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The paper presents the results of developing the technology for deep anisotropic plasma-chemical etching of
semiconductor GeSi structures using inverse electron lithography with the combined deposition of a metal mask
and e-beam resist. Optimization of various stages of the technological process for the formation of a metal mask
and subsequent transfer of the pattern to the real structure was carried out, taking into account the proximity effect
during lithography and changes in the actual sizes of holes during plasma-chemical etching. The results obtained
by this method are compared with the approach of using a specialized high-contrast e-beam resist as a mask.
The capabilities of this approach for the formation of two-dimensional photonic crystals on a GeSi semiconductor
heterostructure with a thickness of 1 um or above have been demonstrated. It is shown that the formed photonic
crystals make it possible to increase the intensity of the photoluminescence signal by more than an order of

magnitude compared to the initial structure.
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Introduction

Currently, the use of various dielectric resonators is
one of the effective approaches to modifying the optical
properties of materials [1-4]. This approach made it
possible to control the propagation of radiation on a
subwavelength scale [5] and create both powerful [6] and
miniature laser radiation sources [7]. The application of
dielectric resonators to silicon-based structures combined
with the use of modern integrated technology has led
to the development of new optical elements [4,8]. This
primarily applies to passive optical elements, but dielectric
resonators are also used to solve the problem of creating
a radiation source for silicon optoelectronics. Work is
underway both towards the formation of resonators on
direct-gap structures A3B5 and their integration with sili-
con [9,10], and the formation of resonators on light-emitting
structures based on silicon [11,12] and its heterostructures
with Ge [13-18]. The latter direction is more promising
from the point of view of compatibility of the created
radiation sources with modern integrated CMOS techno-
logy.

The Si-based dielectric microresonators (here we mean
either resonators of subwavelength dimensions, or with
subwavelength dimensions of elements requiring, as a rule,
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the use of e-beam rather than optical lithography) can
be conditionally divided into two large classes built using
significantly different technology. The first class includes
various resonators, which most often consist of single
columns of submicron size [16] or their arrays [19]. Either
a mask made of a negative electron resist or a metal
mask obtained using a positive electron-beam resist and
lift-off lithography is used to form such resonators from
planar structures by reactive ion etching. One of the main
factors limiting the height of the formed resonators is the
etching selectivity.  Currently, negative resists based on
hydrogen silsesquioxane (HSQ) provide good opportunities
for creating Mie resonators. It has been demonstrated in
Ref. [20] that this negative resist ensures selectivity (silicon
etching rate: etching rate of the resist) of 19:1 in case of
etching silicon in a mixture of gases SFs + C4Fs. However,
a short shelf life is a significant disadvantage of this resist
(from 3 to 9 months, depending on the solvent and storage
conditions [21]). An alternative approach to the formation
of Mie resonators is the use of a positive electron-beam
resist and a mask made of a metal film, for example, Cr
film formed using lift-off lithography [22]. In this case,
the low rates of Cr etching in fluoride plasma ensure
a very high selectivity of etching with respect to silicon
structures [23].
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The second class of dielectric microresonators includes
various two-dimensional photonic crystals (PhC), which
are most often ordered arrays of holes of submicron
diameter formed by plasma chemical etching methods [24].
A simple way to form PhC is to use a mask made
of the most widely used positive resist based on poly-
methylmethacrylate (PMMA). However, the low (~2 : 1)
selectivity of PMMA etching with respect to silicon for
common conditions of plasmochemical etching [25] imposes
serious limitations on the PhC etching depth. It has been
demonstrated that these limitations are insignificant in case
of formation of PhC on ,gsilicon on insulator “ (SOI) [12]
and structures with Ge(Si) self-forming nanoislands if the
total thickness of the structure above the buried oxide does
not exceed 350—400 nm [26].

However, light-emitting structures based on Ge layers
formed on silicon have recently attracted increased atten-
tion [27-29]. Although germanium, like silicon, is a an
indirect gap semiconductor, the difference between direct
and indirect band gaps in it is only 136 meV [27]. Therefore,
the probability of optical transitions in Ge is significantly
higher than in Si, and it increases in case of application
of tensile stresses to it and/or in case of heavy n-type
doping [27-29], or in case of introduction of tin [30-32].
Despite the progress made using these approaches, laser
generation in Ge/Si structures was achieved mainly at
cryogenic temperatures [31,33]. The achievement of laser
generation at 300K has also been reported, but only at
enormous pumping power thresholds (~ MW/cm?) [28],
which makes such lasers unsuitable for practical applica-
tions. Therefore, work is currently underway for improving
the efficiency of radiation sources based on these structures,
including through the use of dielectric resonators.

A significant difference between Ge/Si structures and
structures with Ge(Si) nanoislands is their large thickness,
which is > 1um. This is attributable to the need to use
a buffer layer to effectively reduce the density of threading
dislocations in the Ge layer grown on Si [34-36]. On the
one hand, this makes it possible to obtain Ge/Si layers with
a sufficiently low surface roughness (typical RMS roughness
< Inm) and with a relatively low density of threading
dislocations (< 107 cm~2) [34-37], but, on the other hand,
the large thickness of Ge/Si structures subsequently com-
plicates the formation of microresonators with submicron
characteristic element sizes on such structures. Due to the
higher etching rate of Ge compared to Si in fluoride plasma,
when using a mask made of PMMA resist, it is possible
to achieve selectivity ~ 3 : 1, which, with standard resist
thicknesses of 150—200 nm, allows the formation of PhC
with a hole etching depth of 500—600 nm [38], i.e. only for
~ 1/2 of the thickness of Ge layer. This imposes limitations
on the ability to control the radiative properties of Ge/Si
structures. This paper considers various approaches (high
contrast positive resist and metal mask) to the formation
of photonic crystals on Ge/Si structures with large etching
depth (> 1um).

1. Results and discussion

Both test structures formed on Ge(001) substrates and
Ge relaxed layers grown on SOI substrates by molecular
beam epitaxy were used to test the technology of formation
of PhC with deep etching. A Ge layer was deposited using
two-temperature scheme during the formation of Ge/SOI
structure after surface cleaning and growing of a Si buffer
layer with a thickness of ~ 100nm [34,39,40]. The total
thickness of the Ge layer was about 1.1 um. The formation
of the structure was finalized by cyclic annealing like in
Ref. [40]. The initial Ge/SOI structures demonstrated a
luminescence signal at room temperature in the region of
1.55um [38] associated with direct radiative transitions in
the Ge layer.

Etching of structures was performed by the method of
reactive ion etching with an inductively coupled plasma
source (ICP RIE) using AXIC system. Two approaches
to the formation of PhC structures on Ge/SOI with etching
depth of > 1um are considered in this paper. A positive
high contrast electron-beam resist AR-P 6200 (CSAR 62)
(AllResist, GmbH) was used for this in the first approach, a
Cr film mask obtained using a positive electron resist based
on PMMA and lift-off lithography was used in the second
approach. The samples with a mask made of a resist were
etched in a mixture of gases SF¢/CHF; (the flow ratio is
3:20, the ICP source power was 700 W, and the RF source
power was 30W) at pressure 20 mTorr. Samples with a
metal mask were etched in a mixture of gases SFg/Cy4Fs
(flow ratio 5:8, power ICP 700 W, power RF 60 W) at
pressure 17 mTorr. These etching conditions were chosen
from the point of view of either increasing the Ge etching
rate while maintaining high etching anisotropy (in case of
usage of a resist mask), or minimizing lateral etching (in
case of usage of a metal mask). The total etching time of the
structures did not exceed 2—2.5min. The etching process
was divided into stages of no more than 20s for avoiding
the overheating of the structure and the mask. Scanning
electron microscopy was used to determine the parameters
of the obtained PhC.

The optical properties of the formed PhC were studied
using micro-PL spectroscopy at 300K. Nd: YAG- laser
(wavelength 532 nm) was used for exciting PL, the radiation
of which was focused on the sample using a 10x lens
and collected by the same lens. The micro-PL signal was
recorded at room temperature using Bruker IFS 125 HR
Fourier spectrometer and a cooled Ge detector.

The experiments using a mask made of high contrast
resist AR-P 6200 resist have shown that, as stated in the
specifications in Ref. [41], its etching rate is ~ 2 times
smaller than the etching rate of PMMA resist under the
same conditions. Only the areas of the PhC holes in which
the resist is removed are etched when forming the PhC
using a mask made of a resist. Therefore, to determine
the depth and etching profile of the PhC holes obtained
using the AR-P 6200 resist, test PhC in the form of a
rectangle were formed on Ge structures, the long (length
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Figure 1. SEM images of one of the PhC formed on a Ge(001) wafer using a mask made of high contrast e-beam resist AR-P 6200:

a — side view of PhC, b — top view of PhC.

200—300 um) side of which was oriented perpendicular to
the [110] crystallographic direction, which is the direction
of light cleavage for Ge and Si plates with orientation (001).
A cleavage was made across the long side of the PhC
after etching, the quality of which made it possible to
analyze the PhC parameters (Fig. 1,a). According to the
analysis of SEM images, the etching depth of PhC holes
decreases with the decrease of the diameter and for the
studied PhC reaches ~ 1.1 um for holes with a diameter
of ~300nm and ~ 1.5um for holes with a diameter of
~ 550nm (Fig. 1). According to these data, the selectivity
of etching of the structure relative to the mask was achieved
in the range (6—8):1 during etching of Ge structures using
AR-P 6200 resist mask. SEM images of PhC demonstrate
high anisotropy of etching (Fig. 1,a) and the shape of the
holes close to round (Fig. 1,b). Thus, using a mask made
of high contrast positive electron-beam resist AR-P 6200
makes it possible to obtain PhC structures with holes of
submicron diameter and etching depth > 1 um on Ge.

However, high cost and short (6 months [41]) shelf life
is a significant disadvantage of usage of resist AR-P 6200.
For this reason a chromium mask obtained using a PMMA
resist mask was also used in this paper to form a PhC
with a large etching depth. Chromium was chosen as the
metal mask material because it has a low etching rate in
fluorinated plasma [23], it can be easily applied and it is
selectively removed from Si and Ge surface. The process of
PhC formation using a metal mask is schematically shown
in Fig. 2,a.

A metal mask made of Cr with a thickness of 30nm
was used in this paper. It was formed by lift off
lithography method - metal deposition through a mask in
a resist by magnetron sputtering, followed by removal of
the unexposed resist and metal on it in dimethylformamide
(90°, 60min) (Fig. 2,a). A mask made of a two-layer
resist PMMA950K/PMMA350K was used for the mask
formation to improve the morphology of the edges of the
metal mask. An artificial reverse slope of the profile of the
holes in the resist is formed as a result of patterning to
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ensure a gap between the metal deposited in the holes on
the substrate and the metal deposited on the unpatterned
resist.

Unlike the formation of PhC using a positive high contrast
resist, when the areas for etching PhC holes are directly
patterned, when creating a metal mask using a positive
resist, it is necessary to form an inverted image in it, in
which not the area of the holes is patterned, but the area
between the holes. It was found that, the lower the ratio
of the PhC hole radius (r) to its period (a), the greater
the deviation of the hole size in the metal mask from the
values set in the template during lithography as a result of
the proximity effect. Accordingly, the size of the obtained
holes in the metal mask turns out to be noticeably smaller
than the size of the holes specified in the template. Fig. 3,a
shows the dependence of the hole size change (recalculated
into the filling factor, defined as the ratio of the hole radius
to their period, r/a) in a metal mask on the PhC period for
three different ratios r /a (0.25, 0.3 and 0.35) nominally set
in the template. It can be seen that the dependence r/a(a)
is linear, but its slope increases with the increase of the ratio
r/a. Thus, experimentally obtained similar dependences for
a given ratio r /a make it possible to predict the size of holes
for other periods, but not for other ratios r /a. The sizes of
the holes in the template can be recalculated to achieve the
required ratios r /a based on the obtained data.

The correction factor fd to the patterning dose (base
patterning dose per unit area 310 uAnd-s/cm?, accelerating
voltage 20kV) was a variable parameter for adjusting the
dimensions in the resulting mask in addition to changing
the size of the hole in the template. Fig. 3,b shows
the dependences of the hole size in the metal mask for
different values of the coefficients fd (with a fixed value
r/a = 0.35 in the template), from which it can be seen that
the dependences have the same slope. Thus, the reduction
of the patterning dose allows increasing the size of the holes
(and, accordingly, r/a) in the mask without changing the
template. However, an excessive reduction of coefficient
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Figure 2. ¢ — diagram of the process of forming a structure with PhC. The top layer of Si in SOI substrate with the Si buffer layer, is
indicated by a gray rectangle (top Si); b — SEM image of one of the fabricated PhC using a metal mask (top view). The insert shows a
side view of the chip of one of the PhC, made to determine the total depth of the etched holes.
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Figure 3. a — dependences of the hole diameters obtained in the metal mask (recalculated into ratios r /a) on the PhC period for three
values r/a nominally set in the template, which are indicated next to the respective dependencies. Dependences were obtained for
the dose correction factor fd = 0.8; » — dependences of the hole diameters obtained in the metal mask on the PhC period with variation
of the dose correction factor fd. The values of fd are listed next to respective dependencies; ¢ — dependence of the diameter of
the PhC holes in the etched Ge/SOI structure depends on the coefficient fd for two periods, the values of which are indicated next to
the respective dependencies. The values are obtained for r /a = 0.35 in the template.

fd to 0.7 leads to an insufficient patterning dose for the
complete development of the resist.

Fig. 3, c shows the dependences of the diameter of PhC
holes in Ge/SOI structure after plasma-enhanced chemical
etching as a function of the coefficient fd for two periods
(a =600 and 900 nm), which demonstrate the possibility
of changing the parameters of the PhC holes by changing
the dose correction factor. The nominal ratio r /a set in the
template was 0.35. It can be seen that the actual diameter

values turned out to be less than the required values for
all fd, but the smallest deviation was obtained with the
minimum of the taken coefficient fd = 0.8. Therefore,
when using a metal mask, it is necessary to take into
account the deviation of the actual diameter of the holes
in the structure after RIE etching. Thus, both of the
above correction methods can be used to obtain holes with
specified parameters when forming PhC in the form of
etched holes using a metal mask— both the dose correction
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Figure 4. Micro-PL spectra for a set of PhC with different periods indicated next to the respective spectra, and the original region
(non-processed) with filling factor values r/a = 0.29 (a) and 0.33 (). All measurements were performed at 300 K.

factor fd and the parameter adjustment in the template for
lithography.

As a result, arrays of holes with the required parameters
were obtained taking into account the above correction
methods which were completely etched through the grown
Ge (and Si) layers down to SiO; layer, which formed the
PhC. As mentioned above, the selectivity of etching the
structure with respect to the etching rate of the Cr mask
can reach high values due to the low rate of Cr etching in
fluorinated plasma [23]. This makes it possible to obtain
PhC structures with an etching depth greater than 1um
on Ge/SOL.  PhC with periods a = 600—900nm and a
filling factor r/a ~ 0.3 were produced in this study. An
example of one of the formed PhC is shown in Fig. 2,5.
It should be noted that the entire structure is exposed to
RIE etching when using a metal mask , except for the PhC
area. Therefore, the parameters of the PhC holes can be
analyzed using SEM images of the PhC boundary (insert
in Fig. 2,b). The analysis of SEM images of PhC holes
obtained by various methods shows that the verticality of
the walls of the holes obtained using a mask made of high
contrast resist (Fig. 1,a) is better than in the case of usage
of a metal mask (Fig. 2,b). When using the latter, there is
some lateral underetching of the upper part of the Ge layer
(ie., a positive slope of the walls is formed), which may
be attributable to the accumulation of charge on the metal
surface in the absence of the possibility of its discharge,
however, this assumption requires further studies. Another
possible reason is the fact that when metal is applied by lift
off lithography, almost the entire sample area remains open,
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while the mask covers only the active area itself (in our
case, the PhC area). As a result, the areas around the PhC
are etched out during the RIE etching process, which can
lead to the appearance of lateral underetching of the edges
of the active region.

The photoluminescence spectra of PhC obtained on
Ge/SOI structure using a metal mask were studied at room
temperature. The results of measurement of the micro-PL
spectra at 300K are shown in Fig. 4 for several PhC with
different periods and two values of the filling factor r/a.
Also, for comparison, Fig. 4 shows the spectrum from the
original Ge/SOI structure without PhC. It can be seen that a
significant increase of both the peak and integral intensity of
the PL signal from the PhC compared to the initial structure
is observed in both cases. The greatest increase of peak
intensity is observed with the best spectral correspondence
of the PhC mode to the maximum of the PL signal from
the initial structure (near 800 meV, which corresponds to
the energy of the direct optical transition in Ge). A slight
discrepancy is associated with interference effects, since the
structures are grown on SOI substrates (see the previous
work by the authors of Ref. [38], where a similar effect
was observed). The PhC mode structure is more clearly
traced for PhC with a smaller r/a, which is expressed in
several peaks more clearly discriminated on the PL spectra,
however, the presence of several peaks in the spectra is
distinguishable in case of large r/a. Quantitative analysis
showed that an increase of the peak intensity of PL up
to 20 times was observed in the best samples with PhC,
and the integral intensity increased up to 17 times compared
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with the initial structure without PhC. This fact is associated
both with an improvement of the light extraction from the
structure due to a violation of the conditions of total internal
reflection, and, possibly, with manifestations of the Purcell
effect, however, determining the contribution of each of
these factors is beyond the scope of this work.

Conclusion

The possibility of using inverse lithography to form a
metal mask on samples based on Ge layers grown on SOI
substrates was studied in the paper. The technology of
forming a metal mask in combination with ICP RIE has
been developed, which makes it possible to form deep
(more than 1um) holes in Ge/Si material. A comparison
of the proposed method with the use of a specialized
high contrast electron-beam resist for RIE showed the
achievability of comparable etching depths, albeit with a
slightly worse wall verticality of the holes. Nevertheless,
a potential usage of a metal mask when it is necessary to
obtain large etching depths with small pattern elements may
be more promising, because a high contrast resist still has
limited selectivity, although it exceeds selectivity of standard
electron-beam resists. The possibilities of this method were
confirmed by forming photonic crystals on Ge/SOI layers
and demonstrating an increase of the PL signal from such
structures by more than an order of magnitude.
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