20 nm in size, so further work is required to determine accuracy for thicker layer
measurements. It is expected that the precision of these measurements could be improved by
integrating thickness measurements across the entire scan, rather than taking the mean result of a
few measurements. However, we believe that the current method would be suitable for general

measurements.
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Figure 5. Comparison of TEM and SPM data for layers under 20 nm. Measurements for layer

thicknesses are remarkably consistent, with the mean difference being just 0.1 + 0.2 nm.
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Whilst TEM remains a more accurate method for the cross-sectional imaging of
semiconductor nanostructures, the BEXP-SPM technique is an inexpensive and fast procedure.
Furthermore, BEXP is not a particularly difficult technique to master and analysis requires just a
basic familiarity with SPM methods. As such, we believe that BEXP-SPM is an excellent low-
cost method for cross-sectional imaging of semiconductor samples containing quantum wells and
superlattices. With further development it should also be possible to image lower-dimensional
structures such as quantum dots: such work is presently in progress. Given the huge variety of
scanning probe techniques, BEXP also opens up the prospect of studying a range of magnetic,

electronic, thermal and optical properties of embedded nanostructures in cross-section.

CONCLUSIONS

Beam-exit cross-sectional polishing (BEXP) produces a cross-section through
semiconductor samples with roughness on the nanoscale, making it suitable for qualitative and
quantitative analysis of nanostructures with scanning probe microscopy (SPM). We successfully
combined this technique with a light citric-acid/hydrogen-peroxide etch to image AlGa;-
«As/GaAs superlattice layers with thicknesses as low as 1 nm using tapping mode atomic force
microscopy (AFM). SPM measurements were compared with transmission electron microscopy
(TEM) analysis of the sample. The difference between layer thicknesses measured by SPM and
TEM was shown to be 0.1 £ 0.2 nm. BEXP-SPM thus shows great promise for the analysis of
semiconductor heterostructures, especially devices with multiple layers such as vertical cavity

surface emitting lasers, quantum cascade lasers and optical modulators.
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