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Abstract
Reflectance anisotropy spectroscopy (RAS) equipment is applied to monitor dry-etch processes (here specifically reactive ion

etching (RIE)) of monocrystalline multilayered III–V semiconductors in situ. The related accuracy of etch depth control is better

than 16 nm. Comparison with results of secondary ion mass spectrometry (SIMS) reveals a deviation of only about 4 nm in optimal

cases. To illustrate the applicability of the reported method in every day settings for the first time the highly etch depth sensitive

lithographic process to form a film lens on the waveguide ridge of a broad area laser (BAL) is presented. This example elucidates

the benefits of the method in semiconductor device fabrication and also suggests how to fulfill design requirements for the sample

in order to make RAS control possible.
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Introduction
Reflectance anisotropy/difference spectroscopy (RAS/RDS)

[1-5] is an established powerful method to monitor the epitaxial

growth of monocrystalline semiconductor layers in situ [6,7] –

for instance for molecular beam epitaxy (MBE). The RAS tech-

nique employs reflectometric as well as interferometric infor-

mation, based on the difference in optical surface reflectivity for

two orthogonally linearly polarized light waves with (nearly)

normal incidence onto the sample surface.

http://www.beilstein-journals.org/bjnano/about/openAccess.htm
mailto:fouckhar@physik.uni-kl.de
https://doi.org/10.3762%2Fbjnano.7.171
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In [8,9] we have investigated the applicability of the RAS

method and equipment to monitor the current etch depth in situ

in dry-etch processes with high accuracy and reproducibility.

Dry-etching is an essential step of many lithographic processes,

e.g., in semiconductor device fabrication, and offers several

advantages over wet-etching as for instance the opportunity to

achieve anisotropic etching and vertical etch flanks [10,11].

As the requirements for accuracy in microfabrication increase

with decreasing structure size, in situ monitoring is gaining

importance. There are various approaches to monitor and

control the etch depth during dry-etching: With methods based

on gas-phase analysis such as mass spectrometry of the residual

gas [12] or optical gas-phase analysis such as optical emission

spectroscopy [13,14] it is possible to achieve an end-point

control [11,13,15]. In this case information on the actual etch

depth can only be retrieved in connection with changes in mate-

rial composition at the interfaces between any two layers. Other

techniques are based on surface analysis. Those are mostly

optical, for instance (laser) interferometry and reflectometry

[16,17] or (spectroscopic) ellipsometry [18]. Also, combina-

tions of several techniques are applied [19-21].

RAS incorporates some advantages. Usually for RAS reflecto-

metric information is recorded for a broad spectral range of

photon energies between approx. 1.5 and 5.0 eV. Since layered

samples optically represent coupled Fabry–Perot resonators,

interferometric information can also be extracted from parts of

the spectrum (for not too small wavelengths). Fabry–Perot

oscillations can be observed with changing layer thickness (the

latter either increasing during an epitaxial process or dimin-

ishing during dry-etching). The current thickness of the etched

layer can be determined in situ from single photon energy tran-

sients of just the average reflected intensity and, hence, any re-

quired etch depth can be achieved. Due to the broad spectral

range even structures with many layers of different material

composition may be monitored during a single etch process.

Furthermore, RAS data contain information on the sample sur-

face (etch front) morphology [9], which are indicative of the

roughness.

In this contribution the high accuracy in etch depth control with

RAS, which until now had been estimated only in our earlier

publications [8,9], is demonstrated. Different etch depths have

been monitored during etching of layered samples and the

results are compared to secondary ion mass spectrometry

(SIMS) measurements of the remaining layer thicknesses. Thus

the accuracy stated earlier can be verified experimentally, for

the first time. The benefit of dry-etch control with RAS is

demonstrated for a realistic semiconductor device fabrication

process, which is highly etch depth sensitive: i.e., the fabrica-

tion of a film waveguide lens on top of a broad area semicon-

ductor laser ridge. The film lens is intended to guarantee laser

operation in the fundamental transverse mode. An undesired de-

viation of the film lens layer thickness of only a few tens of

nanometers may change the effective refractive index of the

lens for the fundamental laser mode and hence the focal length

of the lens, to which the lasers’ length is adapted, drastically.

This fabrication procedure serves as an example for all pro-

cesses, where no additional etch stop layer can be incorporated.

The example also deals with the wafer layout necessary for

RAS dry-etch monitoring.

Results and Discussion
Experimental details
Most of the III–V semiconductors under normal conditions fea-

ture optically isotropic bulk material due to their cubic crystal

structure and consequently should not generate a RAS signal

under normal incidence [1]. Nevertheless, optical anisotropies

of the surface, originating, e.g., from specific surface recon-

structions [1,5], give rise to a RAS signal. The surface sensitive

RAS signal carries information about the current growth or etch

front, respectively. As mentioned above, to monitor a

monocrystalline surface with RAS, it is illuminated with per-

pendicularly incident linearly polarized light of a wide spectral

range. Optical anisotropies of the sample surface (as mentioned

above) break the symmetry and make the notion of two orthog-

onally linearly polarized light beams meaningful – even for sur-

face-normal incidence. This leads to an elliptical polarization of

the reflected light [5]. The reflected intensity is analyzed with

respect to the orthogonal planes of polarization. Each of these

planes incorporates a principal crystal axis. The RAS signal is

defined as follows (written for a specific example of the rele-

vant crystal axes):

(1)

with the reflectances/reflectivities R of the relevant directions of

linear polarization designated by Miller’s indices of the corre-

sponding principal axes (in this example [110] and ) and

the total average reflectance/reflectivity  [3,4,6,8].

In case the signal is given as a function of photon energy, the

term RAS spectrum will be used. Due to the rotation of the

substrates during epitaxy the software of the epitaxy-RAS

instrumentation typically ignores the sign of the RAS

signal. The time evolution of the spectrum of this RAS signal

is called a false-color plot or short color plot (see also [22]),
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Figure 1: Color plot of the RAS signal during reactive ion etching (RIE) of a partially masked laser substrate (etch step I, see section “Application”).
After turn-on of the plasma the different semiconductor layers of the laser material B5–B1 are etched (from bottom to top of the plot) (sample type B).

since now the signal height is displayed color-coded (red for

high, blue for low values, see Figure 1), while time is given on

the ordinate. The color plot gives information on the state and

evolution of the growth/etch front for the different points in

time.

For dry-etching (RIE) the situation is slightly different and the

(false-) color plots are based on the RIE-RAS signal according

to Equation 1, which can be negative. Thus the range of colors

for signal height coding covers the whole range from negative

to positive values.

The multilayered samples under investigation in this contribu-

tion have been grown with molecular beam epitaxy (MBE) in a

R450 MBE system from DCA Instruments Oy, Turku, Finland.

Base and working pressure of the system are (8–9) × 10−10 hPa

and (1–2) × 10−10 hPa, respectively.

For the experiments concerning the accuracy of the etch depth

determination, described in section “Experimental results”, a

sample is comprised of several undoped GaAs and Al0.5Ga0.5As

layers with different thicknesses, grown on a GaAs substrate

(called sample type A, for details see Figure 2).

For the exemplarily mentioned application, described in section

“Application”, a layer sequence of a semiconductor laser,

mainly consisting of several layers of Ga(As)Sb quantum dots

(QD) (as active material) embedded in GaAs, surrounded by n-

and p-doped layers of Al0.5Ga0.5As (for the diode and wave-

guide structure), has been grown on an n-doped GaAs substrate

(called sample type B, for details see Figure 1).

The samples are etched in a parallel plate reactor RIE system

(MicroSys 350 from Roth & Rau, Wuestenbrand, Germany)

using a bias voltage of 700 V. The plasma gas consists of Cl2

(1 sccm) and Ar (50 sccm), while the sample holder is backside

cooled with He gas (10 sccm). Base pressure of the etching

system is about (1–5) × 10−6 hPa, while the pressure during the

etch process is about (1–2) × 10−2 hPa.

Chlorine based plasmas are commonly used for dry-etch pro-

cesses of III–V semiconductors [23-28]. In our case 2 vol % of

chlorine (1 sccm in 50 sccm argon) suffice to prevent the accu-

mulation of debris from, e.g., the chamber walls and re-deposi-

tion of etched material on the sample surface. Moreover, these

2% enlarge the etch rate by a factor of about 5 compared to the

case with pure Ar. The chlorine share should not exceed 20%

though, because otherwise the RAS spectra will not be clearly

characteristic of the etch front. Details on the determination of

the optimum gas parameters, especially for etching GaAs and

Al0.5Ga0.5As, and on the influence of the plasma gas composi-

tion on RAS can be found in [9].

To monitor the same samples both during their epitaxial growth

and reactive ion etching (RIE) two similar EpiRAS instruments

by Laytec, Berlin, Germany, are employed. In MBE growth

RAS is well established meanwhile [6,7] and optical access is

provided easily. The use of a RAS system in combination with
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Figure 2: Transients of the average reflected intensity in arbitrary units (a.u.) at a photon energy of 2.5 eV during reactive ion etching of pieces of the
sample of type A. a) Transient of a reference piece, which has been etched through all the MBE-grown semiconductor layers (black line) and of a
piece etched through the upper two layers A4 and A5 only (red line). b) and c) Transients of the average reflected intensity for four pieces, where the
etch process is stopped at three different points of the oscillating intensity (also marked in (a) as I, II, III, IV).

RIE – especially a parallel plate reactor as in our case – requires

a modification of the RIE vacuum chamber, more precisely of

the upper electrode to provide optical access to the sample. The

upper electrode and the upper flange have to be equipped with

an optical window. The RAS system has to be installed above

the RIE chamber; details are given in [8].

Experimental results
From RAS (false-) color plots information about the composi-

tion and quality of a semiconductor layer or surface can be

extracted. Usually RAS is used to monitor growth processes.

However, as already stressed, not only the growth, but also the

inverse process, i.e., dry-etching, can be monitored in situ and

controlled with RAS [8,9]. Figure 1 exemplarily shows a RAS

(false-) color plot of a piece of the sample of type B from a RIE

dry-etch process. Immediately after plasma turn-on, the early

RAS data, resulting from monitoring the oxidized GaAs layer

[9] (lower part of Figure 1), change due to the start of the

etching. During the process each semiconductor layer with its

specific material composition can be identified by its character-

istic region of the RAS color plot.

A comparison of color plots of growth and dry-etching reveals

the similarity of the surface evolutions (one of them time-

reversed due to erosion instead of growth) [8]. For a decreasing

thickness of a layer of the sequence (a shrinking Fabry–Perot

resonator thickness) there is a temporal evolution due to the cur-

rent etch depth, which adds interferometric information, as

stated earlier.

While first results on the similarity of the average reflected in-

tensity of growth and etch processes have been investigated [8],

similarities of the genuine RAS signal still have to be examined

further. RAS monitoring of etch processes holds great potential

for investigating surfaces during etching without the need for
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further techniques (as, e.g., reflection high-energy electron

diffraction (RHEED)), which might not be applicable in some

set-ups.

Recording a RAS color plot is time-consuming, i.e., monitoring

a single RAS spectrum from 1.5–5.0 eV photon energy with a

step size of 0.1 eV during reactive ion etching (the substrate

does not rotate) takes about 15 s. However the plot itself

contains more information than needed for etch depth control.

Monitoring just the average reflectance/reflectivity  (the

denominator in Equation 1) or even just the average reflected

intensity at a single significant photon energy (or just a few)

saves data collection time.

In the RAS signal, according to Equation 1, Fabry–Perot oscil-

lations could be suppressed, if both reflectivities in the numer-

ator changed very similarly. On the contrary, as can be seen,

e.g., in Figure 2, the average reflected intensity, corresponding

to the DC output signal of the detector at a photon energy of

2.5 eV (sample of type A), exhibits oscillations in time for the

etched materials GaAs and Al0.5Ga0.5As. Those oscillations

originate from the changing thickness of the layer currently

being etched and can be used to determine the total residual

thickness of the layer and to stop the etch process after reaching

a certain etch depth. The etched thickness Δd of a layer can be

calculated according to:

(2)

where λ0 is the (vacuum) wavelength of the light, n is the (aver-

age) refractive index of the investigated layer and s stands for

the number of periods of the oscillation (which is a real number

here).

Different layer compositions can be recognized via their offset

values of the intensity [9]. The amplitude of the oscillations in-

creases with decreasing layer thickness, presumably due to less

absorption.

To check the accuracy of this technique, four pieces of about

the same size (typically about an eighth of a 2-inch wafer) of a

MBE-grown sample of type A are etched separately using the

same etch parameters. The etch processes are stopped at three

different points of the RAS intensity oscillation for the first

Al0.5Ga0.5As layer A4 (I, II, III, IV) (Figure 2a). The stop

points have been chosen to be right before reaching the inter-

face between the layers Al0.5Ga0.5As (A4) and GaAs (A3).

Figure 2b and c show the corresponding transients of the aver-

age reflected intensity. The etch processes of piece II and IV

have been stopped at about the same point of oscillation.

Striking is that during the etching of piece IV an etch delay for

an unknown reason occurs (Figure 2c), as will be discussed

below.

The reference values for the thicknesses of the grown semicon-

ductor layers have been determined using scanning electron

microscopy (SEM) with an SU8000 system by Hitachi. Thus a

piece of a sample of type A had to be cleaved and the resulting

facet had to be investigated with the SEM with a tolerance in

the determination of the layer thicknesses of ±5% maximum.

Figure 3 shows an SEM image of a cleaved facet of a litho-

graphically masked and then reactive-ion-etched piece of the

sample of type A. The etch process was stopped right after

reaching the second GaAs layer (A3) (see red line in Figure 2a).

The photoresist etch mask was removed before cleaving the

sample. As can been seen RAS control of dry-etching enables

the RIE operator to stop the etch process at a requested point

with an accuracy of a few tens of nanometers or even a few

nanometers (see Table 1).

Figure 3: Scanning electron microscopy (SEM) image of a facet of a li-
thographically masked and then reactive-ion-etched piece of the sam-
ple of type A. The mask material (i.e., photo-resist) has been removed
wet-chemically. The different semiconductor layers with various thick-
nesses can be recognized. The dry-etch process has been stopped
after reaching the second GaAs layer (A3).

Only at the typical unavoidable trench at the bottom of the flank

the etching has proceeded slightly deeper [15]. However, the

typical trench depth can be anticipated to achieve the desired

etch depth – depending on the relevance of the trench depth for

the device function.

To examine the reliability of RAS in controlling the etch depth,

the etched sample pieces I–IV (corresponding to specific etch

times – see Figure 2) and, for reference, a not reactive-ion-

etched piece of the same sample (type A) are investigated by

secondary ion mass spectrometry (SIMS), using a TOF–SIMS

IV instrument from ION-TOF GmbH, Muenster, Germany.

Applying the so-called dual beam depth profiling technique

with 2 keV Cs+ as sputter ions and 20 keV Bi3+ as analysis
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Table 1: Remaining Al0.5Ga0.5As A4 layer thicknesses for the differently etched sample pieces and the reference (see Figure 2). The layer thickness
has been determined according to Equation 2 by using the numbers s of periods of the oscillations at a photon energy of 2.5 eV. The calculated
results are compared to results received by secondary ion mass spectrometry (SIMS) in combination with SEM inspection.

sample number of periods
of the oscillation

s

(etched) layer
thickness according

to Fabry–Perot
(nm)

remaining layer
thickness

RAS
(nm)

sputter time SIMS
Cs+

ta
(a = ref,I,II,III,IV)

(s)

remaining layer
thickness da

SIMS
(nm)

reference (piece 1) 3.67 240 0 – –
reference (piece 2) – – – 224 0

I 2.78 182.2 57.8 52 55.7
II 3.36 220.1 19.9 15 16.1
III 3.54 231.7 8.3 9 9.7
IV 3.05 197.7 40.3 17 18.2

ions, the thickness of the sputtered Al0.5Ga0.5As (i.e., Al-con-

taining) layer can be determined indirectly by examining the

secondary ion intensity of the resulting CsAl molecule over

sputter time. The specific sputter time, which is needed to

remove the complete Al0.5Ga0.5As layer A4 of the unetched

reference sample tref corresponds to a layer thickness of

dref = 240 nm, known from SEM inspection (related sputter

time tref = 224 s). This value is taken as a reference in determi-

nation of the remaining thicknesses da (remaining after etching

and sputtered during the SIMS process) of the sample pieces I,

II, III, and IV, assuming an identical sputter rate for the used

SIMS analysis conditions in all cases:

(3)

Figure 4 shows the detected CsAl intensity with logarithmic

scaling as a function of sputter time, which is shifted for

simplicity such that the interface between the Al0.5Ga0.5As

layer and the GaAs layer (indicated by the steep decrease of the

CsAl signal) is located at the time t = 0 for all analyzed sam-

ples.

Table 1 gives an overview of the remaining Al0.5Ga0.5As A4

layer thicknesses of sample pieces I–IV calculated with the

numbers s of periods of the Fabry–Perot oscillations according

to Equation 2. For the evaluation the refractive index of layer

A4 is adjusted to be n = 3.79 for a photon energy of 2.5 eV, ac-

cording to the real-valued number s of measured periods of the

Fabry–Perot oscillation for the known layer thickness of

240 nm. The reference sample shows 3.67 periods of oscilla-

tion of the average reflected intensity for the Al0.5Ga0.5As layer

A4. The number s has subsequently been determined from the

average period and the total etch duration of each layer. This is

particularly recommended for regular etch processes, due to its

high accuracy. For irregular processes, for example processes

Figure 4: SIMS intensity – sputter time profile of the CsAl-signal with
logarithmic scaling. Displayed are profiles for the sample pieces I–IV
and for the reference sample piece of the same type. The sputter time
on the abscissa is shifted for simplicity so that the interface between
the Al0.5Ga0.5As and the GaAs layer (indicated by a steep decrease of
the CsAl signal) is located at the time t = 0 for all analyzed sample
pieces. The relevant sputter times tref for the reference and tI for sam-
ple piece I have been marked exemplarily.

with some delay (see Figure 2c, IV, showing an etch delay for

an unknown reason), this approach cannot be employed. In this

case the actual start and end phases of the oscillation have to be

estimated directly, which can be less accurate. On the other

hand in this case, no matter how large the delay is, the number

 of periods of the oscillation and hence the etch depth can

be retrieved. This forms another strong advantage of the RIE

etch depth control via RAS.

Sample piece I has the thickest remaining Al0.5Ga0.5As A4

layer of all etched pieces, as expected. The remaining layer

thickness is 57.8 nm (24.1% of the initially MBE-grown

240 nm). Sample piece II has 19.9 nm (8.3%) of A4 layer left

and piece III 8.3 nm (3.5%).
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Figure 5: Illustrations of the wafer layout and sample design (required in the example) to monitor the etch processes for structured laser ridges. Parts
(a) and (b) show a top view of the sample during the two required etch steps: Etch step I: The control window is covered (area 1), the remaining part
of the sample is patterned (area 2). The RAS light spot (red circle) is focused on the patterned area. Etch step II: The control window is not masked
(area 1), the laser ridges are covered, except for the lens area (area 2). c) Resulting single structured ridge laser without any mask drawn in perspec-
tive.

A comparison of these results with the calculated SIMS thick-

ness values shows a maximum absolute deviation of ≈4 nm

(except for the case of sample piece IV with an etch delay,

already mentioned). Due to this good agreement of the results

of the two completely different analysis methods, this is a

strong indication that the RAS method delivers a reliable value

of the etched layer thickness.

The in situ accuracy of etch-depth control by RAS mainly

depends on the uncertainty in determination of the exact phase

of the Fabry–Perot oscillation and on the time needed to stop

the etch process, i.e., to switch off the plasma [9]. According to

a medium-case estimate a quarter of an oscillation period can be

identified clearly, which corresponds to a change of the layer

thickness of Δd = λ/8 [8,9]. In the current example this means:

2.5 eV (photon energy) ↔ λ0 ≈ 496 nm (wavelength in vacuum)

↔ λ ≈ 131 nm (wavelength in the semiconductor)  Δd = λ/8

≈ 16 nm. Thus a resolution of the etch depth of <16 nm should

be achievable.

Application
In situ monitoring of a semiconductor surface during dry-

etching is an important improvement for microtechnology. With

the method described above, the etch depths, even of multilay-

ered samples, can be determined in situ during the etch step.

Thus etch parameters can be adjusted dynamically. Generally, a

higher precision in etch depth can be achieved and the process

yield can be increased.

For some applications the accuracy of a certain film thickness is

essential and even a few nanometers may be decisive. Thus the

dry-etch process does not only have to be monitored, but also

the etch depth needs to be controlled precisely in real time.

One particular application is presented here – see Figure 5.

With this example a way to monitor several etch steps of a sam-

ple is shown and a possibility to incorporate sample design fea-

tures required for RAS control is given.

A common type of semiconductor laser is a ridge waveguide

laser [29] – with a broad active region and ridge in our case.

Broad area lasers (BAL) have the advantage of high output

powers. Nevertheless, a serious drawback is the multi-trans-

verse-mode operation [30-34]. To achieve operation in the

fundamental transverse mode only, the higher order modes have

to be suppressed. This can be realized by monolithically inte-

grating a transverse mode selector into a BAL [35]. In our cur-

rent attempt (among other features) a film waveguide lens [36]

on the laser ridge is employed for this reason.

The focal length of the film waveguide lens for the funda-

mental transverse mode strongly depends on the difference of

the effective refractive indices Δn = n1 – n0 of the lens area (n1)

and the area beyond the lens (n0, here the unmodified laser

ridge). In our case, to define the waveguide lens, just the upper

cladding is supposed to be etched away. For the current config-

uration of the laser, unintentional etching of just 50 nm into the

active layer may cause an undesired deviation of the effective

refractive index of up to Δn1 = 0.0146. This corresponds to a

deviation of the focal length of about 1400 nm (about 50% of

the original focal length). Since attaining the right focal length

is of extreme importance for transverse mode selection in our

case, precise etch depth control is essential.

To fabricate the described laser, a semiconductor layer se-

quence (sample of type B) is masked with the desired stripe

pattern and the unmasked regions are deeply etched with reac-
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tive ion etching (lithographic process I, see Figure 5a). Here a

soft mask of photoresist has been used to define the stripes

(laser ridges). Adjacent to each of the ridges the upper cladding,

the active region, and the lower cladding are removed by

dry-etching to achieve strong optical confinement (compare

[35]).

In a second lithographic process (process II, see Figure 5b) and

etch step the laser ridge itself is being structured to alter the

effective refractive index locally and thus to achieve a film

waveguide lens in part of the ridge. Therefore, again a photore-

sist mask is used to define the desired pattern on the laser ridge

in combination with RIE. (The shape of the etched area has to

be concave to achieve the effect of a converging film wave-

guide lens for the guided light (Figure 5c).)

To monitor the etch process of a masked sample a small

unmasked area/window has to be provided for analyses, which

is a common technique in semiconductor technology, while dif-

ferent measurement techniques might be the reason for the

sacrificial window. In our case the window is needed for the

RAS light spot, which has a diameter of about 4 mm, and

should have a size of about (4 × 4) mm2.

In etch step I, i.e., the definition of the laser ridge, the RAS light

spot is focused on the masked area of the sample (Figure 5a).

This is not a problem, since the ridges account for only about

5% of the illuminated surface area. The control window is also

covered with the photoresist to keep it even with the height of

the laser ridge. This is important to be able to monitor the

process during etch step II (Figure 5b). The first photoresist

mask is substituted by a second mask, which only partially

covers the laser ridges in order to structure the ridges them-

selves. Now the control window is not covered and can be used

to monitor the etch process with RAS.

Figure 1 (far above) shows the RAS color plot of etch step I, the

definition of the laser ridges/stripes. As soon as the plasma is

switched on, marked on the right in Figure 1, the different

layers of the laser material are etched – starting with the highly

doped p-GaAs capping layer (B5),  then the upper

p-Al0.5Ga0.5As cladding (B4), the active area with eight layers

of Ga(As)Sb quantum dots (QD) between 50 nm thick GaAs

barriers (B3), the lower n-Al0.5Ga0.5As cladding (B2) and,

finally, the n-GaAs buffer and substrate (B1). The different

properties of the layers during etching become particularly

obvious, when taking a look at the single transients of the aver-

age reflected intensity at a specific photon energy. A photon

energy of 2.4 eV is chosen, because Fabry–Perot oscillations of

the RAS signal for the individual semiconductor layers can be

clearly observed here (Figure 6, top).

As marked in the plot, the offset level of the average reflected

intensity for the oscillations varies for the individual materials,

i.e., GaAs and Al0.5Ga0.5As (Figure 6, top). A closer look at the

transients reveals another important advantage of dry-etch mon-

itoring with RAS: The RAS signal provides for information on

the doping of the materials; p-doped and n-doped Al0.5Ga0.5As

do have different offset/mean levels of the oscillating signal

(Figure 6, bottom).

The main reason to monitor the uncritical etch step I (apart from

being able to react to irregularities in the etch process) is to de-

termine the desired point, where the process has to be stopped

in etch step II, from the recorded data. Etch step II is stopped

after removing both the capping layer (B5) and the upper

cladding layer (B4) and right before the active region of the

lasers (B3) is reached.

In etch step II the etch process in the control window is moni-

tored, which provides information about the progress of the

etching of the uncovered lens area on the laser ridge.

Figure 7 shows scanning electron microscope (SEM) images

(micrographs) of a film waveguide lens on a laser ridge. The av-

erage height of the etched step is about (346 ± 17) nm (toler-

ance due to the SEM measurement), deviating from the desired

350 nm by about 4 nm only. (In our specific case the depth of

the unavoidable trench has to be taken into account, since it

changes the effective refractive index of the guided modes.

However, it can be considered before etching, because typical

trench depths are well-known for different etch parameters.)

Thus with this highly etch-depth sensitive process a real benefit

of on-line control is illustrated.

Conclusion
Reflectance anisotropy spectroscopy (RAS) can be used to

monitor monocrystalline III–V semiconductor sample surfaces

in situ during reactive ion etching (RIE). Using the recorded

reflectometric and interferometric data, represented for exam-

ple by the average reflected intensity over time, in situ etch

depth control of multilayered samples can be performed with

accuracies better than 16 nm. Comparative SIMS results show a

deviation from the etch depths evaluated from the Fabry–Perot

oscillations of only about 4 nm in optimal cases.

For highly etch depth sensitive processes controlling the etch

depth of the sample in situ is essential. Such a process is

presented with the integration of a film waveguide lens

on the waveguide ridge of a broad area semiconductor laser.

This example of semiconductor device fabrication demon-

strates the high accuracy and the benefits of the described

method. It is directly applicable to samples with small photore-
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Figure 6: Single transients of the average reflected intensity (top) and the RAS signal (bottom) at 2.4 eV of the etch process to define the laser ridges
(etch step I; dots interpolated with lines, black and green) and a single transient of the average reflected intensity (top) of the etch process to define
the film lenses (etch step II, solid red line). In step II the etch process has been stopped after removing both the p-GaAs capping layer (B5) and the
upper p-Al0.5Ga0.5As cladding (B4).

Figure 7: Scanning electron microscope (SEM) images of a film waveguide lens on a laser ridge. (a) Tilted top-view of the film lens. The lighter gray
part on the left is the elevated part of the laser ridge compared to the lens area. (b) Profile of the film lens step of the laser cleaved alongside
(compare line in (a)), (c) Zoomed-into profile of the film waveguide lens with an average height of 346 nm.

sist-masked areas. Otherwise, a control window of about

(4 × 4) mm2 for the RAS light spot on the sample has to be pro-

vided, a technique, which is not uncommon in microtechnology.

The described method to terminate an etch process at a desired

etch depth has the potential to become an important tool in

semiconductor device fabrication. Monitoring etch processes

with RAS equipment does not only offer the possibility to

analyze interferometric data and, hence, etch depth or rate, but

also to gain information on other material properties of interest.

Information on surface morphology of a monocrystalline semi-

conductor sample can be extracted – either on an atomic scale

due to specific surface reconstructions [3,5,37,38], known from
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various studies on epitaxial growth, or on surface roughness due

to ion bombardment [9,39-41].

Also, information on the composition of compound semicon-

ductors [1] as well as the doping of the etched layers (related to

the offset/mean value of the Fabry–Perot oscillations) are

included [9,42-44].

In the future, RAS equipment might even offer the possibility to

monitor the etch depth with an accuracy down to a single mono-

layer, as might be concluded from short-period oscillatory RAS

signals during semiconductor growth [38,45-47].

Acknowledgements
The project has been funded by the German Research Founda-

tion (DFG) under contracts FO157/44-1 and FO157/46-1 and by

the Stiftung Rheinland-Pfalz fuer Innovation under contract

1108. Technical support by the Nano Structuring Center (NSC)

at the University of Kaiserslautern is gratefully acknowledged.

The authors especially thank Thomas Loeber from the NSC for

SEM micrographs (not shown in this paper) to measure the etch

depth achieved in step II of the application part with an FEI

FIB/SEM Helios Nanolab 650. The SEM images actually

displayed here (for other reasons) have been recorded with a

Hitachi SU8000 of the NSC.

References
1. Zettler, J.-T. Prog. Cryst. Growth Charact. Mater. 1997, 35, 27–98.

doi:10.1016/S0960-8974(97)00024-7
2. Aspnes, D. E.; Harbison, J. P.; Studna, A. A.; Florez, L. T.

Phys. Rev. Lett. 1987, 59, 1687–1690.
doi:10.1103/PhysRevLett.59.1687

3. Aspnes, D. E.; Harbison, J. P.; Studna, A. A.; Florez, L. T.
J. Vac. Sci. Technol., A 1988, 6, 1327–1332. doi:10.1116/1.575694

4. Aspnes, D. E.; Harbison, J. P.; Studna, A. A.; Florez, L. T.
Appl. Phys. Lett. 1988, 52, 957–959. doi:10.1063/1.99240

5. Weightman, P.; Martin, D. S.; Cole, R. J.; Farrell, T. Rep. Prog. Phys.
2005, 68, 1251–1341. doi:10.1088/0034-4885/68/6/R01

6. Aspnes, D. E.; Bhat, R.; Caneau, C.; Colas, E.; Florez, L. T.;
Gregory, S.; Harbison, J. P.; Kamiya, I.; Keramidas, V. G.; Koza, M. A.;
Pudensi, M. A. A.; Quinn, W. E.; Schwarz, S. A.; Tamargo, M. C.;
Tanaka, H. J. Cryst. Growth 1992, 120, 71–77.
doi:10.1016/0022-0248(92)90366-Q

7. Richter, W.; Zettler, J.-T. Appl. Surf. Sci. 1996, 100–101, 465–477.
doi:10.1016/0169-4332(96)00321-2

8. Barzen, L.; Richter, J.; Fouckhardt, H.; Wahl, M.; Kopnarski, M.
Appl. Surf. Sci. 2015, 328, 120–124. doi:10.1016/j.apsusc.2014.12.038

9. Barzen, L.; Kleinschmidt, A.-K.; Strassner, J.; Doering, C.;
Fouckhardt, H.; Bock, W.; Wahl, M.; Kopnarski, M. Appl. Surf. Sci.
2015, 357, 530–538. doi:10.1016/j.apsusc.2015.09.040

10. Bondur, J. A. J. Vac. Sci. Technol. 1976, 13, 1023–1029.
doi:10.1116/1.569054

11. Donnelly, V. M.; Kornblit, A. J. Vac. Sci. Technol., A 2013, 31, 050825.
doi:10.1116/1.4819316

12. Benedikt, J.; Hecimovic, A.; Ellerweg, D.; von Keudell, A.
J. Phys. D: Appl. Phys. 2012, 45, 403001.
doi:10.1088/0022-3727/45/40/403001

13. Kim, H. S.; Sung, Y. J.; Kim, D. W.; Kim, T.; Dawson, M. D.;
Yeom, G. Y. Mater. Sci. Eng., B 2001, 82, 159–162.
doi:10.1016/S0921-5107(00)00798-4

14. Harshbarger, W. R.; Porter, R. A.; Norton, P. J. Electron. Mater. 1978,
7, 429–440. doi:10.1007/BF02655647

15. Köhler, J. M. Etching in microsystem technology; Wiley-VCH:
Weinheim, Germany, 1999. doi:10.1002/9783527613786

16. Hayes, T. R.; Heimann, P. A.; Donnelly, V. M.; Strege, K. E.
Appl. Phys. Lett. 1990, 57, 2817–2819. doi:10.1063/1.103751

17. Granier, H.; Tasselli, J.; Marty, A.; Hu, H. P. Vacuum 1996, 47,
1347–1351. doi:10.1016/S0042-207X(96)00178-9

18. Heyd, A. R.; Collins, R. W.; Vedam, K.; Bose, S. S.; Miller, D. L.
Appl. Phys. Lett. 1992, 60, 2776–2778. doi:10.1063/1.106873

19. Dartnell, N. J.; Flowers, M. C.; Greef, R.; Zhu, J.; Blackburn, A.
Vacuum 1995, 46, 349–355. doi:10.1016/0042-207X(94)00077-8

20. Thomas, S., III; Ko, K. K.; Pang, S. W. J. Vac. Sci. Technol., A 1995,
13, 894–899. doi:10.1116/1.579848

21. Collot, P.; Diallo, T.; Canteloup, J. J. Vac. Sci. Technol., B 1991, 9,
2497–2502. doi:10.1116/1.585681

22. Haberland, K.; Kurpas, P.; Pristovsek, M.; Zettler, J.-T.; Weyers, M.;
Richter, W. Appl. Phys. A 1999, 68, 309–313.
doi:10.1007/s003390050893

23. Giehl, A. R.; Gumbel, M.; Kessler, M.; Herhammer, N.; Hoffmann, G.;
Fouckhardt, H. J. Vac. Sci. Technol., B 2003, 21, 2393–2397.
doi:10.1116/1.1623507

24. Giehl, A. R.; Kessler, M.; Grosse, A.; Herhammer, N.; Fouckhardt, H.
J. Micromech. Microeng. 2003, 13, 238–245.
doi:10.1088/0960-1317/13/2/311

25. Donnelly, V. M.; Flamm, D. L. Solid State Technol. 1981, 24, 161–166.
26. Donnelly, V. M.; Flamm, D. L.; Ibbotson, D. E. J. Vac. Sci. Technol., A

1983, 1, 626–628. doi:10.1116/1.572194
27. Flamm, D. L.; Donnelly, V. M. Plasma Chem. Plasma Process. 1981, 1,

317–363. doi:10.1007/BF00565992
28. Smolinsky, G.; Chang, R. P.; Mayer, T. M. J. Vac. Sci. Technol. 1981,

18, 12–16. doi:10.1116/1.570690
29. Agrawal, G. P.; Dutta, N. K. Long-wavelength semiconductor lasers;

Van Nostrand Reinhold: New York, USA, 1986.
30. Crump, P.; Böldicke, S.; Schultz, C. M.; Ekhteraei, H.; Wenzel, H.;

Erbert, G. Semicond. Sci. Technol. 2012, 27, 045001.
doi:10.1088/0268-1242/27/4/045001

31. Crump, P.; Erbert, G.; Wenzel, H.; Frevert, C.; Schultz, C. M.;
Hasler, K.-H.; Staske, R.; Sumpf, B.; Maaßdorf, A.; Bugge, F.;
Knigge, S.; Tränkle, G. IEEE J. Sel. Top. Quantum Electron. 2013, 19,
1501211. doi:10.1109/JSTQE.2013.2239961

32. Hess, O.; Koch, S. W.; Moloney, J. V. IEEE J. Quantum Electron. 1995,
31, 35–43. doi:10.1109/3.341705

33. Lang, R. J.; Larsson, A. G.; Cody, J. G. IEEE J. Quantum Electron.
1991, 27, 312–320. doi:10.1109/3.81329

34. Mehuys, D.; Lang, R.; Mittelstein, M.; Salzman, J.; Yariv, A.
IEEE J. Quantum Electron. 1987, 23, 1909–1920.
doi:10.1109/JQE.1987.1073261

35. Hoffmann, D.; Huthmacher, K.; Döring, C.; Fouckhardt, H.
Appl. Phys. Lett. 2010, 96, 181104. doi:10.1063/1.3425898

36. Ulrich, R.; Martin, R. J. Appl. Opt. 1971, 10, 2077–2085.
doi:10.1364/AO.10.002077

https://doi.org/10.1016%2FS0960-8974%2897%2900024-7
https://doi.org/10.1103%2FPhysRevLett.59.1687
https://doi.org/10.1116%2F1.575694
https://doi.org/10.1063%2F1.99240
https://doi.org/10.1088%2F0034-4885%2F68%2F6%2FR01
https://doi.org/10.1016%2F0022-0248%2892%2990366-Q
https://doi.org/10.1016%2F0169-4332%2896%2900321-2
https://doi.org/10.1016%2Fj.apsusc.2014.12.038
https://doi.org/10.1016%2Fj.apsusc.2015.09.040
https://doi.org/10.1116%2F1.569054
https://doi.org/10.1116%2F1.4819316
https://doi.org/10.1088%2F0022-3727%2F45%2F40%2F403001
https://doi.org/10.1016%2FS0921-5107%2800%2900798-4
https://doi.org/10.1007%2FBF02655647
https://doi.org/10.1002%2F9783527613786
https://doi.org/10.1063%2F1.103751
https://doi.org/10.1016%2FS0042-207X%2896%2900178-9
https://doi.org/10.1063%2F1.106873
https://doi.org/10.1016%2F0042-207X%2894%2900077-8
https://doi.org/10.1116%2F1.579848
https://doi.org/10.1116%2F1.585681
https://doi.org/10.1007%2Fs003390050893
https://doi.org/10.1116%2F1.1623507
https://doi.org/10.1088%2F0960-1317%2F13%2F2%2F311
https://doi.org/10.1116%2F1.572194
https://doi.org/10.1007%2FBF00565992
https://doi.org/10.1116%2F1.570690
https://doi.org/10.1088%2F0268-1242%2F27%2F4%2F045001
https://doi.org/10.1109%2FJSTQE.2013.2239961
https://doi.org/10.1109%2F3.341705
https://doi.org/10.1109%2F3.81329
https://doi.org/10.1109%2FJQE.1987.1073261
https://doi.org/10.1063%2F1.3425898
https://doi.org/10.1364%2FAO.10.002077


Beilstein J. Nanotechnol. 2016, 7, 1783–1793.

1793

37. Wassermeier, M.; Kamiya, I.; Aspnes, D. E.; Florez, L. T.;
Harbison, J. P.; Petroff, P. M. J. Vac. Sci. Technol., B 1991, 9,
2263–2267. doi:10.1116/1.585731

38. Rumberg, J.; Zettler, J.-T.; Stahrenberg, K.; Ploska, K.; Richter, W.;
Däweritz, L.; Schützendübe, P.; Wassermeier, M. Surf. Sci. 1995, 337,
103–108. doi:10.1016/0039-6028(95)00540-4

39. Facsko, S.; Dekorsy, T.; Koerdt, C.; Trappe, C.; Kurz, H.; Vogt, A.;
Hartnagel, H. L. Science 1999, 285, 1551–1553.
doi:10.1126/science.285.5433.1551

40. Shipman, P. D.; Bradley, R. M. Phys. Rev. B 2011, 84, 085420.
doi:10.1103/PhysRevB.84.085420

41. Bradley, R. M.; Harper, J. M. E. J. Vac. Sci. Technol., A 1988, 6,
2390–2395. doi:10.1116/1.575561

42. Tanaka, H.; Colas, E.; Kamiya, I.; Aspnes, D. E.; Bhat, R.
Appl. Phys. Lett. 1991, 59, 3443–3445. doi:10.1063/1.105672

43. Acosta-Ortiz, S. E.; Lastras-Martínez, A. Solid State Commun. 1987,
64, 809–811. doi:10.1016/0038-1098(87)90706-X

44. Schmidt, W. G.; Bechstedt, F.; Lu, W.; Bernholc, J. Phys. Rev. B 2002,
66, 085334. doi:10.1103/PhysRevB.66.085334

45. Harbison, J. P.; Aspnes, D. E.; Studna, A. A.; Florez, L. T.; Kelly, M. K.
Appl. Phys. Lett. 1988, 52, 2046–2048. doi:10.1063/1.99576

46. Reinhardt, F.; Richter, W.; Müller, A. B.; Gutsche, D.; Kurpas, P.;
Ploska, K.; Rose, K. C.; Zorn, M. J. Vac. Sci. Technol., B 1993, 11,
1427–1430. doi:10.1116/1.586954

47. Zettler, J.-T.; Rumberg, J.; Ploska, K.; Stahrenberg, K.; Pristovsek, M.;
Richter, W.; Wassermeier, M.; Schützendübe, P.; Behrend, J.;
Däweritz, L. Phys. Status Solidi A 1995, 152, 35–47.
doi:10.1002/pssa.2211520104

License and Terms
This is an Open Access article under the terms of the

Creative Commons Attribution License

(http://creativecommons.org/licenses/by/4.0), which

permits unrestricted use, distribution, and reproduction in

any medium, provided the original work is properly cited.

The license is subject to the Beilstein Journal of

Nanotechnology terms and conditions:

(http://www.beilstein-journals.org/bjnano)

The definitive version of this article is the electronic one

which can be found at:

doi:10.3762/bjnano.7.171

https://doi.org/10.1116%2F1.585731
https://doi.org/10.1016%2F0039-6028%2895%2900540-4
https://doi.org/10.1126%2Fscience.285.5433.1551
https://doi.org/10.1103%2FPhysRevB.84.085420
https://doi.org/10.1116%2F1.575561
https://doi.org/10.1063%2F1.105672
https://doi.org/10.1016%2F0038-1098%2887%2990706-X
https://doi.org/10.1103%2FPhysRevB.66.085334
https://doi.org/10.1063%2F1.99576
https://doi.org/10.1116%2F1.586954
https://doi.org/10.1002%2Fpssa.2211520104
http://creativecommons.org/licenses/by/4.0
http://www.beilstein-journals.org/bjnano
https://doi.org/10.3762%2Fbjnano.7.171

	Abstract
	Introduction
	Results and Discussion
	Experimental details
	Experimental results
	Application

	Conclusion
	Acknowledgements
	References

