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ABSTRACT: Natural imaging systems such as the retina and
the compound eye employ a conformal architecture that pro-
vides an aberration-free image with wide field of view (FOV)
and very low f/number. However, most artificial imagers such
as conventional cameras are limited to a planar architecture
demanded by the use of brittle semiconductor focal plane
arrays (FPAs). High-resolution image formation on this flat
field requires multiple bulky optical elements. Here we demon-
strate a general approach to fabricating complex circuits and in
particular FPAs on flexible and/or conformable substrates that
can be shaped to overcome these fundamental limitations.
An 8 × 100, lightweight, thin-film In0.53Ga0.47As p-i-n photodiode FPA with sensitivity to wavelengths as long as λ = 1650 nm is
fabricated on a thin flexible plastic foil following transfer by adhesive-free bonding of the epitaxial layers that are subsequently
lifted off from the parent InP substrate. The array is shaped into either a convex cylindrically curved imager to achieve a 2π FOV
or, when formed into a concave shape, to provide high-resolution and compact spectral decomposition over a wide wavelength
range. The array exhibits ∼99% fabrication yield with ∼100% peak external quantum efficiency at λ = 1300 nm. The unique
features of this flexible thin-film FPA provide a new paradigm for realizing advanced electronic and imaging applications.
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High-performance photodetector focal plane arrays (FPAs)
have been investigated to fulfill the increasing demands

for advanced imaging systems. However, the pace of imager
development has been primarily limited to planar geometries
with their inherent disadvantages, including narrow field of view
(FOV) and off-axis optical aberrations.1,2 The imperfect match
between the focal and image planes of simple lenses neces-
sitates additional optical elements3 that increase the complexity,
weight, and cost of the imaging system. Considerable recent
efforts4,5 in the fabrication of flexible electronic devices2,6−8 has
led to demonstration of nonplanar arrays that conform to the
focal plane of simple lens system. These demonstrations include
deforming the focal plane using semicylindrical9,10 and
hemispherical11,12 geometries to reduce aberrations and
increase the FOV. For example, Song et al.11 demonstrated
conformal photodiode arrays fabricated on stretchable sub-
strates combined with an elastomeric microlens array to achieve
an approximately 180° FOV. One shortcoming of that and
many similar approaches is the spacing between adjacent
detectors is large and often increased on deformation to form
nondevelopable three-dimensional curved array surfaces,
leading to low-resolution images.
Here, we demonstrate a flexible InGaAs FPA with high

optical performance, high yield, and, importantly, high pixel
density on a two-dimensional, developable array surface. By
sacrificing one dimension of deformation, the pixel spacing
remains unchanged upon transforming into the desired
conformal shape. It is sensitive across the shortwave infrared

(SWIR) spectral range with applications to spectroscopy, night
vision, and surveillance. Specifically, we demonstrate the
fabrication of a thin-film 8 × 100 InGaAs p-i-n photodiode
FPA transferred to a thin plastic foil via cold-weld bonding13

and then epitaxially lifted off (ELO)14,15 from its parent
(growth) substrate. The FPA is conveniently transformed into a
conformal imager owing to the flexibility of the substrate,
absence of brittle adhesives, and the very thin semiconductor
devices mounted onto its surface. The conformal FPAs are used
as a compact, convex, 1 cm diameter cylindrical imager that
achieves a 360° in-plane FOV; that is, it demonstrates “2π
awareness”. Moreover, by imparting a concave curvature, we
demonstrate very high resolution, aberration-free spectral
decomposition of multiple wavelengths extending across the
SWIR, providing significantly improved performance compared
with planar arrays used in conventional spectrophotometric
applications. The methods employed can readily be extended to
a wide range of devices, from active pixel sensors to light-
emitting diodes used in flexible displays.15 The method is
independent of the semiconductor materials choice and can in
principal achieve extremely high pixel densities due to the
complete elimination of solder-bump technology typically used
in bonding detectors to readout back planes.16−18

Our FPA, weighing only 30 mg, shows nearly perfect
fabrication yield (∼99%) and an external quantum efficiency
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(EQE) of ∼100% at a wavelength (λ) of 1300 nm, with an
almost equally high sensitivity from λ = 980 to 1650 nm. An
integrated back side metal mirror reduces the active layer
thickness by almost half that of a conventional InGaAs
photodiode while maintaining high absorption.19,20 These
results confirm that thin film arrays provide flexibility while
maintaining high performance that can exceed analogous
substrate-based devices. The unique features of this imaging
system enable a broad range of applications, including high-
resolution spectroscopy,21 robotics,9 and telescopes.2,22

■ RESULTS AND DISCUSSION
Photodiode Characterization. The fabrication process,

illustrated in Figure 1, is discussed in detail both previously13−15

and in the Methods. Figure 2A and B show the thin-film

8 × 100 InGaAs p-i-n photodiode array bonded to the Kapton
foil. The array is ultralightweight (<30 mg) and flexible
(bend radius <0.5 cm). The back side Au contact acts as a
reflective mirror that enhances the optical absorption due to
light interference in the photoactive layer. In principle, 100%
peak absorption can be achieved in thin-film devices for any
wavelength between 980 and 1650 nm by optimizing the
antireflection coating (ARC) and active layer thicknesses. Here,
the ARC is designed to maximize the response at λ = 1300 nm
while maintaining >85% light transmission between λ = 980
and 1650 nm. Figure 2C shows the calculated optical intensity
distribution23 within the 2.1 μm thick InGaAs i-layer of the

device in Figure 1B, compared with that of a substrate-based
device with the same structure, clearly illustrating the improved
light absorption in the thin-film device. A comparison of EQE
at λ = 1550 nm at −1 V for the thin-film devices vs sub-
strate-based devices with different InGaAs absorption layer
thicknesses is shown in Figure 2D. The simulated and mea-
sured EQE spectra of the thin-film photodiode are indicated by
the line and data points in Figure 2E, respectively. The
measured EQEs are 82%, 99%, and 88% at λ = 980, 1300, and
1550 nm, respectively. The inset of Figure 2E shows the
current−voltage (I−V) characteristics of a 40 μm diameter
photodiode under dark and 100 μW laser illumination at
λ = 1550 nm. The dark current is 4.0 ± 0.8 nA. To our knowl-
edge, EQE ≈ 100% is the highest reported for InGaAs
imagers.19,20,24−26

Detector Performance and Reliability. As shown by
the histograms in Figure 3A, the yield of the 8 × 100
photodiode array is ∼99% (790/800 photodiodes had a leakage
current of <1 μA at −1 V). Similar yields were obtained on
10 × 10 photodiode arrays transferred to a Kapton foil (see
Supplementary Figures S1 and S2). In that case, the 40 μm
diameter detectors on 50 μm center-to-center spacings had a
100% yield with leakage currents of <20 nA at −1 V and an
average EQE of 73 ± 2%. Similarly, a square array was
transferred onto a rigid Si substrate, resulting in a 99% yield
with this same range of low-leakage currents (Supplementary
Figure S2). The photodiode array was subjected to a burn-in
test at 100 °C for 240 h. Both dark current and EQE at λ =
1550 nm at −1 V are measured (see Methods) at various
intervals throughout the process. The normalized experimental
results, showing the change of performance during burn-in, are
almost constant within the 5% measurement error, as shown
in Figure 3B. Also the performance of the array was tested
before and after bending over radii ranging from 9.1 to 2.5 mm.
Figure 3C shows the normalized dark current and EQE at
λ = 1550 nm at −1 V following bending such that the upper
half of the InGaAs active material was subjected to tensile stress
and the lower half was subjected to compressive stress. No
systematic performance changes are observed after bending.

Application 1: 2π Imager. Two applications were explored
that benefit from the flexibility and/or conformability of the 2D
detector array that can be sharply curved into either a concave
or convex format without damage. The first is in creating 2π
object awareness. For this application, the 8 × 100 photodiode
array was wrapped into a convex, 1 cm diameter cylindrical
shape to achieve a 360° (i.e., 2π) in-plane FOV, as shown in
Figure 2A. To demonstrate this application, a 5 mW, 1550 nm
wavelength laser beam is guided through an optical fiber with a
numerical aperture of 0.14 to illuminate the photodiode array
as it is rotated through 360°, pausing every 36° to collect an
image. Assuming a Gaussian beam profile at the fiber output,
a beam waist diameter of 10.4 ± 0.8 μm, and a 2.0 ± 0.1 cm
distance from the fiber to the array, the calculated beam
diameter at the array is 580 ± 25 μm. The measured beam
diameter at the array surface at which the intensity drops to
1/e2 of its peak spans two pixels, which is consistent with the
calculated result. As shown in Figure 4A, 10 laser output
profiles are mapped to demonstrate 2π awareness. The peak-to-
peak photocurrent variations of the 10 output profiles in
Figure 4A are possibly due to instabilities in laser output power
and optical alignment. Figure 4B shows the detected laser signal
and the FOV covered by the array in both longitudinal and

Figure 1. (A) Process flow for fabrication of the thin-film InGaAs p-i-n
photodiode array. ① After growth and sample dicing, Ir (0.5 nm)/Au
(200 nm) is coated on both the epitaxial surface and the Kapton host
substrate. ② The metal films are brought into contact under pressure
and slightly elevated temperatures to form a cold-weld bond. This is
followed by epitaxial lift-off to remove the substrate from the foil.
③ The top ring anode contact is patterned, and the photodiode mesas
are etched. ④ The back side row contacts are patterned; polyimide
passivation is applied to the mesa edges and is opened to allow for
deposition and pattering of the column contacts, followed by
deposition of the antireflection coating in the device top contact
rings. (B) Cross sectional view of a photodiode.
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latitudinal directions. Objects with arbitrary shapes can also be
imaged, as shown in Supplementary Figure S4.

Application 2: High-Resolution Spectroscopy. The
second application is in high-resolution spectroscopy. In a

Figure 2. (A) Photograph of an 8 × 100 thin-film InGaAs p-i-n photodiode array fabricated on flexible Kapton foil. (B) Scanning electron
microscopic image of the curved photodiode array. (C) Normalized simulated optical intensity distribution within the 2.1 μm thick InGaAs active
region. A bilayer antireflection coating (ARC) of MgF2 (37 nm) and TiO2 (127 nm) is employed for both simulated structures. (D) Comparison of
simulated and measured external quantum efficiencies (EQE) vs i-region thickness at −1 V bias and 1550 nm wavelength for thin-film (green line)
and substrate-based devices (blue line). Measurements for photodiodes using a bilayer ARC of MgF2 (81 nm) and TiO2 (113 nm) are shown (data
points). (E) Simulated (blue line) and measured (orange dots) EQE spectra of the photodiode in the wavelength range from 980 to 1650 nm. Inset:
Current−voltage (I−V) characteristics of a 40 μm diameter photodiode in the dark (blue line) and under 100 μW, 1550 nm wavelength illumination
(green line).

Figure 3. (A) Histograms of dark current of detectors on the (left) 8 × 100 and (middle) 10 × 10 FPAs. Also shown (right) is a histogram of the
external quantum efficiencies of diodes on the 10 × 10 thin-film FPA. These graphs indicate a ∼99% device yield. (B) Change in normalized dark
current and EQE under 100 °C burn-in test over 240 h measured at 0, 20, 48, 67, 112, and 240 h. (C) Change in normalized dark current and EQE
under different bending conditions (radius of curvature of infinity (flat), 9.1 mm, 6.5 mm, 5 mm, 4 mm, and 2.5 mm). No systematic performance
change is observed in either test.
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Monk−Gillieson-type27,28 spectrometer,29 the distance, S, from
a flat diffraction grating to the focal plane is given by27

θ=S A cos2 (1)

where θ is the diffracted angle, A = ( f − D)/cos2 θi, f is the focal
length of the focusing component (a concave mirror or a lens),
D is the distance from the focusing component to the grating,
and θi is the light incident angle. Thus, A, depending on
experimental arrangement, defines the distance from the grating

to the in-focus spectral line as shown in Figure 5A. As θ → 0,
S → A, whereas as θ → 90°, S → 0. This suggests that the
spectral lines at large diffraction angles focus close to the
grating rather than at the image plane. In contrast, a flexible
FPA that is curved about an axis centered on the grating can be
shaped to precisely match the focal region, maintaining focus
independent of θ, as illustrated in Figure 5A. In this work,
we shaped the FPA into a 2.54 cm diameter cylindrical curve
(blue line, Figure 5A) to improve its match with the focal plane

Figure 4. (A) Photocurrent map of laser output profiles on a convex cylindrical 8 × 100 photodiode array. Ten laser output profiles are shown,
separated by 36°, verifying its 360° field of view (FOV). (B) Photocurrent response and the FOV covered by the cylindrical focal plane array in both
the longitudinal and latitudinal directions.

Figure 5. (A) Spectral focal plane (dashed line) following diffraction by a blaze grating (rainbow rectangle); the detector plane of the curved focal
plane array (FPA) is shown by the blue arc whose shape matches the curvature of the focal plane. A planar FPA (orange line) is shown for
comparison. (B) Photograph of the spectral measurement setup. Collimated laser beams are focused and diffracted onto the curved FPA.
(C) Simulated (dashed line, assuming Gaussian beam profiles) and measured (data points) photocurrent response (normalized) of the cylindrically
curved FPA. Also shown are the simulated one-pixel-width diffraction peak (vertical bars) positions at three different wavelengths of 980, 1310, and
1530 nm. Inset: Simulated response from pixels #90 to #100 on a cylindrical (dashed line) and a planar (solid line) FPA at three closely spaced
wavelengths. (D) Comparison of the array length vs wavelength coverage required for a curved (dashed line) and a planar (solid line) FPA. The
corresponding number of pixels required (right vertical axis) is also shown, assuming a pixel spacing of 300 μm. Note the dramatic divergence in
array size as the wavelength span is increased.
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compared with that of a planar array (orange line, Figure 5A) to
achieve higher spectral resolution at large diffracted angles.
The cylindrical 8 × 100 FPA was used to spatially resolve the

outputs from three collimated laser beams at wavelengths of
980, 1310, and 1530 nm using the experimental arrangement in
Figure 5B. The beams were shaped using air-spaced achromatic
doublet collimators and a blaze reflective diffraction grating.
Each laser beam was focused to a 300 ± 114 μm diameter spot,
or approximately the pixel center-to-center spacing. Then, the
response of the photodiodes was measured to locate the exact
positions of each first-order diffraction maximum. Figure 5C
shows the measured responses of the cylindrical FPA (data
points), along with the simulated peak shapes (dashed lines,
assuming Gaussian beam profiles) and positions (vertical, one-
pixel-wide bars) of the diffracted wavelength signals. The
measured peaks match the simulated results within the
measurement error with no evidence for systematic broadening
of the full width at half-maxima (fwhm). In Figure 5C, inset, we
simulate the response near the imager edge (pixels #90 to
#100) of both the cylindrical and a planar FPA. Closely spaced
wavelengths of 1624, 1644, and 1663 nm (corresponding to
diffraction angles of 28.32°, 29.10°, and 29.85° centered at
pixels #94, #96, and #98, respectively) have 46.6%, 49.6%,
and 53.3% mismatches between the focal distance, S, and the
array-to-grating distances to the planar FPA, respectively. This
corresponds to a greater than four pixel defocusing penalty,
limiting the wavelength resolution to >44 nm. In contrast,
mismatch between S and the array-to-grating distance of these
same wavelengths to the cylindrical FPA are only 4.8%, 0.1%,
and 0.5%, respectively, corresponding to a wavelength resolution
smaller than 11 nm.
From Figure 5A, it is apparent that a curved FPA can provide

a far wider spectral coverage than a planar FPA with the same
number of pixels. That is, since each wavelength increment
Δλ subtends an angle Δθ about a central diffraction angle θ, the
subtended linear increment Δl on a planar FPA is then

θ θΔ ≈ Δl
A

sec2
(2)

Hence, Δl increases dramatically with Δθ in the limit of large θ.
In contrast, the curved FPA follows

θΔ ≈ Δl
A (3)

a function that is independent of diffraction angle θ. Figure 5D
shows the wavelength coverage of both planar and curved FPAs
using a 1200 grooves/mm diffraction grating. The array length
required of an FPA curved to match the focal surface of the
grating increases very slowly and approximately linearly with
wavelength. Hence an 8.8 cm long array achieves coverage from
800 to 1600 nm, whereas the planar FPA length is dramatically
increased 23.3 cm (see Supplementary Figure S6 for simulation
details), with a correspondingly larger number of pixels.
A pixel spacing of 50 μm with a 40 μm mesa diameter was

achieved using a manually aligned lithography tool with
∼10 μm alignment tolerance. A smaller pixel spacing of <5 μm,
which is orders of magnitude smaller than state-of-art con-
formal photodetector arrays,6,9,7 are achievable using litho-
graphic tools with higher resolution owing to the simplified
ELO + precise cold-welding transfer methods that eliminate the
brittle and significant bonding resolutions inherent in indium
solder-bump technology. Additionally, transistor readout pixels
can also be integrated with each photodiode in the array on the

parent wafer and then transferred in a single step using the
same fabrication methods as described here.15

■ CONCLUSION

In summary, we demonstrated a thin-film InGaAs p-i-n
photodiode array fabricated on a thin, flexible Kapton foil
substrate. The array is transformed into a cylindrical shape to
achieve a 360° FOV to achieve 2π in-plane image awareness.
The curved array was also used to improve focusing with
enhanced wavelength coverage in a spectrophotometer applica-
tion in comparison to a conventional planar array. Thin-film
InGaAs photodiodes employing a back side mirror dramatically
enhanced the detector responsivity by achieving EQE ≈ 100%
over a wide SWIR spectral range. The unique features of this
flexible and lightweight FPA enable advanced and simplified
optical designs with exceptional FOV and significantly reduced
aberrations, making it suitable for a wide variety of applications
that cannot be accessed using planar arrays that are the founda-
tion of modern imaging systems.

■ METHODS

Array Fabrication. Fabrication of the FPA (see Figure 1A)
starts with the epitaxial growth of the InGaAs p-i-n photodiode
active layer structure on a 2 in. (50.8 mm) diameter, Zn-doped
(100) InP wafer using gas source molecular beam epitaxy.
An undoped, 200 nm thick InP buffer layer is grown, followed
by a 4 nm thick lattice-mismatched AlAs sacrificial layer, which
is significantly greater than the critical thickness (∼2 nm),
above which a high density of defects is formed.30 Nevertheless,
transmission electron microscope images indicate no apparent
defects in the epitaxial layers. Next, a 200 nm thick Be-doped
(2 × 1018 cm−3) p+-InP window layer is grown, followed by a
2.1 μm thick unintentionally doped i-In0.53Ga0.47As active
absorption layer and a 100 nm thick Si-doped (5 × 1018 cm−3)
n+-In0.53Ga0.47As contact layer. The active device region is
grown in inverted order such that top illumination p-i-n
photodiode structures in Figure 1B result from bonding to the
host (plastic) substrate and lift-off from the parent InP wafer.
The wafer is diced into 33 × 4 mm rectangles. Immediately

after dicing, the epitaxial samples are rinsed with deionized
water for 30 s to remove dicing residues. The samples are
stored in acetone to prevent possible surface contamination
from the environment. The samples are rinsed for 5 min in
2-propanol at 80 °C, and the surface native oxide of the
epitaxial layer is removal in buffered HF for 1 min and rinsed in
deionized (DI) water for 10 s. Next, 0.5 nm thick Ir followed by
200 nm thick Au layers are deposited by e-beam evaporation on
both the epitaxial surface and a 25 μm thick, E-type Kapton
host foil substrate. During deposition, the sample is taped to
a 4 in. (101.6 mm) rigid Si handle to keep it flat, a method
applied during all subsequent metal evaporation steps. The
diced samples and host substrate are cold-weld bonded by
applying heat (200 °C) and pressure (20 MPa) for 5 min under
vacuum (10−4 mTorr) using an EVG 510 wafer bonder.
To ensure the application of uniform force across the array
during bonding, a soft graphite sheet is inserted between the
sample and the bonder press head. The epitaxial layers are then
separated from the parent InP substrate by removing the AlAs
layer through immersion in 17% HF in water at 45 °C while
agitating at 400 rpm using a magnetic stir bar. The epitaxial
layers are fully transferred to the host substrate in 1.5 h. After
ELO, the samples are stored at 60 °C in Remover PG
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(MicroChem) to prevent oxide formation on the epitaxial
surface prior to further processing.
The Kapton substrate is attached to a 4 in. (101.6 mm)

diameter rigid Si handle using Kapton tape to eliminate curling
and wrinkling during device fabrication. All layers are
photolithographically patterned using a LOR 3A (MicroChem)
and S1827 (MicroChem) bilayer photoresist. A Ti (20 nm)/Pt
(30 nm)/Au (200 nm) top ring contact (150 μm/170 μm
inner/outer diameter) is deposited using e-beam evaporation
and lifted off in Remover PG (MicroChem) to define the light
detection area. Photodiode mesas (190 μm diameter, 314 μm
pixel separation) are patterned using inductively coupled plasma
(ICP) reactive-ion etching (RIE; Cl2:H2 = 16:12 sccm,
12 mTorr base pressure, 600 W ICP power, 100 W forward
power, 0 °C stage temperature for 5 min). The back contact
(100 μm width) is patterned using wet etching for 3 min in
TFA Au etchant (Transene) to connect the photodiode rows.
Ohmic contacts are formed by rapid thermal annealing for
1 min at 270 °C. A 1 μm thick polyimide (PI2610, HD
Microsystem) passivation layer is spin-cast and cured at 300 °C
for 30 min. The polyimide is patterned to expose the
photodiode detection area and back contact pads using ICP
RIE (O2:CF4 = 16:56 sccm, 5 mTorr base pressure, 500 W ICP
power, 10 W forward power for 6 min). The e-beam-evaporated,
50 μm wide Ti (10 nm)/Au (300 nm) top contact is
patterned to connect columns of photodiodes. Finally, a MgF2
(37 nm)/TiO2 (127 nm) bilayer antireflection coating is
deposited by e-beam evaporation to achieve a maximum EQE
at λ = 1300 nm.
Characterization. The current−voltage characteristics

under dark and 100 μW 1550 nm laser illumination are
measured using an HP-4155B semiconductor parameter
analyzer. Illumination, from a tunable laser source (Santec
TSL-510), is guided through an SMF-28 optical fiber oriented
normal to the photodiode active area using a Lightwave Probe
(Cascade Microtech). External quantum efficiency from wave-
lengths of 980 to 1650 nm is measured under monochromatic
illumination chopped at 200 Hz and coupled into an SMF-28
optical fiber. The photocurrent at −1 V is amplified by 105 V/A
using a Keithley 428 amplifier. The output signal is collected by
a lock-in amplifier (SR830). The light illumination power is
calibrated using a reference InGaAs photodetector (Newport,
818-IG/DB). Field of view and spectroscopic measurement
details are provided in the Supporting Information.
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