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Antimonide compounds are fabricated in membrane form to
enable materials combinations that cannot be obtained by direct
growth and to support strain fields that are not possible in the
bulk. InAs/(InAs,Ga)Sb type Il superlattices (T2SLs) with different
in-plane geometries are transferred from a GaSb substrate to a
variety of hosts, including Si, polydimethylsiloxane, and metal-
coated substrates. Electron microscopy shows structural integrity
of transferred membranes with thickness of 100 nm to 2.5 um and
lateral sizes from 24 x 24 um? to 1 x 1 cm?. Electron microscopy
reveals the excellent quality of the membrane interface with the
new host. The crystalline structure of the T2SL is not altered by
the fabrication process, and a minimal elastic relaxation occurs
during the release step, as demonstrated by X-ray diffraction
and mechanical modeling. A method to locally strain-engineer
antimonide-based membranes is theoretically illustrated. Con-
tinuum elasticity theory shows that up to ~3.5% compressive
strain can be induced in an InSb quantum well through exter-
nal bending. Photoluminescence spectroscopy and characteriza-
tion of an IR photodetector based on InAs/GaSb bonded to Si
demonstrate the functionality of transferred membranes in the
IR range.
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pitaxially grown Sb compounds have recently received

increasing attention as functional layers in IR detectors
(1-4) and sources (5-9), high-mobility transistors (10-12), res-
onant tunneling diodes (13-15), and low-power analog and dig-
ital electronics (10, 16). In this scenario we establish a versatile
process to release and transfer Sb-based heterostructures from
their epitaxial growth substrate to any host, resulting in fabrica-
tion of freestanding membranes (17, 18). Despite the numerous
demonstrations of membrane technology applied to III-V semi-
conductors (18-26), fabrication and detailed characterization of
Sb compounds in membrane form has not been reported. For
the purpose of this work we investigate InAs/(Ga,InAs)Sb type
II superlattices (T2SLs) and AlInSb/InSb quantum wells (QWs),
but our approach is readily applicable to any Sb-containing
heterostructure. We demonstrate that wet and dry techniques
(17, 18) (i.e., transfer in liquid or mediated by a stamp, respec-
tively) yield successful transfer of T2SL membranes with thick-
ness ranging from 100 nm to 2.5 um, and lateral sizes going from
24 x 24 ym® to 1 x 1 cm®. We bond InAs/(InAs,Ga)Sb T2SLs
to a large variety of hosts, including elastomers and rigid sub-
strates, and both insulating and semiconducting substrates. Elec-
tron microscopy and X-ray diffraction (XRD) show that the crys-
tal structure and the strain state of the materials are minimally
altered during the release and transfer process. Mechanical mod-
eling establishes that elastic strain up to ~3.5% can be imparted
in nanoscale-thickness AlInSb/InSb/AlInSb membranes by exter-
nal bending. Finally, we demonstrate the functionality of Sb-
based superlattices bonded to Si via photoluminescence (PL)
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and characterization of an IR detector fabricated on transferred
InAs/InAsSb membranes.

Fabrication of Sb compounds in membrane form will sig-
nificantly alter the landscape, as it relates to fundamental
studies, properties, and applications of these materials. For
instance, transfer of Sb compounds to insulating materials will
enable the use of Hall and Van der Pauw measurements to
investigate electrical transport in Sb-based T2SLs and QWs.
Sb-based T2SLs bonded to Si will lead to fabrication of IR detec-
tors with high signal-to-noise ratio, because Si is transparent to
the incoming radiation, unlike the native GaSb substrate (27, 28).
Transferring Sb-based membranes on a compliant host will pave
the road to manufacturing of IR imagers and high-speed elec-
tronics in flexible form. An additional benefit of membrane tech-
nology applied to Sb-based membranes is the possibility to engi-
neer strain distributions, which are not obtainable within the
limitations of epitaxial growth processes (29, 30). Sb-based het-
erostructures may be bonded and conformed to patterned sur-
faces of various shapes and sizes to induce local strain of differ-
ent types and amplitudes. Because strain significantly enhances
both electron and hole mobilities in Sb-compounds, any elec-
tronic device will benefit from this type of strain engineering.

Significance

In this work we present a versatile method to fabricate
antimonide-based heterostructures in membrane form, and
we demonstrate the potential of these materials to enable
hybrid integration and elastic strain engineering. The
relevance of our work is threefold. First, integration of
Sb-based compound membranes with Si substrates will
potentially solve a number of technological challenges in
the fabrication of IR optoelectronic devices based on type I
superlattices. Second, transfer of Sb compounds to insulat-
ing materials will enable a thorough investigation of elec-
trical transport in the heterostructure via Hall and Van der
Pauw measurements. Third, membrane technology applied to
Sb-based structures will enable one to engineer strain distri-
butions, which are not obtainable within the limitations of
epitaxial growth processes.
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Results and Discussion

Fabrication of Sb-based membranes begins with molecular beam
epitaxy of InAs/(InAs,Ga)Sb T2SLs on a 60-nm Alg.4Gag.6Sb
sacrificial layer. Composition and thickness of the AlGaSb film
are carefully selected to avoid any plastic deformation during
epitaxial growth. A detailed description of the as-grown layer
structure is reported in the SI Text, Epitaxial Growth, along
with the growth conditions. Next, we release as-grown mem-
branes by selective removal of the Aly.4Gag.¢Sb film in a diluted
hydrofluoric acid (HF) solution (31). We use wet and dry transfer
(17, 18) to a new host for membranes with 1 x 1 cm? and arrays
of T2SLs with small lateral sizes (~24 x 24 um?). A detailed
description of the transfer methods can be found in Materials and
Methods as well as in Supporting Information.

We demonstrate transfer of T2SL membranes with different
in-plane geometry, thickness, and layer structure. Fig. 1 A-C
shows a schematic cross-sectional view and scanning electron
micrographs (SEMs) of 100-nm-thick InAs/GaSb T2SLs after
release and wet transfer to an Si substrate. Fig. 1D is an SEM of a
partially released membrane, which is still coated with a photore-
sist protective layer. A 1.6-pm-thick membrane with identical
layer structure is transferred to bulk Si using a Ti/Au coating as
protective layer (see Fig. 1 E-H). Fig. 1H is a high-magnification
SEM showing that a minimal lateral etching occurs at the mem-
brane side walls.

We achieve release and dry transfer of 2.5-pum-thick InAs/
InAsSb T2SL patterned in a 2D array of 24 x 24 um? mesas or pix-
els. Fig. 1 I and J show a cross-sectional view of the transferred
membrane and an SEM of pixels bonded to bulk Si, respectively.
Fig. 1K is a high magnification and off-axis SEM of a single pixel.
The transferred membrane exhibits smooth side walls (Fig. 1L),
thereby confirming the excellent selectivity of the etching solution
between InAs/InAsSb and the sacrificial layer (32).

Fig. 1. Schematic cross-sectional views and SEM of transferred T2SL trans-
ferred to various substrates. Cross-section (A) and top-view SEM (B and
C) of a 100-nm-thick InAs/GaSb T2SL with two different in-plane patterns
transferred to a Si substrate. Photoresist serves as a protective coating dur-
ing membrane release. (D) Off-axis SEM of a partially released 100-nm
InAs/GaSb T2SL bonded to native growth substrate and coated with pho-
toresist. Layer structure (E) and SEM images (F and G) of a 1.6-pum-thick
InAs/GaSb SL membrane bonded to bulk Si. A Ti/Au film hinders etching of
the active layer as removal of the sacrificial layer occurs. (H) Off-axis SEM of
the membrane side wall, showing that a minimal lateral etching of the GaSb
layer occurs during release of the InAs/GaSb SL membrane. (/) Schematic of
a 2.5-pm-thick InAs/InAsSb T2SL after release and dry transfer to a Si sub-
strate. (J) Top-view SEM of a 2D array of pixels on bulk Si. (K) Off-axis SEM of
a single pixel. Dry transfer of the mesas is mediated by thermal release tape.
Tape residues are visible on the surface of the pixel. (L) A high-magnification
SEM of the smooth membrane side wall, showing that no lateral etching of
the T2SL occurs during the release step.
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Residual Alp.4Gag.¢Sb may result in an increased roughness
of the membrane backside, thereby promoting a weak bond
between the membrane and the new substrate. Transfer of mem-
branes on metal-coated substrates may also be used to provide
the T2SL with electrical contacts via interface bonding (23, 33).
In this scenario, a residual Alp.4Gag.¢Sb will drastically increase
the resistance of the contact.

To confirm that the selective etching step completely removes
the sacrificial layer, we compare the surface topography of the
top and bottom surface of the released membrane using atomic
force microscopy (AFM) (Supporting Information). Further-
more, we perform scanning transmission electron microscopy
(STEM) and energy dispersion X-ray spectroscopy (EDS) to
investigate the chemical composition and the structural quality
of a 2.5-um-thick InAs/InAsSb T2SL bonded to Si. Before mem-
brane transfer, Si is coated with a Ti/Au/Ti film. The T2SL is
patterned in a 24x24 um? pixel before release and dry trans-
fer to the new host. Milling by a focused ion beam is used
to obtain a thin lamella across the T2SL/Si interface (Fig. 2
A and B). Remarkably, Fig. 2 4 and B rule out the presence
of voids or particles at the membrane/host interface, by show-
ing a continuous interface bond. Fig. 2C is an STEM image of
the T2SL/substrate interface, where the material contrast allows
identifying the multilayered structure of the SL and the metal-
coated substrate. The yellow line marks the path of the EDS
chemical analysis, and the arrow indicates the direction of the
performed line scan. The concentration of Ga, Sb, In, As, O,
Ti, Au, and Si are extracted from the energy dispersive spec-
tra and displayed in Fig. 2D. The magnitudes of each elemental
profile are normalized to the values obtained for Si. The inten-
sity modulation of the STEM image allows accurate correlation
with the EDS scans through the interface. In, As, and Sb show
an oscillating profile over the T2SL. The Au signal correlates
with the bright region in Fig. 2C, and the Ti has a bimodal peak-
ing between the Au and the SL, and between the Au and the
Si signal.

As demonstrated in Fig. 1, we have established a successful
process to release and transfer T2SL. membranes onto any host
substrate. Because transfer occurs through release of the mem-
brane into a fluid, there is no resistance to strain relaxation,
and elastic strain transfers between the various layers in the SL
(17, 30). Furthermore, global and local bending of the mem-
brane typically occurs during release and transfer. Strain redis-
tribution among the layers may affect the electronic structure
of the SL (e.g., change the intraband energy gap) (34). In addi-
tion, strain induced by bending or wrinkling can dramatically
reduce the critical thickness of each layer for dislocation for-
mation (35, 36). All of these phenomena will significantly affect
the performance of any devices embedding T2SLs or any Sb-
containing heterostructure (37-39). Based on these considera-
tions, as-grown and transferred membranes undergo coplanar
(out-of-plane) and GI XRD to evaluate the effect of the release
and transfer process on the crystalline quality and strain state of
the membranes. Both InAs/GaSb and InAs/InAsSb membranes
are investigated. Fig. 34 shows the out-of-plane XRD pattern
acquired from the as-grown AlGaSb/InAs/GaSb/InSb multilayer
stack on a GaSb substrate. Nominal thickness of the T2SL is
1.6 pm. A thin InSb is grown at the GaSb/InAs interfaces to
achieve a strain-balanced heterostructure (40) (Materials and
Methods). Experimental data are acquired around the GaSb
(004). The pattern is dominated by the substrate peak at a Bragg
angle of 24.005° and by the zeroth-order peak of the SL struc-
ture at 24.026°. We identify SL fringes up to the fourth order,
and a shoulder (at lower Bragg angles than the substrate peak)
that we ascribe to the contribution of the Alp.4Gag.¢Sb sacrificial
layer. The sharp SL fringes as well as the relatively high inten-
sity of the zeroth-order reflection compared with the substrate
peak demonstrate the high epitaxial quality of the as-grown
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Fig. 2. Structural characterization of the bonded interface between a 2.5-
pm-thick InAs/InAsSb SL and a metal-coated Si substrate. (A and B) Off-
axis SEM image of an InAs/GaSb SL mesa transferred to a metal-coated Si
substrate. The visible cross-section across the bonded interface is obtained
by focused ion beam (FIB). Remarkably, A and B show a continuous bond
between the membrane and the new host. (C) High-angle annular dark-
field STEM across the bonded interface. The material contrast allows identi-
fying the T2SL, as well as the Ti/Au bilayer deposited on Si before membrane
transfer. (D) Elements concentration profiles obtained by EDS in the direc-
tion marked by the white arrow in C.

structure. Fig. 34, Inset depicts the obtained GI-XRD reflection
for the as-grown and the transferred T2SL. The two patterns cor-
respond to two perpendicular (220) directions. We observe a sin-
gle peak for the as-grown and transferred membranes, signifying
that both structures are characterized by a single in-plane lattice
parameter (i.e., they are pseudomorphic epitaxial layer stacks).
The peaks acquired from the as-grown membrane are cen-
tered at the angle corresponding to the GaSb lattice parame-
ter (agasbpuk = 6.0959 A). The two patterns acquired from the
transferred sample exhibit both broadening and a shift to 33.428°
indicating a relaxation of the lattice during the transfer. The cal-
culated in-plane lattice parameter for the transferred membrane
is 6.10177 £ 0.0052 A (i.e., 0.096% bigger than the initial GaSb
lattice parameter).

To deduce the various layer thicknesses for the as-grown mul-
tilayer, we fit the experimental data in Fig. 34 with a calcu-
lated pattern from a model structure. For this purpose, we use
a generic optimization algorithm. The model assumes a pseu-
domorphic heterostructure to the GaSb substrate. We extract
the following structural parameters for the as-grown multilayer:
50 nm Alp.3Gag.7Sb/S nm GaSb followed by a 312 period SL of
2.16 nm InAs/2.14 nm GaSb/0.26 nm InSb. The layer structure
calculated from analysis of the coplanar XRD scans agrees with
the one expected from the used growth conditions. The result-
ing fit demonstrates that the whole stack is pseudomorphic to
the GaSb substrate. We observe additional satellite peaks in the
experimental data that we ascribe to multidiffraction effects.

Fig. 3B shows the coplanar diffraction pattern of the trans-
ferred membrane (solid black circles). The pattern is dominated
by the zeroth-order peak of the transferred structure now found
at 24.019°. A careful inspection reveals a small systematic shift in
the higher-order superlattice fringes compared with the diffrac-
tion pattern acquired from the as-grown sample (Fig. 34). It
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is worth pointing out that the substrate peak and the typical
shoulder of the AlGaSb layer have vanished because the mem-
brane has been transferred to a new host substrate. Interest-
ingly, we still observe the additional satellite peaks ascribed to
multidiffraction effects of the T2SL suggesting that release and
transfer does not degrade the crystalline quality of the film. We
calculate the expected diffraction pattern for the transferred
membrane (red curve) and compare it to the measured data.
In this analysis we use the layer thickness obtained from fit-
ting the coplanar scans of the as-grown samples as well as the
in-plane lattice parameter deduced from the GI-XRD scans
(@in—piane = 6.10177 A). Fig. 3B shows that such a fitting pro-
cedure produces a curve in good agreement with the experimen-
tal data. These results confirm both the structural model calcu-
lated from the coplanar scans of the as-grown multilayers and the
in-plane lattice parameter obtained from the GI-XRD measure-
ments.

We carry out a similar analysis for a 2.5-pm-thick InAsSb/InAs
T2SL membrane. Fig. 3C shows the coplanar diffraction pattern
(solid black circles) around the (004) GaSb peak of the as-grown
AlGaSb/InAs/InAsSb multilayer. The pattern is dominated by
the GaSb substrate and the zeroth-order superlattice peaks at
24.01° and 24.03°, respectively. We identify the typical shoulder
arising from the AlGaSb sacrificial layer as well as several super-
lattice fringes at lower and higher angles than the main peaks of
the diffraction pattern. The large number of observable super-
lattice fringes indicates a good pseudomorphic crystal structure
of the as-grown multilayer stack. We perform GI-XRD around
the in-plane (220) reflection of the as-grown and the transferred
membranes. Data are acquired around two perpendicular direc-
tions for the as-grown sample and at one reflection for the trans-
ferred membrane, as shown in Fig. 3C, Inset. We find the sub-
strate reflections close to their average position of 33.46° (i.e., in
good agreement with the first sample set). We ascribe the broad
features dominating the GI-XRD of the as-grown membrane to
the large thickness of the superlattice, which may result in an
inhomogeneous strain distribution. Interestingly, upon release,
the (220) reflection sharpens, indicating a more equal distribu-
tion of strain inside the transferred membrane. Calculations of
the in-plane lattice parameter of the transferred membrane from
Bragg’s law yield s, plane = 6.100040.0074 A, which is 0.066%,
larger than the lattice parameter of the as-grown structure.

Following procedure reported for the InAs/GaSb SL, we
determine the layer structure (right inset in Fig. 3C) by fit-
ting a calculated diffraction pattern to the coplanar scans. The
deduced parameters are a 50-nm Alg.3Gag.7Sb layer followed by
340 periods of the 3-nm InAsg.78Sbg.22/4.4 nm InAs superlattice.
Good agreement is found with what is expected from the growth
conditions. Hereby, a single InAsSb layer represents the digital
InAs/InSb alloy. We observe a set of reflections that cannot be
fitted by partly relaxing the SL membrane but are compatible
with a structure that would have double the thickness for the
InAsSb and InAs layer. Therefore, we ascribe these reflections
to multiple diffraction effects due to the large number of periods
and large total thickness of the T2SL.

To confirm the strain relaxation of the transferred InAs/
InAsSb SL membrane, we carry out coplanar diffraction around
the (004) reflection of the membrane. The obtained pattern is
depicted in Fig. 3D. We observe the zeroth-order SL peak shifted
to 24.038°, along with SL fringes up to the fourth order. As
expected, the GaSb substrate peak and the shoulder from the
AlGaSDb layer have vanished. We again identify several higher-
orders SL fringes, but intensity between them reaches at some
places the background level of our setup. Interestingly, the
additional fringes observed for the as-grown sample are still
present, indicating the excellent crystal quality of the trans-
ferred membrane. We relax the in-plane lattice parameter of the
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(A) Coplanar diffraction pattern acquired around the (004) GaSb peak of the as-grown InAs/GaSb T2SL (solid black circles). A fit to the experimental

data is plotted as a red line. (Inset) The pattern obtained by grazing-incidence (GI)-XRD around the (220) reflection of the as-grown (circle-line pattern)
and the transferred sample (triangle-line pattern). (B) Coplanar XRD pattern acquired from a transferred InAs/GaSb SL on a Si substrate (solid black circles).
(Inset) The layer structure obtained from the fit of the coplanar patterns, plotted as a red line. (C and D) Coplanar diffraction pattern of the as-grown
(C) and transferred (D) InAs/InAsSb SL membrane (solid black circles). Both patterns are acquired around the GaSb (004) reflection. The inset in C shows
theGI-XRD around two (220) reflections of the as-grown SL and one (220) reflection of the transferred multilayer stack. A fit to the experimental data is
plotted as a red line in C and D. The model layer structure obtained from fitting the coplanar patterns is shown in D, Inset. A slight discrepancy in the layer
thickness deduced from simulations of the data in C and D is observed. The thickness within brackets is obtained from fitting diffraction patterns of the

as-grown membrane.

structural model deduced from the as-grown sample to
the parameter determined from the GI-XRD (ain—plane
6.100005 A). Interestingly, we obtain a good agreement with the
zeroth-order reflection, but the layer thickness requires a mini-
mal change (see Fig. 3D, Inset: The thickness in the bracket is
the thickness obtained from fitting diffraction patterns of the as-
grown membrane).

Calculated values of in-plane strain in each layer of the SL
are also reported along with the bulk lattice parameters per each
constitutive material of the multilayer stack.

Finally, we evaluate the effect of the release and transfer
process on the strain distribution in each layer of the T2SL.
For this purpose, we calculate the in-plane strain in the as-
grown and transferred membranes using the in-plane lattice
parameters obtained from XRD (Table 1). Table 1 shows that
the release and transfer process results in relaxation of the
T2SL and redistribution of the strain established by epitaxial
growth among the various layers in the SL. Specifically, while
the membrane is freestanding in liquid, the strain through its
thickness is balanced, such that only stretching occurs. During
this process, part of the compressive strain established by epi-
taxial growth in the InSb layers transfers to InAs and GaSb,
within the InAs/GaSb SL (30, 41). Similarly the Ga-free mem-
brane elastically relaxes during transfer, resulting in the tensile
strain in InAs to increase and in the InAsSb to become less
compressive.

E4 | www.pnas.org/cgi/doi/10.1073/pnas.1615645114

We compare the in-plane strain obtained for the transferred
membrane via XRD and continuum mechanical modeling of an
elastically multilayer (30, 41). In this analysis we assume that the
strain state and the thickness of each layer within the SL are uni-
form in the growth direction. Furthermore, all of the layers are
regarded as perfectly bonded at any stage of the process. We cal-
culate the in-plane strain in the various layers of the InAs/GaSb
T2SL using the equations below:

2177157n,1 - 2277267;1,2
1+ 2 + Xone

1]

EGasb =

_ema(1+ om2) + Bomeem,2
ElnAs = — 121
1+ + Xome

Simem,1 + Em,2(1 4+ X1im)
1+ 31im + Xom2

ETnsb = [3]
where E€m,1 = €GaSb — €InAs and Em,2 = €InSb — €GaSh AI€ the mis-
match strains between adjacent layers and 1 = Minas/ MGaso,
Y2 = Musv/Mgaso, M = tmas/tGaso and n2 = Minsy/ Maaso
with M the biaxial modulus of the material and t layer thickness
(30, 41).

Mismatch strain, emxrp, between adjacent layers in the as-
grown T2SLs, as deduced from XRD. Biaxial modulus, M =
E/1 —v, with E, Young’s modulus and v the Poisson’s ratio of the
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Table 1. In-plane lattice parameters deduced from GI-XRD and coplanar XRD for the InAs/GaSb
and InA/InAsSb T2SL both before and after transfer to bulk Si
Qin-plane €in-plane
T25L Layer apu, A Asgrown, A  Transferred, A As-grown, %  Transferred, %
GaSb/InAs/InSb GaSb 6.0959 6.0959 6.1017 0 0.095
InAs 6.0583 0.62 0.072
InSb 6.4790 —-5.92 5.8
InAs/InAsSb InAs 6.0583 6.0959 6.1000 0.62 0.69
InAsSb 6.1424 —-0.75 —-0.69

materials (42). Residual in-plan strain as deduced from XRD,
Ein-planc,XRD, and from continuum mechanics modeling, €in-plane,cMm-

We obtain Egs. 1-3 using force balance between all of the lay-
ers in SL and the constraint of coherent lattice across the inter-
faces (41). A similar analysis yields Eqgs. 4 and 5 to estimate in-
plane strain in the InAs/InAsSb SL:

1
nAsSh = —————— 4
€InAsSb 155 [4]
1_5m(1+217]1)
n = 5
EInAs T+ > [S]

where €,, = €massh — Emas 1S the mismatch strain between InAsSb
and InAs, ¥1 = Mias/Mmasso and 71 = timas/ tinassy- Biaxial
modulus and layer thickness are indicated with M and ¢, respec-
tively. In our analysis we use the layer thickness estimated from
the coplanar XRD patterns of the as-grown membranes (Fig. 3
B and D), and we calculate the mismatch strain from the val-
ues obtained for the as-grown membrane from XRD (Table 1).
Table 2 shows that the in-plane strain values obtained from XRD
and those calculated using continuum mechanical models differ
by 0.03-0.17%. We attribute this discrepancy to nonuniformity of
the strain state and thickness of the various layers in the growth
direction.

Antimonide-based membranes can be bonded to any material,
including flexible and patterned substrate. Membranes bonded
to flexible hosts may be stretched or bent to induce a uniform
elastic strain in the film. Alternatively, freestanding membranes
can be transferred and conform to micro- and nano-scale pat-
terned features due to their extremely low bending stiffness
(43). In this case the film undergoes local elastic deformation
(i.e., bending). Global or local bending (44, 45) may be used to
impart a controlled amount of elastic strain in Sb compounds.
We demonstrate the potential of membrane technology to strain-
engineer (17, 30) Sb-based compounds, thereby enhancing elec-
trical transport in these materials. For this purpose we use con-
tinuum mechanical modeling to estimate the amount of strain
imparted through bending in a 10-nm InSb membrane cladded
by 30-nm Alp.2Ing sSb. InSb QWs exhibit a relatively high hole
mobility because the structure is under significant biaxial com-
pressive strain due to the lattice mismatch between InSb and
AlIn; _xSb (46). Transfer of a thin InSb/Al,In; _,Sb heterostruc-
tures to a textured surface with an array of micro/nanospheres

allows increasing the amount of strain in InSb beyond the lim-
itations of epitaxial growth. Fig. 4 A-C schematically illustrate
membrane transfer to a textured substrate. Initially the mem-
brane is bonded to its native substrate (Fig. 44), and it is pseu-
domorphically strained to the lattice parameter of the substrate.
During release the membrane is freestanding, and hence free
to elastically relax. Wet transfer (Fig. 4B) to a textured surface
results in the membrane’s experiencing spherical bending and
biaxial strain (Fig. 4C). Micro/nanospheres on a substrate can
be obtained by a variety of processes, including self-assembly of
silica spheres and templating by colloidal crystals (47, 48). We
calculate the strain distribution across the thickness of a 30/10/
30-nm Alp.2Ing.gSb/InSb/Al.2Ing sSb under a spherical bending
of radius R = 5 pm. Heterostructures are modeled as-grown
on Alp.2Ino.gSb relaxed buffers. Sketches of the bent membrane
and the calculated in-plane strains are in Fig. 4 D and E, respec-
tively. The strains in the as-grown and freestanding membranes
are also plotted in Fig. 4E. As-grown InSb experiences a 1.06%
biaxial compressive strain, whereas no deformation occurs in the
Alp.2Ing gSb layer upon growth (green lines in Fig. 4F). Dur-
ing release the membrane undergoes elastic relaxation yield-
ing a 0.9848% compressive strain in InSb and a 0.0752% ten-
sile strain in Alg.2Ing sSb (red lines in Fig. 4F). Strain values in
the released membranes are calculated as described in Support-
ing Information. A spherical bending with a radius of curvature
R = 5 pum produces a linearly varying strain across the het-
erostructures ranging from ~—1.9 to ~—2.1%, which includes
the strain due to the release process. Fig. 4F plots the average,
minimum, and maximum volumetric strain in InSb for R going
from 0.1 to Spm. Minimum and maximum strains are calculated
at the two InSb/Alg.2Ing.sSb interfaces. Average values of com-
pressive strain remain more or less constant at ~2% for R ~0.3
—5um. A higher strain gradient at low R results in the volumetric
strain to increase up to ~3.8% at R = 0.1um.

T2SL membranes hold a tremendous potential as absorbers
in wafer-level IR detectors. The high cost of present-day
photonic focal plane arrays results from low-yield, die-level fab-
rication steps, such as flip-chip bonding to an Si read-out inte-
grated circuit, underfill epoxy, and substrate removal. Integra-
tion of Sb-based SL membranes with Si substrates could open
up a new paradigm to develop IR detectors. We demonstrate
the technological value of antimonide-based membranes for
IR applications via PL spectroscopy and characterization of a

Table 2. Layer thickness within the InAs/GaSb and the InAs/InAsSb SL as expected from the
epitaxial growth conditions
T2SL Layer Thickness, nm emxrDs %0 M, GPa €in-plane,XRD:s 70 €in-plane,cMs 70
GaSb/InAs/InSb InAs 2.2 —0.62 791 0.72 0.55
GaSb 2.1 914 0.09 0.07
InSb 0.26 6.52 629 —-5.80 —-5.98
InAs/InAsSb InAs 4.4 —-1.37 791 0.69 -0.59
InAsSb 3.2 760 —0.69 —-0.72
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photodetector based on an InAs/GaSb T2SL bonded to Si.
Fig. 54 compares the normalized PL spectra acquired at 77 K
from an InAs/GaSb T2SL supported by the growth substrate,
and after release and transfer to bulk Si. The 1.6-um-thick mem-
branes are patterned in a 2D array of 24 x 24 pm?® mesas while
on the native substrate. Both the as-grown and transferred T2SLs
exhibit a narrow PL spectrum centered at 3.85 pm (0.3220 eV)
(Fig. 54). We attribute the single peak in the PL spectra to
the electronic transition between first subband in the conduction
band (C1) and the first heavy hole subband in the valence band
(HH1). To verify our hypothesis we calculate the band struc-
ture of the as-grown and transferred InAs/GaSb T2SL using the
empirical pseudopotential method (49, 50) (Supporting Informa-
tion). Theoretical modeling relies on layer thickness and in-plane
lattice parameters estimated by XRD (Table 1). The empirical
pseudopotential method yields C1-HH1 transition energies of
0.2920 eV (corresponding to 4.246 um) and 0.2933 eV (corre-
sponding to 4.227 um), for the as-grown and transferred mem-
branes, respectively. Theoretical predictions confirm the origin
of the single PL peak shown in Fig. 54. The discrepancy between
the transition energies obtained experimentally and estimated
through the empirical pseudopotential method have been previ-
ously reported and attributed to chemical nonabruptness of the
interfaces (51). Remarkably, modeling shows that alteration of

the in-plane lattice parameter of the T2SL, as estimated by XRD,
yields a minimal increase (i.e., 1.3 meV) of the C1-HH1 tran-
sition energy. A corresponding blue shift of 18 nm is expected
in the PL peak acquired from the transferred membrane, with
respect to the spectrum of the as-grown multilayer. The esti-
mated changes in the spectra are below the resolution of the
measurement setup.

A decrease by 75% of the absolute PL intensity is observed
after membrane transfer (see nonnormalized PL spectra
reported in SI Text, PL at 77K). We attribute this change in
the absolute PL intensity to the reduced volume of the emis-
sion in the transferred membrane. Indeed, only 75% of the fabri-
cated pixels are successfully bonded to the new host. In addition,
roughening of the membrane side walls during release (Fig. 54)
may enhance nonradiative recombination (52, 53).

Finally, we fabricate a proof-of-concept photodetector based
on a 1.6-um-thick InAs/GaSb p-i-n SL bonded to bulk Si. For this
purpose, we dry-transfer a 24 x 24pum* membrane to a Si sub-
strate coated with a Ti (50 A)/Au (150 A)/Ti (50 A) film, which
serves as the bottom contact of the detector. Following pro-
cess steps are passivation of the device side walls by SizN4 and
definition of the top and bottom contact geometries (Materials
and Methods). Fig. 5b, Inset is a top-view optical image of the
photodetector. We compare spectral response and dark current
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Functional characterization of 1.6-um-thick InAs/GaSb T2SLs at 77 K. The lateral dimension of the membrane is 24 x 24um2. (A) Normalized PL

spectra acquired from the as-grown and transferred InAs/GaSb T2SLs. The spectral features are dominated by a single peak centered at 3.85um. (/nset)
Off-axis SEM illustrating rough side walls of the membrane after transfer to bulk Si. (B) Spectral response of InAs/GaSb photodetectors fabricated on as-
grown (solid black line) and transferred (red dash-dotted line) T2SLs. (Inset) Top-view optical image of the device based on the transferred membrane to
metal-coated Si. The top contact pads as well as residues of a bonded wire are also visible. (Scale bar, 50 um.) (C) Current density-voltage characteristic
acquired from detectors under no illumination. The solid black line and the red dash-dotted line correspond to the device fabricated on the as-grown and
transferred membranes, respectively.
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density of devices based on T2SLs on their growth substrates
and on bulk Si. Both devices embed 24 x 24 pm? IR absorbers.
We perform device characterization at 77 K (i.e., the typical
operating temperature of IR detectors). Fig. 5B shows that both
fabricated devices exhibit a spectral response covering a 1.7 to
5.7 um wavelength range. The visible oscillations in the spectral
response of the photodetector based on the transferred mem-
brane originate from multiple reflections at the metal-coated
Si surface (54). Fig. 5C compares the dark current densities of
the two fabricated devices between —1 V and 1 V. We mea-
sure a typical p-i-n current density-voltage (J-V) characteristic
for a detector with a small perimeter-to-area ratio fabricated on
the as-grown T2SL. However, the dark current density (J) of the
device manufactured on the transferred membrane is symmetri-
cal about the zero voltage axis. Furthermore, the dark current
density of the device on bulk Siis 4 x 10* A/cm?, which is two
orders of magnitude lower compared with values measured for
the device on the native substrate. Both highlighted features of
the J-V characteristics measured for the detector on Si suggest
that the current follows a low resistance path along the device
side walls (55). We attribute the higher conductance of the mem-
brane perimeter to the poor selectivity of the etching solution
with respect to GaSb and resulting lateral etching of material
during the release process (Fig. 54, Inset) (32). We envision that
detector performance can be enhanced by protecting the top as
well as the side walls of the T2SL during the release process
(56, 57).

Conclusions

We have demonstrated fabrication, heterogeneous integration,
and strain-engineering of Sb-based membranes. Our approach
is based on selective etching of an Alg.4Gag.¢Sb sacrificial layer
followed by wet or dry transfer processes. We have successfully
bonded Sb-based membranes with thickness in a 0.1- to 2.5-
um range, as well as patterned in a variety of lateral geome-
tries. Remarkably, the crystalline quality, chemical composition,
and strain state of the T2SLs are not significantly affected by
the release and transfer process, as demonstrated by a detailed
materials characterization. Inspired by nanomembrane technol-
ogy, we established a technique that does not rely on direct
growth to integrate Sb compounds with other materials. For
the purpose of this work we have demonstrated integration of
Sb-based membranes on bulk Si, as it is relevant to fabrication
of focal plane arrays for IR imaging. However, our process is
easily extendable to other substrates, such as insulators, flexi-
ble substrates, or patterned hosts. Therefore, a large variety of
materials combinations comprising Sb-based SLs will be avail-
able through our approach. The field of IR imaging will par-
ticularly benefit from a high-yield and low-cost process to inte-
grate T2SL on Si ROICs. In addition, Sb-based membranes on
insulator substrates, such as SiO2, may be used to investigate
electrical transport in T2SLs or QWs, without the complication
of a semiconducting substrate. Finally, we theoretically demon-
strate that high-enough values of elastic strain to enhance car-
rier transport may be imparted to Sb compounds by release
and conformal bonding to a patterned host. This type of strain
engineering will enable tuning material properties and postepi-
taxial growth without varying the layer structure within the
membrane.

Materials and Methods

Wet and Dry Transfer Process. \We accomplish wet transfer of InAs/GaSb SLs
to a new host by using a patterned photoresist or a Ti/Au film as protec-
tive layer of the membrane surface. Etching holes were defined by pho-
tolithography and a BCl; inductively coupled plasma (ICP) etching, through
the epitaxial layer structure and down into the substrate. We intention-
ally overetched the samples all the way into the GaSb substrate, so that
the Aly.4Gag ¢Sb film is exposed to the etching solution. Releasing the
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membrane from the GaSb substrate was accomplished by selective etch-
ing of the Alg.4Gag ¢Sb sacrificial layer in a diluted HF solution ([(HF:H,O)
1:700]:ethanol 1:5) (31). Membrane release occurred in 6 h and 16 h for
samples coated with Ti/Au and photoresist, respectively. A faster membrane
release in presence of metal results from the Ti/Au’s acting as a catalyst of
the selective etching process (58). After complete removal of the AlGaSb the
T2SL bonded back to the GaSb substrate. The sample was then transferred
in deionized (DI) water, where the membrane floated off the support and
became freestanding. The new host (or target substrate) was dipped into
the DI water, and the membrane adhered to it through capillary action. Tar-
get substrates were cleaned with acetone and isopropanol and exposed to
oxygen plasma.

In dry transfer, InAs/InAsSb T2SLs were patterned in a 2D array of
24 x 24pum? mesas. Spacing between the mesas was 6 um both in the x
and y directions. Patterning was performed by photolithography and ICP
etching in BCl;. The final etch depth was 2.6 um, that is, higher than
the epilayer thickness, thereby allowing complete access of the etching
solution to the sacrificial layer. The Alg.4Gag.¢Sb sacrificial layer was par-
tially etched in diluted HF and ethanol solution ([(HF:H,0) 1:700]:ethanol
1:5). After 4.5 h, the sample was rinsed in DI water and dried with
nitrogen. Partially released membranes were removed from the native
growth substrate using either a polydimethylsiloxane (PDMS) stamp or ther-
mal release tape (Semiconductor Equipment Corp.). The PDMS was pre-
pared using a Sylgard 184 kit, using a previously reported procedure (18).
Dry transfer to the new host was accomplished by a printing process.
Release of PDMS stamps and thermal release tapes have been previously
described (18, 42). The target substrate was cleaned as described for the wet
transfer.

EM and EDS. SEM images were taken by a JEOL 5800LV system in high-
vacuum mode using a secondary electrons detector. A cross-section of the
InAs/InAsSb T2SL/bulk Si was prepared in a FEI Q3D ESEM/FIB dual-beam sys-
tem with Ga ions source. TEM characterization was performed in a JEOL
2010F high-resolution TEM/scanning-TEM with field emission e-beam accel-
erated at 200 kV. Chemical analysis via EDS was accomplished on the JEOL
2010F in STEM mode. The measurement was performed using the X-MaxN
80T, 80-mm? detector (Oxford Instruments) with a resolution 50,000 cps
at 200 kV. Aztec software provides the power to acquire and process the
EDS data.

PL Spectroscopy. PL spectroscopy was conducted using a 1.5-W argon laser
as excitation source. The emitted PL was collected using CaF, lenses and
Al mirrors and focused into a monochromator with a grating optimized
for a 2.6- to 6-um wavelength range. The PL intensity was measured
through an InSb detector (5.5-um cutoff wavelength), positioned at the
output of the monochromator. A chopper was used to modulate the opti-
cal excitation on the sample and a lock-in amplifier was used for the
detection.

XRD. Coplanar and GI-XRD measurements were carried out at the XDR2
beamline of the Brazilian Synchrotron Light Facility (LNLS) using a beam
energy of 10 keV (wavelength A = 1.24093 A) with a six-circle diffractome-
ter. The size of the X-ray beam is 0.3 x 4.0 mm? for all of the out-of-plane
measurements. For the GI-XRD, the all-sample surface is captured during the
measurement as a result of the shallow incident angle. Sb-based SLs were
investigated by XRD before and after transfer to a new host, namely Si.
Coplanar measurements were performed around the GaSb (004) reflection.
GI-XRD measurements were performed with an incident angle of 0.2° at the
(220) reflection. Diffraction patterns of the coplanar measurements were fit-
ted by a commercial software package, resulting in a structure based on the
initial growth recipe.

Device Fabrication. InAs/GaSb pixels were first transferred onto a support-
ing Si substrate coated with a Ti (50 A)/Au (150 A)/Ti (50 A) film. The metal
layers served as the bottom contact of the detectors. The transferred mem-
branes were annealed at 150 °C on a hot plate for 5 min. Any native oxide
film grown on the side walls of the mesas was removed by a 30-s etch-
ing in hydrochloric solution (HCI:DI water/1:20). Then, 100 nm of SizN4 was
deposited by plasma-enhanced chemical vapor deposition as a blanket coat-
ing, covering all of the pixels and substrate. This dielectric layer passivated
the photodetector pixels and promoted adhesion of the pixels to their new
substrate. The dielectric layer also acted as an insulator between the top and
bottom contacts. Next, a lithography step was undertaken and a dry reac-
tive ion etch was performed to open areas in the SisN4 for metallization.
After standard photolithography to defined the top and bottom contacts,
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native oxides were removed from the pixels, using diluted HCI:H,0O (1:20).
Finally, ohmic contacts were thermally evaporated on the defined area using
Ti (500 A)/Pt (500 A)/Au (3,000 A).

Device Characterization. The current-voltage characteristic of the photode-
tector was measured at 77 K by a JANIS ST-500 micromanipulated probe
station. The sample was placed in a 10> Torr vacuum during electrical char-
acterization. The probe station was equipped with a Scientific Instruments
M9700 temperature controller, and the measurements are carried out with
a Keithley 2400 source measure unit.

To acquire the spectral response of the IR detector the light frequency
of a broad-spectrum IR light source (Hawk Eye IR-18) was modulated by a
chopper and sent through a monochromator with an optimized grating for
a 3- to 9-um wavelength range. A JANIS JPF-100 cryostat was used to cool
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