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Abstract: New requirements for high-frequency applications in wireless communication and sensor
technologies need III-V compound semiconductors such as indium phosphide (InP) to complement
silicon (Si)-based technologies. This study establishes the basis for a new approach to heterogeneous
integration of III-V on Si aimed at the transfer of single-crystalline InP coupons on Si via micro-
transfer printing (WTP). The InP coupons will act as high-quality virtual substrates that allow selective
homo-epitaxy. We present the chemical-mechanical polishing-based preparation and structural
characterization of um-thin (001) InP platelets, starting from high-quality 4-inch bulk crystals and
micro-patterning into transferable coupons of several hundred pm?. The obtained InP platelets
exhibit the desired thickness—below 10 + 1 um—and low surface roughness—<0.3 nm—on both
sides, meeting the precondition for uTP and epitaxy. X-ray rocking curve measurements provide
accurate spatial maps of the total strain, which indicate small strain variations in the um-thin InP
sample. Rocking curve mappings of the (0 0 4) reflection reveal half-widths below 16 arcsec in the
majority of the sample area after thinning that is similar to commercially available InP bulk substrates.
Pole figure measurements show no evidence of stress-induced micro-twinning or stacking faults.
Overall, minor indications of crystal quality degradation in the product platelets, compared with the
bulk samples, were detected.

Keywords: indium phosphide; compound semiconductor crystals; III-V on Si; CMP; X-ray diffraction;
rocking curve imaging

1. Introduction

The next generation of wireless communication technologies (6G) requires highly
functional devices that use frequencies in the THz range for higher data rates and lower la-
tencies while increasing energy efficiency, reliability and security [1-3]. These requirements
exceed the physical limits of well-established complementary metal-oxide-semiconductor
(CMOS) technologies based on silicon (Si). Hence, there is strong demand for other semi-
conductor materials with superior electronic and optical properties that complement Si.
One of the key candidates is the III-V compound semiconductor, indium phosphide (InP).
Due to their high electron mobility and high breakdown voltage, InP-based transistors
allow access to frequencies well above 100 GHz [4,5]. Furthermore, its direct band gap
enables light emission and detection of the respective InP-based devices in near infra-red
regions, e.g., for free-space communication, optical fiber communication and optical inter-
connections between chips, especially at a wavelength of 1.55 um. Due to the favorable
electronic and optical properties of InP, hetero-integration in Si-based CMOS technologies
is particularly promising for electronic-photonic integrated circuits (EPIC) [6] in order to
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extend the current functionalities with regard to nonlinear optical properties [7] and laser
sources [8].

Existing approaches for integration of III-V on Si are facing major challenges regarding
the structural quality of the III-V substrate or layers on one hand and process efficiency on
the other: (i) Monolithic integration via direct hetero-epitaxial growth on Si leads to high
threading and misfit dislocation densities (DD) due to the 8 % lattice and thermal mismatch
of InP and Si [9]. Different approaches to overcome the structural degradation did not
reduce DD below 10® cm~2 in blanket InP layers [10-12]. Additionally, other defects, such
as anti-phase boundaries, stacking faults and micro-twins, result from interface or growth
effects, respectively. All these defects act as very efficient non-radiative recombination
sites that dramatically degrade the final performance and reliability of the device. (ii) The
flip-chip hybrid integration approach requires accurate alignment of the pre-fabricated
chips; it is slow and limited with regard to integration density [13]. (iii) For wafer-to-wafer
bonding, the difference in wafer diameter between commercially available Si (8-12 inches)
and InP substrates (3—4 inches) leads to a high loss of Si material as well as expensive InP
due to post-processing. Simultaneous integration of different III-V materials on a common
substrate is also still challenging. Wafer-to-wafer bonding using direct bonding techniques
requires high planarity, surface quality and thickness control for both Si and InP substrates
and often results in low bonding yield [14]. Besides, a high annealing temperature leads
to an increase in DD in the bonded InP substrate of more than two orders of magnitude,
e.g., up to 6 x 10° cm~2 at 570 °C [15]. Another technique for wafer-to-wafer bonding
is adhesive bonding using mainly benzocyclobutene (BCB). Its low thermal conductivity
and optical absorption create high thermal resistance of bonded laser diodes and limit
photonic integration. Furthermore, CMOS integration using BCB adhesive is not suitable
for technological reasons [16]. (iv) In die-to-wafer bonding approaches, unprocessed III-V
dies are bonded, with the epitaxial layers down, on processed Si wafers. This reduces
material consumption compared with wafer-to-wafer bonding. However, for handling
reasons, the die size cannot go below the mm range and thus limits integration density [13].
The problems associated with direct or adhesive bonding are the same as those described in
the wafer-to-wafer case. For example, laser diodes bonded to Si via BCB between Si and the
III-V epitaxial layer cannot operate in continuous-wave mode or at elevated temperatures
due to the high thermal resistivity of the polymer [13].

A promising approach for III-V-on-5i is micro-transfer printing (uTP), which involves
the pickup and transfer of um-sized chips, also called coupons, from a source substrate
to a target substrate with high alignment accuracy using an elastomeric stamp [17]. The
thickness of the coupons can range from sub-micrometer to 20 um. The advantages of uTP
are high integration densities and efficient material use. The technique was previously
implemented for III-V-on-Si photonic integrated circuits via the transfer of epitaxial III-
V layers [18]. However, mechanical stress during the transfer process can destroy the
sensitive epitaxial layer stacks and ultimately lead to device degradation. Additionally,
a sacrificial interlayer used for release and a BCB adhesive used for bonding can lead to
transfer issues and low operation temperatures, respectively, in the devices [16,19]. The
coupons or devices could also be attached to the target substrate via direct van der Waals
adhesion if the released surface is flat and smooth enough (typically root mean square
roughness, Rq < 1 nm). This adhesive-free situation would allow for potential electrical
connections and improved heatsinking of the devices.

We pursue a new approach to hetero-integration of InP on Si aiming at low DD epitaxy
templates, adhesive-free bonding for improved thermal conductivity, no need for growth of
a sacrificial release layer and post-transfer epitaxy for conservation of sensitive layer stacks.
This will be achieved by the transfer and bonding of single-crystalline InP coupons onto Si
via uTP. The InP coupons act as high-quality substrates for selective homo-epitaxy. If the
high structural quality of the single-crystalline InP source material can be maintained, this
process will provide templates for subsequent epitaxial growth with significantly lower DD
compared with blanket InP layers hetero-epitaxially grown on Si. Using uTP, the coupons
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can be bonded on Si in a massively parallel manner precisely where they are needed for
the device. In this way, it is possible to overcome the obstacles of the aforementioned
approaches to hetero-integration of III-V on Si. A crucial step in this process is the coupon
preparation. In this study, we present the preparation and structural characterization of
um-thin InP crystals as well as micro-patterning into transferable coupons.

2. Materials and Methods
2.1. Preparation of ym-Thin InP Crystals and InP Coupons

The S-doped 4-inch InP crystals with 1 X 108 < ¢p(Si) < 4 x 10'8 cm~3 and [001]
growth direction used as high-quality single crystalline starting material were grown at
IKZ with the vertical gradient freeze (VGF) technique. The KRISTMAG® technology was
implemented for the simultaneous generation of heat and traveling magnetic field (TMF) in
a heater-magnet module [20]. Further details of the growth process can be found in [21]. The
as-grown crystals were sliced in a radial direction using a wire saw. For determination of
the dislocation density of the initial bulk samples, wafer half-disks in [001] orientation were
polished and defects were selectively etched with Huber’s solution (HBr:H3; PO, = 1:2) [22].
Etch pits were counted on several spots in an area of approximately (1.5 x 1) mm? in (100)
and (110) directions according to the DIN standard for etch pit density (EPD) analysis of
InP [23,24]. A weighted mean value was calculated for each half-disk.

InP platelets with lateral dimensions of approximately (11 x 11) mm? and (14 x 14)
mm? were sliced from the half-disks and glued to a plane-parallel glass support wafer
with a polyethylenphthalat (PET)-based resin, Crystalbond 509 (PLANO), which forms a
low-stress, thin fixing layer with d < 2 um. The platelets were then chemical-mechanical
polished (CMP) on one side to generate a planar, atomically flat surface. This side would
later face downwards when bonding on the 5i/SiO, wafer. After that, the InP platelets
are removed from the glass wafer, glued back on the polished side facing the glass wafer,
sanded down to d ~ 150 um and subsequently polished to the target thickness of d < 10 um.
The resin fixing layer serves as a sacrificial release layer later on in the process. CMP was
performed with a PM5 and PM6 polisher/lapper from Logitech Ltd (Glasgow, UK). The
polishing fluid used for coarse and fine polishing was Chemlox Polishing Fluid from
Logitech Ltd. (pH = 12.2), which for thinning of the InP samples was supplemented with
sodium hypochlorite (12% CI, techn.), obtained from Carl Roth GmbH + Co. KG (Karlsruhe,
Germany), to suppress uncontrolled etching (ratio 4:1, pH = 12.6). For end polishing,
separate solutions of sodium hypochlorite (5% in water) and citric acid (>99.5%, p.a.; 10%
in water), obtained from Carl Roth GmbH + Co. KG, were used. The felt-based polishing
cloth for coarse polishing was a Suba™ IV polishing pad and the polymer-based polishing
cloth was an FP5 polishing pad (Pureon Inc., Willich, Germany). Material removal rates
were determined by vision height measurements taken using a Quick Vision ELF measur-
ing system (Mitutoyo, Neuss, Germany). Determination of the InP layer thickness was
performed using IR-transmission data measured with a Lambda 1050 spectrophotometer
(PerkinElmer, Rodgau, Germany) and fitting the interference signal from the two optical
smooth InP surfaces to a transfer matrix model. This model contains the complex refractive
index of InP in the wavelength range of 1000-2400 nm and the layer thickness as input
parameters [25].

AFM measurements were carried out on a (50 x 50) um? sample area with a 384 x 384
mesh using a Dimension Icon AFM (Bruker, Billerica, MA, USA). Optical microscopy in
differential interference contrast (Nikon Metrology GmbH, Diisseldorf, Germany) was
performed using an Eclipse LV150N light microscope.

The thinned InP samples were patterned, producing a 1.4 pum mask of positive pho-
toresist AZ ECI 3007 (Merck, Darmstadt, Germany) and optical lithography with a pMLA
Maskless Aligner (Heidelberg Instruments, Heidelberg, Germany). The samples were
then processed by wet etching in an HBr:H,O,:H,O = 10:1:50 solution, which selectively
dissolves the InP material. Step height measurements of samples at different etching stages
were performed using a DektakXT® stylus profilometer (Bruker).
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2.2. Structural and Opto-Electronic Characterization

A quantitative, lab-based X-ray diffraction (XRD) rocking curve imaging (RCI) was
performed on one InP sample of (14 x 14) mm? before and after thinning with 800 pm and
8(1) um sample thickness, respectively. Local rocking curves can be analyzed based on
their width and position, revealing variations in strain and orientation. A Rigaku SmartLab
high-resolution diffractometer equipped with a HyPix-3000 2D pixel detector was used to
perform RCI with a spatial resolution at the 100-um level defined by the pixel size. The
diffractometer uses a rotating anode and Cu K«; radiation (A = 1.54059 A) selected by
a 2-bounce Ge (004) Bartels monochromator. We recorded RCI data for the 0 0 4 Bragg
reflections and three azimuthal positions (0°, 90° and 180°) to disentangle quantitative
information about lattice tilt and lattice parameters. Details of the technique are described
in [26]. For each point on the sample and the azimuthal positions, we determined the peak
positions of the rocking scans as well as the integrated intensity and the peak FWHM. The
true Bragg angle, and hence the c lattice parameter, can be determined by the average of the
peak positions at ¢ = 0° and ¢ = 180°. Accordingly, the difference equates to twice the local
lattice tilt (pitch) of the normal of the lattice planes. The tilt in the perpendicular direction
(roll) can be calculated from the average of the peak positions at ¢ = 90°.

Pole figure measurements and w /26 scans were performed using a GE XRD System
XRD 3003 TT in Bragg-Brentano geometry with Cu Ko radiation (A = 1.54059 A). To obtain
information on the crystallographic phases present and the lattice orientation in the bulk
and thinned InP sample, w /20 scans were recorded for 10° < 26 < 140°. XRD pole figures
were collected at selected Bragg reflections to check for possible twins and stacking fault
defects and to examine the corresponding crystal orientations before and after thinning.

Cathodoluminescence (CL) measurements/mappings were performed at RT using
a Thermo Fisher Scientific Apreo S scanning electron microscope (SEM) equipped with a
Gatan Monarc CL system. The utilized acceleration voltage was 5 kV utilizing a probe cur-
rent of 1.6 nA. To detect a panchromatic signal, a photomultiplier was used. This allows for
non-destructive detection and quantitative determination of dislocations in an 8(1) pm-thin
InP sample with a lateral dimension of (11 x 11) mm?. For optoelectronic characterization
of bulk and thinned InP samples, RT photoluminescence (PL) measurements were taken
using a Horiba Jobin Yvon Raman spectrometer with a Si-CCD for detection and laser
excitation at 633 nm.

3. Results and Discussion
3.1. Preparation and Characterization of ym-Thin InP Crystals

For the transfer of single-crystalline InP epitaxy templates to Si, we developed a
micro-preparation process [27] that starts from high-quality bulk single crystals with DD
between 1 x 10° cm~2 and 2 x 10° cm~2 grown at IKZ, from which thinned InP platelets
were prepared by sawing, grinding and optimized two-step CMP. Obtaining these pm-thin
InP crystals with two-sided polished, atomic smooth surfaces and low thickness variation
demands delicate control of all relevant CMP parameters, including polishing solution,
pressure, rotation speed, time, polishing cloth, fixing layer and pH value. Handling the
crystals becomes especially challenging due to the mechanical properties of InP, a very soft
and fragile material that easily forms cracks or cleaves along the {110} planes. The optimized
two-step CMP process yielded InP platelets with the targeted thickness (Figure 1a). The
abrasive-free final polishing step delivered samples with an excellent surface roughness
of Rq ~ 0.2 nm for the back and front side of a (50 x 50) pm? sample area based on AFM
mappings (Figure 1b,c). This value meets the requirements for both adhesive-free bonding
(Rq £ 1 nm) and subsequent epitaxial growth (Rq < 0.5 nm). The AFM mapping of the
back side is scratch-free, whereas only one shallow scratch is visible on the front side. The
vertical curved lines in both maps correspond to the waviness (Wq < 0.15 nm) caused by
the polishing process.
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Figure 1. (a) Final thinned and polished InP platelet of (14 x 14) mm? mounted on a glass substrate.
AFM scanning images of a (50 x 50) pm?2 sample area of (b) back side bulk and (c) front side platelet
surface after CMP with abrasive-free solutions.

The thickness of the InP layer is determined from IR transmission measurements. This
method takes advantage of the interference fringes that occur when the light reflecting
from the surface (air-platelet side) and interface (platelet-glass-substrate side) of a um-thin
platelet interferes with the light transmitted through it [28,29]. More information can be
found in the supporting information. The results reveal an InP layer thickness of ~8.5 um
(see Figure S1), which is below the targeted thickness of 10 pm.

RCI provides accurate spatial maps of lattice deformations in the material that may
be a consequence of mechanical processing. Maps of the rocking curve widths of the
0 0 4 reflection taken from a (001) InP sample before and after thinning are shown in
Figure 2a. The images of the bulk sample were taken after the final polishing of the back
side (d = 800 um); the platelet images were collected from the same sample after flipping it
upside down, grinding and end polishing. The FWHM map of the bulk sample shows a
more homogeneous spatial distribution compared to the thinned platelet (Figure 2a). Small
spherical spots of higher FWHM in the maps of the pm-thin sample indicate distorted areas.
These can also be identified using optical microscopy, appearing as small craters in the
DIC images (Figure S2), and are attributed to air bubbles trapped in the fixing layer. Areas
of increased FWHM in the right upper and lower corner originate from high densities of
trapped bubbles. The distortion represents a superposition of sample warpage from the
air bubbles and possible lattice defects (strain and tilt), which cannot be distinguished
based on the given RCI resolution. The local distortion can potentially be avoided in the
future by sample fixation under increased vacuum. Nevertheless, the spatial distribution
of the thinned platelet (Figure 2a) shows low RC widths for a major part of the sample.
The histogram in Figure 2b reveals small FWHMs in the range of 14-18 arcsec, marginally
broader than the FWHM distribution of the bulk. Histogram peaks are at 14.6 arcsec and
15.6 arcsec for the bulk and thinned samples, respectively. These widths are narrow and
similar to the FWHM (0 0 4) values of commercially available InP bulk substrates—e.g.,
16 arcsec, 2-inch semi-insulating InP [30]. This reveals the high crystal quality before and
after the thinning process. Edge effects, clearly visible in the increased FWHM maps of the
thinned platelet, are of minor relevance for application.

Maps of total strain of the bulk sample (Figure 2c, left) show variations in strain on the
mm scale that can also be observed as fringes in the FWHM maps in Figure 2a. We attribute
these features to inhomogeneous adhesion to the glass substrate, leading to local bending
of the InP bulk crystal (Figure S3), and slight variations in the lattice parameter. However,
the strain features are not visible in the strain maps of the thinned sample (Figure 2¢, right),
indicating an elastic deformation that disappears once the stress is removed by releasing
the bulk sample from the glass substrate.
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Figure 2. RCI data of the 0 0 4 reflection of the (001)-oriented InP samples: (a) FWHM maps before
and after thinning (the sample was flipped during the process, the white dot-like indicates missing
data due to a high local tilt that was not covered by the angular range of the rocking curve) and
(b) FWHM histograms from (a). Calculated strain (c) before and after thinning (the sample was
flipped during the process, the grey dot-like area indicates missing data) and (d) mapped tilt of (001)
lattice planes for the sample after thinning.

The thinned platelet shows overall small strain variations in Figure 2c, right (£0.004%).
The biggest differences in strain are visible on the right upper and lower corner and are
caused by high densities of trapped air bubbles (see also Figure 2a, right). However, as
the strain from inhomogeneous adhesion observed in the bulk sample is likely generated
from elastic deformation, which disappears by releasing the sample from the substrate,
the same can be expected of the strain from air bubbles in the thinned platelet. In the
future, mechanical stress on the material can further be minimized early on in the thinning
process by ensuring void-free fixing layers. Stitching effects are visible in the strain maps
of both samples as parallel horizontal and vertical lines, respectively (the thinned sample
was placed in the diffractometer rotated 90° compared to the bulk sample). The sample
curvature was calculated from the linear slope of Bragg peak positions from different sample
locations. The global curvature before and after thinning was approx. +0.0007°/mm
and £0.003° /mm, corresponding to curvature radii of 80 m and +20 m, respectively.
Although the curvature increases by a factor of approximately 4, the tilt mapping in
Figure 2d shows no global waviness after thinning. Damage due to mechanical stress
during CMP on such thin samples is only observed in small regions on the rim.

The X-ray w/26 scan of the 001-oriented bulk and thinned InP sample in Figure 3a
shows the presence of the (002), (004) and (006) zinc blende (ZB) Bragg reflections with
high intensity and narrow widths, which occur at 26 = 30.30°, 20 = 63.22° and 26 = 103.82°,
respectively. They indicate the expected (001) orientation of the ZB-type phase with a
vertical lattice parameter of a = 5.8817 A. Additional broad reflections of very low intensity
occur in both scans at approximately 26 = 15.2° and 26 = 47.3° and can be attributed to the
kinematically forbidden reflections 001 and 003 (violated reflection condition for F-43m
h00: h = 2n). The CMP thinning process does not affect the overall lattice orientation and
crystallinity as the w/20 scans before and after thinning are identical and the forbidden re-
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flections are already present in the bulk sample. However, the weak 001 and 003 reflections
suggest the existence of areas with atomic rearrangement that lead to symmetry-breaking.
One possible reason may be surface reconstruction from dangling bonds in damaged atomic
layers on the sample surface, which changes the Bravais lattice. Further investigations,
which exceed the scope of this study, are needed for elucidation. Two additional narrow,
low-intensity peaks marked with stars in the w/26 scan at 20 = 27.29° and 20 = 56.48° in
Figure 3a can be attributed to 002 and 004 reflections, respectively, generated with Cu K3
radiation (A = 1.39225 A).
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Figure 3. (a) X-ray w/20 scan of the 001-oriented bulk and thinned InP sample, 002 and 004 reflections
generated by Cu K radiation are indicated with *. (b) X-ray pole figure measured at 26 = 26.28° of
the thinned (001) InP platelet; the sample orientation is indicated. The intensity (cps) is plotted on a
logarithmic scale.

In order to reveal twins and stacking faults, XRD pole figure measurements were
performed for the (111) Bragg reflections of InP. Therefore, a series of full polar scans (x) at
different azimuthal angles (¢) obtained by setting the diffractometer at the fixed w and 26
values of the (111) reflection of InP was obtained. Figure 3b shows a pole figure taken using
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the InP (111) ZB Bragg reflection condition (20111 = 26.28°). Strong peaks with four-fold
symmetry can be found at a polar angle x between 51.8° and 55.3° corresponding to the
{111} InP reflections (x = 54.75°, deviation due to tilt between sample surface normal and
001 lattice normal). The twinning operation in InP can be described as a lattice rotation
by 180° around the (111) axis, thereby transforming the [001] growth direction into [22-1]
in the twin. Similarly, twins can be explained as stacking faults in the (111) directions,
where the cubic closest packed lattice (stacking frequency A-B—C) is interrupted by one
hexagonal stack (A-B). Twinning or stacking faults in InP would generate additional InP
(111) peaks observable in the central region of an InP (111) pole figure located at x = 15.8°
and correspond to the angle between the {111} planes of InP in the twinned lamellas or
to the stacking faults. No evidence of such cubic twin peaks was found in the pole figure
around said polar angle in Figure 3b. Nevertheless, two additional diffraction peaks with
low intensity at x = 22.7° and ) = 23.3° align along the azimuths of the {111} InP reflections,
which were also detected in the pole figure of the bulk sample (Figure S4). The polar
angles of the weak peaks are in good agreement with the {113} InP reflections, although
the observed 26 value is approximately 26113/2 (26113 = 51.61°). This topic is the subject of
ongoing investigations, which are not within the scope of this study.

For most microelectronic and photonic devices, InP substrates with high structural
quality of low DD are crucial. Dislocations introduce electronic states in the band gap of
the III-V material system. These energy states have a strong electrical and optical impact
on the device’s performance. They can act as non-radiative recombination centers that
generate phonons, which in turn can create even more defects through local heating, known
as recombination-enhanced defect reaction. This leads to a reduction in photon emission
efficiency [31] and/or minority carrier lifetime [32-34], as well as an increase in leakage
current [35]. The lifetime of III-V lasers strongly decreases with increasing DD [36]. In
order to prolong the lifetime of quantum well lasers with a typical footprint of 10 pm of the
active region, the mean inter-dislocation distance / must be >10 um, which corresponds to
a maximum DD of 10° cm—2 according to [ = \/%. Therefore, in this study, we targeted

2 in order

DDs in the pm-InP crystals significantly lower than the critical value of 10® cm™
to obtain high-quality substrates for selective epitaxy.

For non-destructive determination of the DD and evaluation of potential sub-surface
damage from CMP in thinned samples, we performed panchromatic CL measurements
on a 10-um InP sample. In the corresponding CL mapping (Figure 4), dislocations were
revealed by locally reduced CL intensity in the form of dots or lines due to the fact that
they serve as non-radiative recombination sites. The dark dots (marked with red circles)
are caused by threading dislocations with a line direction parallel to the surface normal.
Two black frames (Figure 4, frame 2 and 3) show examples of threading dislocations in
more detail. A short, narrow line extending from the right corner framed in blue is aligned
along the (110) direction, which is related to the glide geometry of the system. This glide
band is depicted in more detail in a highlighted blue frame (1) of Figure 4. Similar lines
oriented along the (110) direction were observed in CL images of an InP:S doped (100)
sample [37]. Extended dark lines without any reference to the underlying crystal symmetry
would indicate surface or subsurface scratches, which cannot be observed in our layers.
The DD of the examined (200 x 200) um? area amounts to approximately 7 x 10* cm—2
and is therefore higher than the EPD value from the corresponding bulk crystal wafer
of 1.3 x 10> ecm~2. Although, it is still well below our critical target value of 10° cm 2.
The increased DD in the thinned sample compared with the average EPD from DSE was
not necessarily induced by the preparation process, but rather already existed in the bulk
crystal. An inhomogeneous distribution of dislocations and a locally increased DD in the
examined CL area of the platelet can lead to the discrepancy.
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Figure 4. CL mapping of a (001) sample after thinning an area of (200 x 200) um?2, with framed

regions of dark lines (1) and dark dots (2,3) shown in more detail; vertical and horizontal grey lines
are artifacts from stitching.

Room-temperature PL measurements of polished bulk and thinned InP samples (see
Figure S5) showed no significant difference in the luminescence spectra with maxima at
918 nm and 915 nm, respectively. The peak values correspond to the band edge emission of
the room-temperature band gap of InP (1.35 eV).

3.2. Micro-Patterning of InP Coupons

In order to produce pm-sized transfer-printable coupons, the InP platelets were micro-
structured using lithography-assisted patterning in conjunction with wet etching as de-
picted in the schematic illustration in Figure 5a, steps I-III. InP platelets could successfully
be patterned to 100-400 um-sized coupons, as shown in Figure 5b, with a low lateral under-
cut of <5 um. For the transfer, the InP coupons need to be encapsulated with a photoresist
with local openings to access the resin fixing layer, which is then selectively dissolved in
an aprotic, polar solvent mixture, leaving the free-standing InP coupons anchored to the
glass substrate by tethers as shown in Figure 5a, steps IV-V. Afterward, the coupons can
be picked up with a stamp and transferred to the Si target wafer. The main innovation
in this process is the PET resin which serves as a low-stress fixing layer for CMP as well
as a sacrificial layer for later release. In contrast to selective under-etching of epitaxial
grown sacrificial layers, e.g., InGaAs or InAlAs for InP-based structures, the solvent used
for underetching the PET resin does not dissolve InP. Its selectivity is extremely high;
therefore, the surface roughness and flatness of the back side of the InP samples are solely
dependent on the CMP process and stay atomically flat in our case. For InGaAs/InP or
InAlAs/InP layer systems and aqueous iron chloride etchant, the roughness increases with
etch duration and results in high roughness of 2 nm < Rq < 9 nm, unsuitable for van der
Waals adhesion [16]. Furthermore, the FeCls-H,O solution causes Fe>* contamination of
the cleanroom process equipment and needs to be avoided.
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Figure 5. (a) Schematic illustration of the micro-patterning of transfer-printable single-crystalline
InP coupons; (b) DIC microscopic image of etched InP coupons, with the inset showing more detail
and (c) height profiles of (11 x 11) mm? InP platelet with resin (black), additional patterned resist
according to step I (green) and after wet etching of the InP according to step II (blue).

Complementary to IR transmission measurements, the thickness of the InP sample
can be determined using a stylus profilometer. Therefore, the total sample profile, which
consists of the total height of the InP layer and the PET resin layer as well as the height of
profiles from different micro-patterning process steps, i.e., the resist development step I
and the wet etching step II, were measured (see Figure 5c). The differences between those
profiles result in an InP sample thickness of ~8.0 um with low thickness deviation <1 um,
in good agreement with the IR transmission data, as well as in a resin layer thickness of
~2 um.

4. Conclusions

The presented study lays the basis for a new approach to hetero-integration of InP on
Si. In summary, the feasibility of um-thin InP platelet fabrication starting from VGF-grown
bulk crystals was demonstrated. The development of this procedure was accompanied
by precise defect monitoring. FWHM mappings from high-resolution XRD imaging of a
thinned InP sample show low RC widths for major parts in the spatial distribution. Locally
increased FWHM values originate from elastic deformation caused by inhomogeneous
adhesion of the bulk and the um-thin sample to the substrate and correspond to small strain
variations in the total strain maps. For all applied XRD techniques, no signs of systematic
crystal quality deterioration in the product platelets compared with bulk samples were
detected and PL measurements on bulk and thinned InP samples show no significant
difference in the respective luminescence spectra. The DD examined using CL is one order
of magnitude higher than the EPD value from the corresponding bulk crystal but still well

below our critical target value of 10® cm 2.
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The obtained InP platelets meet the structural prerequisites of (i) low and uniform
thickness (8 & 1 pm) needed for uTP, (ii) low roughness on the back and front sides
(<0.3 nm) for adhesive-free bonding and epitaxy, as well as (iii) small FWHM (<16 arcsec)
and (iv) low DD (<<10° cm~?2), both of which are required for high-quality epitaxy tem-
plates. Furthermore, (v) the InP platelets could successfully be patterned to 100-400 um-
sized coupons by employing photolithography and wet etching. With the present findings,
we are able to take the next steps towards hetero-integration on Si via uTP. This new method
will enable device layers with significantly reduced DD compared with hetero-epitaxial
growth due to selective homo-epitaxy on the virtual InP substrates. In addition, improved
thermal conductivity and the preservation of sensitive layer stacks through adhesive-free
bonding and post-transfer epitaxy, respectively, will result in distinct advantages over
existing bonding techniques.

5. Patents

German patent filed-DE 10 2022 100 661.1.
EU patent filed-EP 23 151 074.4.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/cryst13071126/s1, Figure S1: IR transmission of a (001) InP platelet,
Figure S2: Mapped rocking curve FWHM and DIC micrograph of a (001) InP platelet, Figure S3: Mapped
lattice parameter of a (001) InP bulk sample, Figure S4: X-ray pole figure of a (001) InP bulk sample,
Figure S5: PL spectra of (001) InP bulk and platelet sample. References [38,39] are cited in the
supplementary materials.
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