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ABSTRACT Heterogeneous integration helps to maximize the performance of photonics or electronics
devices by leveraging the strengths of diverse material platforms within a unified process flow. A promising
approach is the 3D integration of InP photonic or electronic membranes to other substrate materials
containing photonics or electronics ICs via adhesive bonding. However, wafer-scale spatial distortions
arising from the bonding process can compromise fabrication. Herein, we used electron-beam metrology
to investigate the distortion of InP membranes resulting from wafer-scale bonding with benzocyclobutene
(BCB). We measured both the linear and residual components of distortions across the tested wafers. First,
bonding of InP substrate with BCB on various carrier substrates (Si, InP, SiC, and glass) was realized, which
unveiled post-bonding membrane expansion factors in the range of ∼0-325 ppm and beyond that for the
glass carrier. The diversion of these values from theoretical estimations was linked to the adhesive bonding
process. Next, we examined the effect of BCB thickness in the ranges of 1-12µm, residual mechanical stress,
and the impact of defects on distortions. Using these findings, we experimentally verified that the largest part
of distortions can be efficiently pre-compensated to overcome the challenges of multilayer overlay errors in
the fabrication of heterogeneously integrated photonic and electronic devices.

INDEX TERMS Adhesive bonding, metrology, 3D integration, overlay lithography, electronics-photonics
integration.

I. INTRODUCTION
Photonic integration is a rapidly evolving field, which has
the potential to revolutionize a multitude of applications,
ranging from telecommunications to quantum computing.
In the past years, multiple material platforms were intro-
duced for the fabrication of photonic integrated circuits,
such as Si photonics, InP photonics, SiNx photonics, etc.

The associate editor coordinating the review of this manuscript and
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Each of them has their key advantages in a narrow range of
applications. A growing trend is heterogeneous integration,
which harnesses the best features of different platforms and
unites devices from different materials in a single assembly
on a chip scale or full wafer scale. The scope of hetero-
geneous integration covers a wide range of applications,
including ultra-low linewidth lasers [1], optical comb gen-
eration, optical phase arrays [2], and integrated circuits for
low-loss optical transceivers [3]. Another promising applica-
tion is the 3D co-integration of III-Vmembrane-based optical
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FIGURE 1. Schematic image of InP photonics and CMOS electronics
co-integration [4].

transceivers onto complementary metal-oxide semiconductor
(CMOS) or InP-based high-speed electronics. This approach
can enable parasitic-free interconnects between photonics
and electronic circuits, using lithography-enabled precision
and density, at wafer scale [4], [5]. In Fig.1, a schematic
image of Si electronics co-integrated with InP membrane
photonics layer is shown. Most importantly, for all of these
integration approaches, a key part of the process is the bond-
ing of devices fabricated on two or more different platforms
together. This can be achieved by direct bonding [6] or
adhesive bonding [7]. Adhesive bonding has advantages for
heterogeneous integration as it offers high flexibility in the
choice of the bonding layer thickness (10s of nm – 10s of
um), low requirements on wafer topology, and easy wafer-
scale processing [8].

The introduction of the bonding process in the fabrica-
tion of heterogeneously integrated devices has opened new
possibilities for integration but has also introduced new
challenges. One such challenge is the precise alignment of
bonded substrates for overlay lithography [9], [10], [11].
While alignment algorithms have advanced in sophistication,
the precision of alignment is now confronted by physical
mechanisms inherent to the fabrication process, such as wafer
warping [12], complex surface topology, or layer dislocations
resulting from bonding [13]. These phenomena might be
caused by several factors, including non-uniformity of tem-
perature distribution during layer formation, non-uniformity
of bonding layer thickness, or mismatched coefficients of
thermal expansion between different materials [14], [15].
This last factor is inherent to adhesive bonding using BCB,
since to cure the BCB, both wafers have to be heated to
high temperatures (above 200 ◦C). For direct bonding using
plasma-activated oxides, the situation (i.e., bond temperature)
is very similar.

Apart from resulting in mechanical damage to devices
when the amount of stress is too high, these distortions also
manifest as shifts in the positions of markers during overlay
lithography (run-out of overlay error, ROE), e.g., in a DUV
scanner lithography tool or mask aligner tool. The distortions
that cause ROE contain both linear and non-linear compo-
nents, as well as residual components that do not fall into
the aforementioned categories [16]. While most wafer-scale
alignment algorithms can mitigate the linear and non-linear
distortions if these are accurately assessed, the residual distor-
tion part remains, leading to poor alignment and subsequently
compromised device performance or even wafer rejection by

a particular lithography system [17]. In particular, it becomes
a challenge to perform the global alignment for overlay
lithography before and after bonding due to these membrane
distortions [18], [19]. Hence, it is important to investigate the
source of these distortions and quantify them to successfully
select the right overlay strategies and guarantee high overlay
accuracy when needed.

This paper aims to provide a quantitative analysis of
distortions in indium phosphide (InP) membranes bonded
with Benzocyclobutene (BCB) under different conditions.
We define distortion as a physical shift of a point on the
membrane surface relative to its position prior to some pro-
cessing operation, such as before and after bonding, in a
predefined frame of reference. The distortion in a partic-
ular wafer region is quantified as a vector value. To fully
evaluate these distortions, we used a least-square estimation
method to decouple the linear components of distortion in
the form of stretching and non-orthogonality from residual
distortions which we plot as vector maps across the 3-inch
wafer area, while non-linear distortions are not examined.
Experimentally, Electron Beam Lithography (EBL) tool is
used for marker fabrication and metrology, the displacement
of markers after bonding is extracted from the EBL log files,
and fitted using a 6-parameter model where both linear and
residual components are extracted [18], [20].

The paper has the following structure. In section II we
describe the fitting model that we use to quantify the linear
distortions and extract residual distortion maps from the raw
data. In section III, we give an overview of the EBLmetrology
method. In section IV, we provide a detailed analysis of
data obtained from several experiments. In our first set of
experiments, we used Si, InP, 3C-SiC, and Glass as carrier
substrates to bond with the InP membrane. This allowed us to
explore how the membrane distortions are affected by a wide
range of coefficients of thermal expansion (CTE) mismatch
between InP and these carriers, as the bonding is carried
out at temperatures above 200◦C. The same experiment was
carried out to compare different BCB thicknesses in a wide
range of 1-12 um for the case of bonding InP to Si substrate.
We also bond an InP wafer with pre-bonding defects and
analyze how the presence of those affects both linear and
residual distortions. In addition, we demonstrate the presence
of residual stress in the membrane, which is the stress left
after high-temperature processing is finished and one of the
substrates is removed. This is realized by etching trenches
that separate the 3-inch membrane into smaller areas, and
then analyzing the membrane distortions introduced after the
etching step. Finally, we propose an alignment strategy that
can handle these distortions to achieve high overlay accu-
racy. In section V, we summarize and conclude the obtained
results.

II. DESCRIPTION OF THE FITTING MODEL
Overlay lithography distortion patterns represent the dis-
placement of markers from their anticipated positions. These
patterns contain both linear and non-linear distortions,

92216 VOLUME 12, 2024



S. Abdi et al.: High-Precision Mapping and Analysis of Wafer-Scale Distortions in InP Membranes

as well as residual distortions. In short, linear and non-linear
components describe this displacement with linear and non-
linear parameters, respectively, while the errors that remain
after removing these components from the original distortion
pattern are referred to as residual distortions [16]. Hence, it is
important to decouple these components and study the main
underlying physics that affect them. The goal is to understand
the magnitude of these distortions for better overlay compen-
sation on one hand and to improve the fabrication process
to limit them on the other. We note that we do not study
non-linear distortions in this paper. We will show throughout
the paper that linear distortions are dominant while residual
maps might contain non-linearities that are not significant.
Hence, the accurate fitting of the linear distortion parameters
and assessment of residual distortion maps is sufficient to
encompass membrane distortion and link it to the bonding
process.

To decouple wafer-scale linear distortions and extract the
residual distortions of the studied samples in this paper,
we used a six-parameter least-square estimation method to
fit our data according to the following equations [16]:

xopt = x.cos (P1) − y.sin (P1)

+ P2 + x.(1 + P4) + y.tan(P6) (1)

yopt = x.sin (P1) + y.cos (P1)

+ P3 + y. (1 + P5) + x.tan(P6) (2)

Here, P1 is the rotation in radian. P2 and P3 are the shifts
(translation) in x- and y-directions in µm, respectively. P4
and P5 are the scaling factors in parts-per-million (ppm) in
x- and y-directions, respectively. Negative values of P4 and
P5 point to membrane compression, while positive values
point to expansion. P6 is the non-orthogonality factor in
radian. Here, the input marker coordinates (x,y) are fitted
to design coordinates (x0, y0) and the result of the fitting is
the marker coordinates (xopt, yopt) that contain all the linear
components of the overall distortion. Markers displacement
represented by distortion patterns that result from several
linear components are shown in Fig.2. It should be noted
that distortion patterns are typically in the order of a few
micrometers/nanometers compared to the 3-inch wafer scale,
which necessitates expanding them by orders of magnitude
to make them visible. Their magnitude can be assessed by
comparison with the scale arrows.

Next, by subtracting the fitted output coordinates (xopt,
yopt) from the original input coordinates (x,y), the residual
distortion pattern is extracted. Throughout this study, we use
the standard deviation (STDev) in nm of errors arising from
residual components to assess the quality of the fitting, since
we fit linear components while the residual components
remain as a source of error. Thus, minimization of the STDev
is necessary to ensure that the linear and residual distor-
tion components are fully decoupled. To achieve the best
fitting results, several minimization algorithms were tested.
We found that the lowest errors can be reached with two
algorithms that are suitable for multi-parameter fitting. These

FIGURE 2. Effect of decomposed linear distortions on the displacement
of markers.

are the quasi-Newton method of Broyden, Fletcher, Goldfarb,
and Shanno (BFGS) [21] and the trust-region (trust-constr)
method [21], [22]. Despite that these methods are based on
a different rationale for optimization, the obtained values for
P1- P5 are all similar and within 5% deviation, while the val-
ues of P6 are close to 0. However, we continue with BGFS in
this study as it is faster. Moreover, given that overlay systems
working on the wafer scale can only compensate for the fitted
distortions, the STDev values from residual distortions are
representative of the achievable minimum overlay error if all
linear distortions are eliminated [16].

Among the linear components P1-P6, the translation
weakly interacts with scaling and the rotation weakly inter-
acts with non-orthogonality if the center coordinate of the
distortion pattern is not determined precisely. This signi-
fies that careful optimization of the fitting is required to
ensure accurate extraction of P1-P6 values [16]. In prac-
tice, to achieve optimal fitting results of P1-P6, we first use
a null initial guess for all parameters, and the parameters
optimization is bounded with a range that is two orders
of magnitude larger than what is physically possible. Next,
we feed the model with the optimal translation and rotation
values within a lower range to exactly pinpoint the center
coordinate and ensure that P1-P6 are fully decoupled. After
registering the fitted optimal values of P1-P6 and the STDev
of residual errors in nm, the residual distortions are extracted
by subtracting the fitted output coordinates from the original
input coordinates. To simplify our terminology, the resulting
maps are referred to in this paper as distortion maps, which
represent the distortion part that cannot be fitted. Throughout
this paper, only residual distortion maps are shown since
the full understanding of linear distortions is captured with
the optimal values of P1-P6. Moreover, since the parameters
(P1- P3), i.e., x- and y-translation and substrate rotation,
depend on the initial positioning of the substrate relative to the
stage [18], these do not contribute to the physical distortion of
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FIGURE 3. Simplified process flow steps relevant to this study, a): marker
fabrication, b) substrates preparation for bonding, c): Adhesive bonding,
d): InP substrate and etch-stop layer removal.

the membrane and their results are omitted from this paper.
However, we note that their fitted values are very close to
the values registered in EBL metrology logs. Accounting for
the EBL errors presented in supplementary materials (section
VI), the error range of P4-P5 is 2ppm and 6ppm and the range
for P6 is 4×10−6rad and 1×10−5rad for results obtained from
dedicated fabrication runs and photonic device fabrication
runs, respectively. The reason for the higher metrology errors
from the latter is the lower frequency of EBL recalibration,
which slightly increases the effect of drift. Finally, we note
that as long as marker fabrication and reading are possible,
this method is applicable to study processing-induced dis-
tortions of other membrane materials and systems, and other
substrate sizes/dies as well.

III. E-BEAM METROLOGY METHOD
Here we discuss the process flow for our e-beam metrology
on adhesively bonded membranes. This study encompasses
fabrication runs made specifically for this study employing
a standard epi-stack and process flow, which are labeled as
dedicated runs.We also used results from functional photonic
device fabrication runs. Bonding is a single step within multi-
ple steps required to fabricate functional devices. So the main
goal of using the other runs is to assess the fitting model on
complex fabrication schemes, and to verify that the bonding
parameters that affect membrane distortion also extend to
photonic fabrication schemes. To simplify the fabrication
flow, we only detail the common steps between dedicated
and functional photonics runs while other steps are described
in general. A simplified process flow is shown in Fig.3. For
dedicated runs the standard epi-stack consists of 300 nm InP
and 300 nm InGaAs etch-stop layer, yielding a membrane
thickness of 300 nm after bonding and subsequent removal of
InP substrate and InGaAs etch-stop. For functional photonics
fabrication runs, the stack thickness can vary between 300 to
1500 nm of III-V semiconductor multi-layers depending on
their functionality. Their final fab-out membrane thickness
is usually close to these thicknesses since most of the semi-
conductor materials remain after fabrication. We note that the
markers used in both dedicated and functional photonics runs

as negative markers since they yield lower beam intensity
than their surroundings during e-beam reading. However,
we also describe the flow for fabricating positive gold mark-
ers, which are used in one experiment to study the relationship
between InP membrane stress and distortion. For the carrier
substrates’ choice, we required a sufficiently wide range of
CTE mismatch between the InP membrane and carrier sub-
strate. Hence, the chosen substrates are: InP with identical
CTE to the InP membrane of 4.75 × 10−6/◦C [23], Si and
3C-SiC with CTEs of 2.55 × 10−6/◦C [24] and 2.77 ×

10−6/◦C [25], respectively, and finally glass substrate with
a low CTE of 4.8 × 10−7/◦C [26].
The fabrication starts with creating markers where we

deposit 50 nm of plasma-enhanced chemical vapor deposition
(PECVD) SiNx as hard mask for dry etching. The mask is
coated with ZEP520A resist and patterned with EBL. The
nitride is then dry etched in pure CHF3 RIE plasma. Next,
we deeply etch into the epi-layers using CH4/H2 ICP RIE
plasma until the InGaAs etch-stop is shallowly etched to guar-
antee visible markers after bonding. Similarly, the experiment
with positive markers only differs in the marker fabrica-
tion stage where we use a lift-off process of 50/100/50 nm
Ti/Au/Ti stack. Ti is used for optimal adhesion to the BCB and
the substrate. Next, we read these markers in EBL to obtain
the pre-bond analysis data (Fig.3.a). For functional photonics
wafer runs, other pre-bonding device fabrication processes
follow at this stage, which include metal deposition and rapid
thermal annealing, semiconductor dry and wet etching, and
permanent oxide deposition. These processes mainly affect
the topography and residual stress of the InP wafer to be
bonded, which can yield different results compared to the
dedicated runs. Next, we prepare for bonding by depositing
PECVD SiO2 on both the InP wafer and the carrier substrate
and follow it by spin-coating AP3000 and baking it at 135◦C
to promote adhesion. We subsequently spin-coat BCB on the
InP wafer and soft-bake it at 100◦C, which achieves a flat
top surface (Fig.3.b). The latter can require BCB thicknesses
up to a few tens of µm if the initial device topography is
high [27]. Therefore, the investigated thicknesses are 1µm,
2µm, and 12µm. The corresponding BCB to these thick-
nesses are Cyclotene 3022–35, −46, and −63, respectively.
We note that unless otherwise specified the default thickness
is 2µm since it is the most often used for functional photonics
membranes, and in other platforms as well [19].

Next, we align the wafers by their major flats in a com-
mercial EVG620 aligner and lock them into a cassette holder,
which is transferred to EVG520 bonding tool. For bonding,
we use a force of 700N under vacuum and a low ramp
rate of 5◦C/min until 280◦C is reached and stabilized for
1hr to fully cross-link the BCB material (Fig.3.c). During
bonding, the temperature uniformity is high since the top
and bottom parts of the bonder are controlled separately
within 0.1◦C difference. After bonding, the InP substrate
and InGaAs etch-stop layer are wet etched in HCl:H2O and
H2SO4:H3PO4:H2O, respectively (Fig.3.d). For InP carrier
substrates, we use protective multi-layer coatings to preserve
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the carrier substrate during wet etching and then remove
these coatings afterward [28]. The precise coordinates of the
markers are then read out using EBL to assess the effect
of bonding on membrane distortion. Moreover, although the
thickness non-uniformity of BCB before bonding is below
5%, the latter can increase drastically after bonding because
BCB becomes liquid and can reflow during bonding [10].
Hence, reflectometry was used to extract the post-bonding
BCB thickness non-uniformity maps for further analysis.

The EBL we used is Raith EBPG5150. Before lithography
or metrology, the sample is placed onto a 3’’ holder that
secures it against three pins from the top surface by clamping
it from the backside with a spring mechanism. The locations
of the 3 pins are shown in supplementary materials. This
EBL fixing mechanism differs from other lithography tools
that secure the sample to the holder with vacuum and fully
flatten it. After loading the holder into the loadlock and
reaching ∼10−7 mbar of vacuum, the holder is transferred
to the EBL chamber where lithography (marker fabrication)
or metrology (marker reading) is carried out. The system is
configured to recognize square 20 × 20 µm2 markers. The
markers are distributed across the full 3’’ wafer area in all
experiments. To investigate the influence of mapping resolu-
tion on the accuracy of analysis, the dedicated runs contain
maps of markers with three uniform pitch selections in the
(x,y) directions. Note that the x- and y-directions are perpen-
dicular and parallel to the major wafer flat, respectively. The
pitches in (x,y) coordinates are 5 × 5 mm2 labeled as coarse
maps that contain ∼100 markers, 2.5 × 2.5 mm2 labeled as
fine maps containing ∼600 markers, and 1.25 × 1.25 mm2

labeled as ultra-finemaps containing∼1800 markers. Wafers
from photonic device runs use a pitch of ∼6 × 8mm2 with
a similar resolution to the coarse maps. To choose optimal
beam parameters for our study, we investigated the influence
of those on themarkers reading/writing accuracy and repeata-
bility using a bare 3’’ wafer. The goal is tomeasure systematic
errors to ensure the accuracy of results in the following sec-
tions. The main EBL systematic errors arise from beam drift
and current used during marker lithography/metrology [29].
Therefore, we investigated beam currents in a large range of
5-190 nA. Evaluation of the EBL metrology accuracy shows
that using smaller beams (low beam current) and averaging
the data from several readings of the same marker slightly
increases the accuracy of results. More details can be found
in supplementary materials. Based on this, we chose the
optimal beam currents of 100 nA for lithography and 5nA
for metrology for dedicated runs, while functional photonics
runs use similar currents. For metrology, after an EBL job is
carried out we use its log to extract the foundmarker positions
and all relevant details that are used for analysis, the data
is then fitted to extract linear and residual components of
the distortion as described earlier. We note that distortions
induced by the pins are spotted close to pin locations in all
of our maps, even rotating the wafer 90◦ with respect to
the holder resulted in the same distortions, and an example
of these patterns is shown in supplementary materials. Most

importantly, these are minimal compared to the linear and
residual distortions after bonding, and hence their influence is
minimal on the derived values. These distortions might result
from wafer bow variations between processes, since the latter
is not fully neutralized on the wafer scale by the pins.

IV. RESULTS AND ANALYSIS
A. ASSESSMENT OF POST-BONDING
MEMBRANE DISTORTIONS
To better explain the different distortions, we first present
a baseline experiment where a 300nm-thick InP membrane
is bonded to Si using 12µm BCB. The reason for choos-
ing 12µm BCB as baseline is that it is suitable for the
co-integration of electronics with photonics. The bonding
temperature is 280 ◦C for 1h. Fig.4.a shows the pre-bond
residual distortion map. The found values of the x- and
y-scaling are 2.7±1ppm and 0.9±1ppm, respectively. The
non-orthogonality is found to be 3.4×10−6 rad, while STDev
of residual errors is 22.1 nm. This indicates that the found
marker positions are slightly distorted in the order of a few
tens of nm from the design map. The map in Fig.4.a shows
that the displacement of markers in the edge contributes
more to the residual distortions. The reason might be the
presence of non-uniform residual stress during lithography,
which is released after SiNx removal and e-beam metrol-
ogy, for instance, because of the 2-dimensional bow profile.
Further details and explanations on this can be found in
supplementary materials. The inset in Fig.4.a shows bell
plots representing the distribution of found marker positions
relative to the design coordinates for the pre-bond and post-
bond maps. STDev increases significantly after bonding in
comparison to the pre-bond case, so residual distortions
are more present in the post-bond case. For the post-bond
experiment, fitting with methods BFGS and trust-constr yield
x-scaling values of 323.461±1ppm and 323.462±1ppm,
y-scaling value of 322.910±1ppm and 323.075±1ppm, non-
orthogonality value of 1.14±2 × 10−6rad and 1.13±2 ×

10−6rad, and STDev values of 104.26 nm and 104.28 nm,
respectively. This is consistent with other wafers studied
in this paper, and similar scaling values were reported as
well [19]. The residuals map (vectors) aligned to the BCB
thickness uniformity map (colored map) is shown in Fig.4.b.
It can be seen that the length of the vectors increases by a fac-
tor of three and the position of the longest vectors is present
in the center as well as in the edge compared to the pre-bond
map, suggesting that these residual distortions are linked to
the bonding process.We have summarized the values of linear
distortions and residual errors for all experiments in this paper
in the Table.S1 of the supplementary materials.

We note that expansion values above 500 ppm can start
to interfere with the light emission properties of III-V-based
semiconductors [30]. Despite that the presented values are
below this threshold, they might still need to be taken
into account when designing devices where small values of
strain play an important role in the device performance. For

VOLUME 12, 2024 92219



S. Abdi et al.: High-Precision Mapping and Analysis of Wafer-Scale Distortions in InP Membranes

FIGURE 4. a): Pre-bond distortion map of the InP wafer, inset: bell plots
of residual errors before and after bonding, b): post-bond distortion map
of the InP membrane overlapped with the thickness variation map from
reflectometry.

instance, for a polarization-insensitive semiconductor optical
amplifiers working in the O-band, a value of 300 pm in strain
represents a 15% increase from the desired strain for optimal
polarization insensitivity [31].

B. EFFECT OF BCB THICKNESS AND THICKNESS
NON-UNIFORMITY ON MEMBRANE DISTORTIONS
Fig.5 shows results obtained on membrane scaling in both
directions and non-orthogonality for InP membranes bonded
on Si with different BCB thicknesses. Each point in the
x-scaling, y-scaling, and non-orthogonality represents one
bonding experiment with negative markers. The values
enclosed by a black circle are extracted from dedicated runs
while the rest are from functional photonics runs. The values
of x-scaling are within 316-322ppm for BCB thicknesses
of 1 and 2 µm and slightly increase up to 323 ppm for
12µmBCB. Similarly, the values for y-scaling increase from
the range of 303-307 ppm for 1 µm BCB to 306-310 ppm
for 2 µm BCB, and up to ∼322 ppm for BCB thickness
of 12 µm. Across all of our measurements, the x-scaling is
higher than the y-scaling. This difference is below 1ppm for
bonding with 12µmBCB and amounts to values up to 15ppm
for experiments with BCB thickness below 2 µm. The mech-
anism behind this anisotropic expansion is unclear. It might
be the result of an anisotropic distribution of forces during the
bonding or the presence of an anisotropic behavior in the CTE
or themechanical properties of the substrate carriers. In either
case, higher BCB thicknesses help in the reflow of BCB
during bonding to better accommodate for these residual

FIGURE 5. Linear distortions of the InP membrane vs BCB thickness,
a): x- and y-scaling factors, b): non-orthogonality. Circled data points
represent dedicated wafer runs, while the rest are from other functional
photonics runs.

stresses, which might be the reason why this anisotropy
is lower in the experiment with 12 µm BCB compared to
lower thicknesses [32]. As for non-orthogonality, we found
no correlation between its variation vs BCB thickness based
on the results presented in Fig.5.b, especially given the high
variation of non-orthogonality from sample to sample for
BCB thickness below 2 µm. This variation and the variation
of x- and y-scaling factors across samples might be linked to
the different pre-bonding and post-bonding processing steps
that the samples went through and/or the thickness variations
of the membrane.

We also bonded InP with 90◦ angle mismatch between the
membrane and the Si wafer to see its effects on the values
presented earlier. The BCB thickness is 2µm and the wafer
was read with the Si flat facing the direction used in all other
experiments. A post-bond picture and distortion map of the
wafer are shown in supplementary data. Results of the fitting
are 325.112±1 ppm, 317.741±1 ppm, and 1.659±2 × 10−6

rad for x-scaling, y-scaling, and non-orthogonality, respec-
tively. The x and y directions are defined with respect to
the carrier Si substrate for direct comparison with earlier
experiments. Here, x-scaling remains higher than y-scaling
similar to earlier experiments but with a slightly lower value
difference of 7-8 ppm compared to earlier values in the range
of 10-15 ppm for the same BCB thickness. This suggests that
the distortion is not dependent on the relative orientations
between the two wafers. The slight difference is linked more
to an anisotropic behavior in the bonding forces or the Si
carrier relative to the InP membrane. The latter might be the
reason why this difference in the 12 µm BCB sample is low
since the separation between the membrane and Si is higher.
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FIGURE 6. Calculated and experimental values of the InP membrane
expansion vs CTE mismatch, b) image of the bonded membrane-on-glass
before removal of the InGaAs etch stop.

To further study this, we analyzed the thickness non-
uniformity results from the dedicated 12 µm BCB wafer
(Fig.4.b). Here, the vector direction and length slightly corre-
spond to the direction where the BCB thickness changesmore
abruptly in the thickness map. However, the full distortion
map and thickness variation map do not entirely overlap,
hinting that other effects take place simultaneously. This
might be related to the inherent residual stress present in
all measurements, or more likely the presence of residual
stresses during/after bonding. However, these effects do not
induce significant distortions as compared to the linear scal-
ing factors that we found in our experiments.

C. EFFECT OF SUBSTRATE MATERIALS ON MEMBRANE
DISTORTIONS
Carrier substrates for membrane photonics are usually chosen
for their functionality. However, the substrate choice is cru-
cial for the success of integration with adhesive bonding [32].
This is because the substrates and the membrane are bonded
at temperatures above 200 ◦C. Thus, their CTE mismatch
results in residual stresses and membrane distortion after
bonding when the temperature falls back to room tempera-
ture. An equation to describe membrane scaling vs CTE is
given as follows:

P = 1T .1α (3)

Here, P can be the average of P4 and P5, 1T is the bonding
temperature minus room temperature, and 1α is the CTE
mismatch. To investigate the effect of substrate choice on
the scaling in x- and y- directions, we first calculated the
theoretical values of scaling for InP membrane for different
carrier substrates and for bonding temperatures of 250◦C and
280◦C, which are most often used in literature [32]. We also
plotted the average of P4 and P5 from our experiments where
the BCB thickness is 2 µm and the bonding temperature is
280 ◦C. Results are shown in Fig.6.a.
The thermal expansion of InP is higher than all other

substrates used in this study, which is why the membrane
scaling here is limited to expansion (positive values of
P4 and P5). In the case of bonding InP to InP carrier,
a CTE mismatch of 0 is calculated from theory. However,

our experimental findings reveal an average scaling factor
of 4.53±1 ppm. This points to the presence of expansion
within the InP membrane, even for InP to InP bonding.
This expansion is likely attributed to the partial relaxation of
residual stresses that may exist in the BCB layer, which are
around 40 Mpa [28]. This situation likely arises due to the
significantly higher thermal expansion of BCB as a polymer
compared to InP and other semiconductors. Consequently, the
residual stresses that accumulate within the BCB layer could
potentially impact the InP membrane more significantly than
the underlying InP substrate. The latter is due to the sub-
stantial difference in thickness between the substrate and the
membrane, with the substrate being three orders of magnitude
thicker.

The average scaling factors measured on Si and SiC wafers
are 312.4±1 and 317±1 ppm, respectively. These values are
consistent with a multitude of photonic device runs on Si
that are not presented [33], [34], and also InP electronics on
Si [19]. These values deviate by 248.6±1 and 282.2±1 ppm
from the anticipated theoretical expansion values. There-
fore, it is reasonable to suspect that this difference in the
expansion was liberated after bonding as residual stress.
To better explain this, we deconstruct the expansion of the
membrane into two distinct segments. The values acquired
through experimentation, denoted as P4 and P5, are des-
ignated as residual expansion, while the variance between
the experimental and theoretical values is termed released
expansion. It can be that the released expansion results from
the relatively higher elastic deformation of BCB in com-
parison to the InP semiconductor membrane on top [32].
Another explanation for the significant difference between
experimental and theoretical values could be related to the
crosslinking of BCB during the temperature ramp-up phase of
the bonding. It is evident that a point of permanent adhesion
between the two wafers on the wafer scale occurs before
the 100% crosslinking in BCB that is achieved at 280 ◦C.
Using Equation 3 and plugging in the measured value of
P, we calculated the temperature at which the expansion
stopped, and it was found to be around 170 ◦C which,
according to the reference [32], corresponds to a degree of
crosslinking slightly below 50%. Hence, this could poten-
tially co-exist with the previously mentioned mechanism,
and is further supported by experiments in section IV.d.
In Fig.6.b, an image depicting the bonding outcome to the
SiO2 substrate is presented. Alongside the noticeable loca-
tions indicating membrane detachment, there are discernible
vertical and horizontal lines. These are only visible after the
removal of the InP substrate. Theoretically, the membrane
should experience an expansion of 1088.9 ppm due to the
substantial CTE mismatch of an order of magnitude between
InP and glass. The presence of such lines, where the InP
membrane has split, suggests that the extent of released
expansion surpasses the values previously observed for Si,
which would require plastic deformation of the membrane
and therefore formation of these lines. Although extraction
of the values of P4 and P5 was not possible as a result of
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FIGURE 7. Post-etch distortion map of the InP membrane-on-Si, b) image
of the InP cutting pattern on ZEP520A resist before etching.

the membrane damage, these should be much higher than the
largest values of 325±1 ppm recorded in this study to cause
the membrane to rupture, which underscores the necessity for
a more customized bonding approach for materials with high
CTE mismatch. Finally, we note that in these experiments
P4 is also higher than P5 by 11.22±2 ppm, 7.19±2 ppm,
and 5.14±2 ppm for Si, SiC, and InP substrates, respectively.
These values seem to increase with the CTEmismatch, which
further confirms that it is more related to the bonding or the
properties of the carrier substrate.

D. EFFECT OF THE RESIDUAL STRESSES
ON MEMBRANE DISTORTIONS
Here, we investigated the presence of residual stresses on
the InP membrane to evaluate its effect on distortion and to
distinguish from the effects discussed in section IV.c. For this,
we used the bonded sample with results shown in Fig.4 where
we further etched the InP membrane into isolated areas of
different sizes, as shown in Fig.7. The lines are fully etched
through the InP membrane, and are 50 µm in width to ensure
accommodation of any deformations resulting from stress
release. For the layout, the top-right part was left pristine
as a full quarter, the top-left quarter of the wafer contains
10 × 10 mm2 squares, and the bottom part was etched into
5 × 5 mm2 squares. The goal is to investigate the effect of
residual stress alone. Here, as the residual stress distributes
across the full scale of the membrane, etching smaller iso-
lated areas leads to a redistribution of residual stress across
each area. This residual stress redistribution depends on the
sizes of the isolated areas as well [35]. Thus, we fitted each
part individually where (x0, y0) are the post-bond positions
before etching (membrane intact) and (x, y) are the post-bond
positions after etching, i.e., the membrane is cut according to
the lines. We found that the x-scaling and y-scaling factors
of the three regions are all within 2 ppm of the original
map positions before cutting, and their non-orthogonality is
below 5 × 10−6 rad from the original map positions. This
signifies that the residual stress from the InP membrane
has a low impact on the linear distortions, which is in the
order of a few micrometers. However, the residual distortion
shows a completely different behavior. Fig.7.a represents the
distortion map for the different regions. The arrows repre-
senting distortions lying in 5 × 5 mm2 and 10 × 10 mm2

cut areas have a higher magnitude compared to the top-right
quarter where the membrane is left intact. This suggests
that a part of the residual stress in these regions is released
as strain, leading to a displacement of the separated small
square membranes individually. This is also reflected on the
STDev values of errors, which are 43.7 nm, 40.8 nm, and
16.2 nm, for regions with 5 × 5 mm2 square separations,
10 × 10 mm2 square separations, and no square separation,
respectively.

As mentioned in section IV.c, the measured distortion scal-
ing factors of InP-on-Si and InP-on-SiC are noticeably below
what is expected from theoretical calculations. This was
linked to two possible coexisting mechanisms with residual
stress from the membrane being one of those. Thus, releasing
the residual stress induced by the InPmembrane can reveal its
contribution to both linear and residual distortions. To further
investigate this, we performed a bonding experiment of an InP
membrane with gold markers (i.e., positive markers) on top
of Si, so that the InP membrane can be totally removed and
only the BCB layer with gold markers remains. The bonding
parameters remain the same compared to the experiment
shown in section IV.a, i.e., we bond with 12 µm BCB on a Si
substrate and at 280 ◦C.After bonding, substrate removal, and
the complete removal of the InP membrane with wet etching,
metrology is carried out and marker locations are extracted
and fitted with the model. For linear distortions, we found
values of 326.63±1 ppm for x-scaling, 315.93±1 ppm for
y-scaling, and 3.1±3 × 10−6 for non-orthogonality, which
are comparable to the values obtained with negative markers
in section IV.a.
This signifies that the contribution of residual stress from

the InP membrane to the difference between theoretical and
expected scaling values shown in the previous section is much
weaker compared to the othermechanism. Thus, the deviation
of values from theory seen in section IV.c of >240 ppm
is likely linked to the permanent adhesion of the two sub-
strates at a lower crosslinking percentage of BCB than the
expected value of 100% crosslinking. We also note that the
difference between x-scaling and y-scaling is ∼10.7±2 ppm
here, which is significantly higher than the value <1ppm
from the previous experiment, suggesting that the anisotropic
behavior that is witnessed in these samplesmainly arises from
the substrate carrier. We also note that the STDev here is
∼30%higher than in previous the experiment, suggesting that
more residual errors arise after the removal of the membrane.
However, this might be related to the difference in BCB
non-uniformity values in the two experiments as seen in
the BCB thickness non-uniformity maps (Fig.8 vs Fig.4.b).
In Fig.8, saddle points visible in the distortion map correlate
with small gradients in the BCB thicknesswhile higher distor-
tions correlate with strong gradients in BCB thickness. These
gradients arise during the BCB reflow between two plain
wafers under pressure, and are caused by non-uniformity of
the bonding forces, such as non-planarity of the bonding glass
and unequal forces applied from two pins on each side of the
bonding cassette.
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FIGURE 8. Post-bond distortion map of the InP membrane overlapped
with BCB thickness variation map for the wafer with 12µm BCB thickness
and gold markers (the InP membrane is completely removed).

Finally, we note that the dominant distortion in this
study is the scaling, with values consistently found in the
300-330ppm range throughout all of the differently processed
wafers, except for bonding on InP substrate revealing almost
no scaling. For device fabrication on InP membranes con-
taining distortions, the large parts of linear distortions can be
corrected in the design phase to lower the overall distortions
from a few micrometers to the sub-micrometer level, while
the non-linear residual distortions can be corrected by the
alignment schemes of the advanced optical lithography tools,
such as the ArF scanner. The latter uses a similar mecha-
nism to EBL where local distortions are compensated for
in local cell exposures. Functional InP membrane photon-
ics on Si substrate fabricated with EBL were consistently
demonstrated [36]. Their fabrication involves double-side
processing before and after bonding where EBL corrects for
the local distortions before exposing the cell, hence achieving
overlay accuracy below 20 nm. For the vertical integration of
membrane photonics on top of electronics substrates, we note
that the post-bond alignment, i.e., translation and rotation
between the two substrates, can be preserved without influ-
encing the bonding parameters by introducing hard pillars
from the photonics side to avoid slippage [10]. Moreover,
distortion of the electronics substrate is negligible compared
to the membrane photonics by view of its three orders of
magnitude larger thickness. Thus, taking all of these points
into consideration could enable the intended application of
photonics and electronics co-integration.

This overlay strategy has also been reported in the fabri-
cation process of InP electronics on Si electronics, where the
large part of scaling is corrected by scaling the design, and
the distortions that are left are corrected by the lithography
tool [19]. Moreover, we recently fabricated photonics where
a proximity lithography tool was required for a post-bond
lithography. The tool does not have internal mechanisms
for image scaling, therefore the optical mask used must be
pre-compensated with anticipated expansion. To generate the
mask, we read and fitted our post-bond distortion data, and
corrected for the linear part. The overlay pattern across differ-
ent positions from the wafer is shown in Fig.9. These indicate

FIGURE 9. Overlay alignment patterns from three different locations in
the fabricated wafer, with the designs compensated for the scaling.

that the large part of distortions, which is in the order of 10µm
for edge markers, is corrected to lesser than 1µm.

In the case when a scanner or stepper lithography is used,
the maximum errors that can be compensated must fall below
1µm. So by pre-compensating the reticle for the 300 ppm
linear expansion, the errors that are left arise from the residual
distortions and are well within this range. Residual errors are
then compensated internally where the tool can read local
markers and correct for the local distortion. This has been
already shown for stepper lithography, and could be further
expanded to other tools [11], [19].

E. EFFECT OF DEFECTS ON MEMBRANE DISTORTIONS
The presence of defects, such as large hard inorganic dust
particles and epitaxial defects, has been shown to affect
post-bonding distortions on the scale of the full intact mem-
brane area for direct bonding techniques [18]. Bonding with
BCB is usually more tolerant to these defects. This is why it is
important to assess the effect of the local presence of defects
on the linear and residual components of distortion in this
study. Knowledge of the extent of this distortion is crucial
to deciding on post-bonding lithography strategies that can
account for these errors. To test this, we used a wafer with
an epitaxial defect located in the center of the wafer with
topography above 2 µm, and the wafer was bonded to Si
with 2 µm BCB. After bonding and substrate removal, the
membrane was found to be cracked in the center along the
y-direction (Fig.10.a). The crack originated from the defect.
Its vertical propagation is highly likely due to the stress
from pins used to hold the bonding stack inside the bonding
cassette, which are located on the top and bottom sides of the
wafer. We first fitted the full map to assess the distortion.
Fig.10.a shows the post-bonding distortion map where all
markers were fitted at the same time. The line where the
membrane broke is visible both in the microscope and in
the map and the extra separation between markers at the two
sides of the line is around 10 µm. This high separation is
most likely linked to the formation of a crack during the
bonding phase. We also fitted the right and left sides of the
maps separately to extract the residual distortionmaps, results
are shown in Fig.10.b. The STDev of errors in nm for both
maps are similar to results obtained in section IV.c. The
x- and y-scaling factors are found to be 312.9±1,
318.5±1 ppm for the right map, and 313.8±1,329.7±1
ppm for the left map, respectively. Values of x-scaling are
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FIGURE 10. a): Post-bond distortion map of the defective InP membrane
with full wafer fitting, b): post-bond distortion map of the defective InP
membrane overlapped with BCB thickness variation with fitting left and
right membranes separately, the white line indicates the position of the
crack.

slightly smaller than previous values of similar experiments
by 5±2 ppm. Moreover, the map in Fig.10.b shows that the
vectors near the cleaved line and particularly near the defect
are larger than in the center of the two separate membranes.
These observations point to a redistribution of the membrane
residual stress on the water level. Hence, the presence of such
defects can be detrimental to overlay lithography both when
compensating for linear distortions alone and afterward when
dealing with residual distortions that increase the minimum
achievable overlay error.

V. CONCLUSION
In this study, we developed a general method with high
accuracy to analyze linear and residual distortions in mem-
brane layers for 3D integration. We used the method to
investigate the deformation of InP membranes resulting from
wafer-scale bondingwith BCB.Various angles of the bonding
process have been investigated, revealing key factors affect-
ing membrane distortion. We found that linear distortions
are mostly affected by the CTE mismatch of bonding sub-
strates (such as Si, InP, SiC, and glass), in a large expansion
range of 0-325 ppm, while residual distortions depend on
a multiplicity of factors. These are found to correlate with
the post-bond BCB thickness non-uniformity and InP mem-
brane residual stress. We also observed that the presence of
defects influences all distortions on the wafer scale, which
can be detrimental to overlay lithography for membrane
devices. By accurately quantifying these distortions using
the method proposed in this work and compensating them,

vertical integration of membrane devices on top of electronics
substrates can be enabled. These findings provide valuable
guidance toward the development of advanced technologies
that rely on improving 3D integration processes and overlay
lithography.
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