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Van der Waals Epitaxy of HgCdTe Thin Films for Flexible

Infrared Optoelectronics

Wenwu Pan,* Zekai Zhang, Renjie Gu, Shuo Ma, Lorenzo Faraone, and Wen Lei*

Van der Waals epitaxial (vdW) growth of semiconductor thin films on 2D lay-
ered substrates has recently attracted considerable attention since it provides
a potential pathway for realizing monolithically integrated devices and flexible
devices. In this work, direct growth of epitaxial HgCdTe (111) thin films on 2D
layered transparent mica substrates is achieved via molecular beam epitaxy.
The full width at half maximum of the @-mode X-ray diffraction peak is meas-
ured to be around 306 arc sec. Mid-wave infrared photoconductors based on
the as-grown HgCdTe thin films have been demonstrated and the self-heating
effect has been evaluated. A peak responsivity at the wavelength of around
3500 nm is measured to be about 110 V W~" at 80 K and 8 V W at room
temperature under a bias of 25 V cm™. Twinning defects are observed, limiting
the crystallinity and mobility-lifetime product in HgCdTe/mica. Benefiting from
the vdW epitaxial growth, an etch-free layer transfer process for lifting off the
HgCdTe from the mica substrate has been demonstrated, leading to large

performance, such as fast response, tai-
lorable bandgap over the 1-30 um range,
and high quantum efficiency, HgCdTe-
based IR photodetectors grown on lattice-
matched CdggeZngosTe (CZT) substrates
and associated focal plane arrays (FPAs)
dominate the high-performance end of IR
applications.l

The further development of IR applica-
tions requires the future HgCdTe IR detec-
tors to have new features of lower cost,
larger array format size, higher operating
temperature, larger field of view (FOV),
and multiband detection.”l Over the past
10-20 years, significant progress has been
achieved in these areas. For example, alter-
native substrates (Si, Ge, GaAs, and GaSb)

area free-standing HgCdTe thin films.

1. Introduction

The detection of infrared (IR) radiation has a wide range of
applications, including medical diagnosis, night vision, remote
sensing, and defense technology. Thermal radiation falls within
the atmospheric transmission windows of either the mid-wave
infrared (3-5 um, mid-wave infrared (MWIR)) band or the long-
wave infrared (8-12 um, LWIR) band. Commercial IR detectors
working in these spectral bands have been developed over the
years, including thermal detectors such as bolometers as well
as narrow bandgap semiconductor photodetectors (=0.25 and
=0.1 eV, respectively, for MWIR and LWIR) including InSb,
HgCdTe, or type-II superlattices.l!l. Due to their unsurpassed

W. Pan, Z. Zhang, R. Gu, S. Ma, L. Faraone, W. Lei

Department of Electrical

Electronic and Computer Engineering and ARC Centre of Excellence
on Transformative Meta-Optical Systems (TMOS)

The University of Western Australia

35 Stirling Highway, Perth, WA 6009, Australia

E-mail: wenwu.pan@uwa.edu.au; wen.lei@uwa.edu.au

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/admi.202201932.

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-
VCH GmbH. This is an open access article under the terms of the Crea-
tive Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

DOI: 10.1002/admi.202201932

Adv. Mater. Interfaces 2023, 10, 2201932 2201932 (10of5)

instead of the traditional CZT substrates

were researched for growing HgCdTe

IR materials in order to fabricate next-

generation IR imaging FPAs with lower
cost and larger array format.?-5 Recently curved imaging FPAs
have been proposed as a feasible approach for achieving larger
FOV with simpler and flatter lenses in comparison to conven-
tional planer FPAs.2l The conventional development pathway
of these curved imaging FPAs relies on substrate thinning
and FPA bending, which is inherently limited due to complex
device processing, low yield, and high cost. Note that II-VI
HgCdTe materials are more vulnerable to damage during the
substrate-thinning processes because they are much more
fragile and sensitive to chemical/mechanical damage in com-
parison to conventional Group IV and III-V semiconductors.
In addition, the process does not remove the substrate com-
pletely due to the variability limits of array alignment on the
polishing tool. Consequently, both the flexibility of the thinned
FPA and the feasibility of monolithic integration are also lim-
ited in comparison to what could be achieved if transferable
and/or free-standing HgCdTe device active layer of thickness
<10 um was available.

Two-dimensional (2D)-layered materials such as graphene
and mica have the potential to serve as substrates for growing
high-quality three-dimensional (3D) semiconductor thin films
through van der Waals epitaxy (vdWE) techniques such as mole-
cular beam epitaxy (MBE) and MOCVD.® For vdWE growth,
the stringent requirement of matched lattice constants for high-
quality heterostructure growth in traditional semiconductor
epitaxy is mitigated. This is because the 2D-layered substrates
have naturally passivated surfaces and strong chemical bonding
is not required at the interface. In this way, the generation of
dislocations at the interface can be effectively suppressed.”®!

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmi.202201932&domain=pdf&date_stamp=2022-12-04

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

In addition, benefiting from the weak out-of-plane bonding
between 3D/2D interfaces, epitaxial layers can be easily lifted off
and transferred, thus opening up new opportunities for fabri-
cating flexible/monolithically integrated semiconductor devices
for industry applications.®>! Significant research advances
have been achieved in this area recently, with much of the work
reported on Group 1V, I1I-V, and binary II-VI semiconductors as
well as associated optoelectronic devices working in the spectral
range of from the visible band to near-infrared band.*>'l Con-
sidering the great potential for optoelectronic applications in the
MWIR and LWIR, there is a strong incentive to develop vdWE-
assisted growth of HgCdTe and demonstrate its potential in layer
lift-off/transfer to achieve ultrathin and flexible HgCdTe layers
for subsequent shaping into curved IR imaging arrays.

The growth of single-crystal HgCdTe films on muscovite mica
by a subsequent EDICT (evaporation and diffusion at constant
temperature) treatment of the CdTe films at around 500 °C was
reported in 1983.I1 However, due to their poor thermal stability,
the mica substrates began to decompose and react with HgCdTe
at that high temperature; consequently, the HgCdTe films were
not entirely satisfactory for making devices and layer transfer.!!
In this work, for the first time, we report the direct vdWE-assisted
MBE growth of MWIR HgCdTe thin films on lattice-mismatched
2D-layered fluorphlogopite mica substrates. Fourier-transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), transmis-
sion electron microscopy (TEM), and optoelectronic response
measurement were undertaken to study the material quality of
the grown HgCdTe layers. Benefiting from the weak bonding at
the abrupt HgCdTe/mica interface achieved by the vdWE-MBE
growth, an etch-free layer-transferring process for lifting off the
HgCdTe thin film from the mica substrate has been demon-
strated, which may represent a significantly less complex option
for fabricating flexible/monolithically integrated semiconductor
devices including curved IR imaging arrays.

2. Results and Discussion

IR transmission measurements were used to determine the
cutoft wavelength for vdWE-MBE Hg; ,Cd,Te grown on mica.
Figure 1a shows the FTIR transmission spectrum at 300 K
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Figure 1. a) Experimental and modeled infrared transmission spectra at
300 K of a representative vdWE-MBE HgCdTe/mica sample. The inset
illustrates the sample structure as extracted by simulation. b) HRXRD
@20 and @ scanning curves of a representative HgCdTe/mica sample.
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of a typical HgCdTe thin film grown on mica, which pre-
sents an MWIR cutoff at around 4 um. This suggests that
x = 0.3 according to the bandgap relationship Ey(x, T) for the
Hg,_Cd,Te alloy.' Moreover, based on the optical interfer-
ence fringes observed the thicknesses of the HgCdTe and mica
substrate are determined to be =5.5 and =100 um, respec-
tively. Note that fluorphlogopite mica has excellent transmis-
sion (>80%) throughout the wavelength range from 350 nm to
8 um,™ which is favorable for back-illuminated IR detectors.
The measured spectrum fits well with the simulated one, indi-
cating a good composition uniformity along the growth direc-
tion for the MWIR HgCdTe sample.

Figure 1b shows the high-resolution X-ray diffraction
(HRXRD) spectra of the vdWE-MBE grown MWIR HgCdTe. As
denoted in Figure 1b, both the mica (008) peak and zinc-blende
(2B) HgCdTe (333) peak are observed in the @-26 spectrum, sug-
gesting mica (001) can accommodate the growth of HgCdTe ZB
(111) directly without a CdTe buffer ((008) and (333) are the same
set of Miller planes as (001) and (111), respectively). Note that
2D-layered materials normally have hexagonal lattices, which
can accommodate the growth of ZB (111) and/or wurtzite (WZ)
(0001) easily because both of their in-plane lattices are hexagonal.
The in-plane lattice parameters of a = 4.58 A and b =793 A can
be estimated for ZB-HgCdTe (111) considering the lattice con-
stant of ZB-HgCdTe is around 6.47 A.'"Yl This indicates a large in-
plane lattice mismatch of 14% between the fluorphlogopite mica
substrate (@ = 5.308 A, b = 9.183 A) and the HgCdTe epilayer.!
As shown in Figure 1b, an @ scan full width at half maximum
(FWHM) (full width at half maximum) value of 306 arc sec is
achieved for the direct growth of HgCdTe on mica, which is
three- to five-times larger than that of (Hg)CdTe layers grown
on conventional alternative substrates such as Si, Ge, GaAs, and
GaSb, with state-of-the-art CdTe buffer layer technology.*16-18l
Note that the relatively larger XRD FWHM measured for the
HgCdTe on mica sample may be caused by imperfect cleavage
of the mica substrate during substrate preparation prior to film
growth, defects such as twins and dislocations generated during
MBE growth, as well as substrate bowing due to its flexibility.

Figure 2a shows the cross-sectional TEM image of a repre-
sentative vdWE-MBE grown HgCdTe showing a sharp inter-
face with the mica substrate. As shown by the TEM image,
the ZB-(111) HgCdTe has been grown with the formation of
twinned domains, which are triggered by the ZB/WZ stacking
fault. The formation of microtwins is commonly observed in
HgCdTe grown with techniques such as MBE, in which (111)
orientation is particularly vulnerable to twin formation.”! Note
that the ZB/WZ stacking fault in the (111) orientation growth
requires very low formation energy, and can therefore occur
several times during the growth. Further growth optimizations
such as stringent controls of flux stability and substrate surface
temperature are needed to address this twinning issue. The epi-
taxial relationships of HgCdTe on mica can be revealed from
the selected area electron diffraction (SAED) pattern shown in
Figure 2b: [121] HgCdTe || [010] mica and [111] HgCdTe || [001]
mica, which are consistent with the results of previous studies
on other 1I-VI thin films grown on mica.?"!

Unlike conventional optoelectronic devices based on rigid
substrates, the in-situ fabricated devices on flexible thin mica
substrates have the great potential applications in flexible
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Figure 2. Structural properties of the vdWE-MBE grown HgCdTe on
mica: a) HRTEM cross-sectional TEM image, and b) SAED pattern for
the HgCdTe epilayer where twin domains are observed.

electronic devices such as cylindrically curved imager with 27z
FOV.2U To test this concept, at this early stage, it is essential
to demonstrate the feasibility of device applications based on
the as-grown HgCdTe on mica. Figure 3a shows the spectral
responsivity (Ry) of the MWIR HgCdTe/mica photoconductor
fabricated in this work, in which peak responsivity at the
wavelength of around 3500 nm is measured to be =110 V W
at 80 K and =8 V W at room temperature (RT). The spectral
response cutoff wavelengths of =4.5 um at 77 K and =4 um at
RT are consistent with the bandgap values of HgCdTe with
x = 0.3. Note that the bias current (I,) was adjusted with
changing temperature (therefore the detector resistance, R) to
keep the detector voltage (V}, = [,R) at around 1 V (that is, at
an electric filed strength of 25 V cm™ considering the detector
length is 400 um) where either Joule heating or carrier sweep-
out effects are negligible.

Note that MBE growth of HgCdTe typically produces a native
hole concentration caused by Hg vacancies in the range of mid-
10" to low-10'® cm=3.1% The detector resistance can be expressed
as R= L/[eWt(nu, + piy,)] if surface conductance is neglected, in
which e is electron charge, L, W, and t are the detector dimen-
sions (length, width, and thickness, respectively), t, 4, are
electron and hole mobilities (u/u, = 100 is commonly assumed
in HgCdTe),?2 and n, p are electron and hole concentrations.

n, p can be given by p=(p, + \/pcz) +4nl)/2 andn= ni/p ]
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Figure 3. a) Measured photoresponse spectra of the fabricated HgCdTe
detectors operating at 80, 200, and 300 K. b) Variation of photoconductor
resistance (R), responsivity (Ry), effective mobility-lifetime product (u7),
and carrier lifetime with temperature.
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where n; is the intrinsic carrier density and p, is the majority
carrier hole concentration in p-type HgCdTe (p = p, when
Po >> n;). The device resistance can be approximated as R =
L/[eWtpoltn, + 1ife/ps)]. As shown in Figure 3b, the temper-
ature-dependent detector resistance (R) shows two distinct
regions. For temperatures above 200 K, the decrease in R with
increasing temperature is mainly due to the fact that n; is
strongly temperature-dependent since n; o< T*/%exp(~E,/2kT),*4
where k is the Boltzmann constant. From the fitting (solid line
in Figure 3b) for the measured device resistance, the x value
in the HgCdTe is derived to be =0.27 and is lower than the
FTIR-measured value of 0.3 as mentioned above. This would
normally be ascribed to additional thermally activated defects in
the HgCdTe layer,*! which possibly tend to be ionized at high
temperatures but were not considered in the fitting model. For
temperatures below 200 K, the device resistance is relatively
constant and appears to be determined by the extrinsic hole
concentration with R = L/(eWtuyp,) since py >> n;.

According to photoconductor theory,2?®l the Ry can be
expressed as Ry = Aen(Ue T, + ty %) [,R?/[hc(1 + P13, where A is
incident wavelength, 77 is quantum efficiency, 7, 7, are electron
and hole lifetimes, I, is applied bias current, h is Planck's con-
stant, c is the velocity of light, and fis a term-involving surface,
bulk, and detector dimensions. B can be made negligible with
the appropriate surface passivation and will be neglected here-
after. The quantum efficiency 1 can be calculated based on the
formula: = (1-7)(1-¢e¥)/(1 - re™™), where r is the reflectivity
of the air/semiconductor interface and can be calculated as
r=[(1-n)/(1+ n)}? nis the refractive index, ¢ is the absorption
coefficient, and t is the thickness of HgCdTe. The expression for
Ry can be simplified in two cases: (a) Ry = Aenu,z.I,R?/(hcL?)
for temperatures above about 200 K when 7= 7, and y. > 1,
and (b) Ry = Aenuy,7,I,R?/(hcL?) for p-type materials at low tem-
peratures in which electron trapping occurs (7. < 7).’} Within
the expression for Ry, it is important to note that the material
quality should be evaluated by the effective carrier mobility-life-
time product u7 = U7, + U, 7, rather than by the Ry since it is
strongly dependent on detector length L.

Based on the measured values of R and Ry as shown in
Figure 2b, 14,7, is determined to be around 4 x 10~ cm? V! for
T'<100 K and the .7, is determined to be around 2 X 10~ cm? V!
at near RT. Using the carrier lifetime of 7,= 600 ns measured
for T < 100 K, the 4, is estimated to be around 63 cm? V! S7!
(and therefore y, is estimated to be around 6300 cm? V! S7!
assuming (/t, = 100) and the extrinsic hole density pj is cal-
culated to be around 2.5 X 10'® cm~3. Both the carrier mobilities
and lifetime are typically an order of magnitude smaller than
those of twin-free high-quality HgCdTe materials.l®! As a result,
the responsivity of the fabricated HgCdTe/mica photoconductor
is typically two orders of magnitude smaller than those of com-
mercially available devices based on twin-free high-quality
HgCdTe materials.?” The ur product can be optimized by
reducing the formation of the observed twin structures in MBE
growth, which generally act as carrier scattering/recombination
defects and thus lead to reduced ur.

The expression of Ry for photoconductor responsivity shows
that Ry increases monotonically with increasing bias if all
other parameters including R remain constant. However, there
are two important mechanisms that place practical limits on
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Figure 4. Measured responsivity at the wavelength of 3500 nm as a func-
tion of bias field. The circles represent data measured in air at 295 K,
while the triangles and squares represent data measured in vacuum at
temperatures of 295 and 80 K, respectively. The lines are a guide to the
eye only.

the maximum allowable applied I, and therefore Vj: (1) Joule
heating of the detector element, which typically results in an
increase of device temperature; (2) sweep-out of minority car-
riers, which needs to be considered if the excess carrier lifetime
is long (typically > 1 us) and the device is small (typically with
dimensions < tens of um). Note that, unlike conventional 3D
semiconductors, 2D fluorphlogopite mica exhibits anisotropic
behavior in terms of thermal conductivity. The reported value
is =0.4 W m™! K! for conductivity perpendicular to the planes,
which is an order of magnitude lower than that parallel to the
planes and other thermally isotropic 3D semiconductors.*"!
Therefore, the self-heating effect is more likely to occur for a
HgCdTe photoconductor on mica due to the relatively low
thermal conductivity and hence, poor heat dissipation.

Figure 4 shows the variation of responsivity with bias field
for the MWIR HgCdTe/mica detector operating at 80 K and RT.
At low bias voltages, the responsivity increases almost linearly
with increasing bias voltage. However, self-heating is observed
at higher bias voltages since a decrease of detector resistance
is observed, which limits the increasing responsivity. Under a
vacuum environment, in comparison to the measurements at
80 K where the responsivity appears to saturate when V, >3V
(I, > 1 mA), the self-heating effect is more significant at 300 K,
which eventually causes the responsivity to fall when V> 1.5V
(I, > 5 mA). This is to be expected since higher temperature
results in lower detector resistance and higher self-heating
power (Pg, = I,2R = Vi2/R). For the device measured at RT,
the self-heating effect can be reduced by having more efficient
heat exchange in an air atmosphere than in vacuum. Further
improvement of thermal conductivity can be achieved through
thinning of the mica substrate or even transferring of the
vdWE-MBE-grown HgCdTe films from mica substrates to some
other target substrate for monolithic integration®! and/or flex-
ible optoelectronic applications, which can readily be achieved
without the use of mechanical polishing or ion milling due to
the benefit of the weak vdWE II-VI/mica interface force.

As depicted in Figure 5a, a feasible etch-free process for lifting
off vdWE-MBE-grown HgCdTe films from mica substrates
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Figure 5. a—c) lllustration of the epilayer transfer process; d) Cross-sec-
tional SEM image and e) optical image of HgCdTe membrane on photore-
sist/Si substrate after lifting off from the mica substrate.

has been demonstrated. First, photoresist layers were coated
on both surfaces of a CdTe/HgCdTe/mica sample and on the
front surface of a foreign Si substrate. The photoresist edge was
removed to expose the outer edges of the HgCdTe/mica. Then,
the photoresist-coated surfaces were bonded and postbaked.
The composite was then immersed in DI wafer. As shown by
Figure 5b,c, because of the weak quasi-vdWE HgCdTe/mica
interface, within a few hours water molecules can diffuse into
the HgCdTe/mica interface, leading to the delamination of the
mica substrate from the HgCdTe. As indicated by Figure 5d.e,
in our preliminary experiment the successful transfer of the
HgCdTe thin film with a size up to =1 cm? has been demon-
strated. Eventually, the photoresist layers can be subsequently
removed by dissolving in acetone. Although ultrasonic treat-
ment and mechanical delamination can facilitate the lift-off
process,”! the 5.5 micron-thick HgCdTe thin films are found to
be more vulnerable than much thinner films of other materials.
To achieve a uniform and reproducible exfoliation of HgCdTe
with a high yield for applications in low-cost flexible and/or
monolithic-integrated infrared optoelectronic devices such as
curved infrared imagers, the lift-off process needs to be opti-
mized further, which is beyond the scope of this work.

3. Summary and Conclusions

To summarize, this work has demonstrated direct vdWE-MBE
growth of MWIR HgCdTe thin films on mica and their applica-
tion for infrared detectors. The vdWE-MBE-grown HgCdTe thin
films are (111) oriented with a XRD FWHM of 306 arc sec. Twin
defects typically associated with (111) growth are observed, which
presumably limit the carrier mobility and lifetime for the as-grown
HgCdTe. It has also been found that the self-heating effect needs
to be considered for HgCdTe/mica detectors when high bias con-
ditions are applied since mica is a poor heat conductor. Benefiting
from the weak vdWE bonding between HgCdTe and the mica sub-
strate, an etch-free layer lift-off/transfer process has been demon-
strated that is capable of achieving ultrathin and flexible HgCdTe
layers for fabricating curved IR imaging arrays in the future.
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4. Experimental Section

The HgCdTe thin films were grown on 2D-layered fluorphlogopite mica
[KMg3(AISi3010)F2] (001) substrates in a Riber 32P MBE system equipped
with elementary Hg, Te, and compound CdTe as sources. A detailed
description of the thermal cleaning process for the mica substrates prior to
MBE growth could be found elsewhere.’l A systematic study optimizing the
HgCdTe growth on mica was carried out, which would be published elsewhere.
The growth temperature of HgCdTe was around 185 °C, as indicated by a
Gallium-Indium eutectic contact thermocouple. The growth surface was
finished with a 100-nm thick CdTe-capping layer for surface protection and
passivation. The beam equivalent pressure (BEP) was set to be 4 x 107 Torr
for Hg, 1.5 x 107 Torr for Te, and 7 x 10”7 Torr for CdTe, corresponding to
Hg-rich conditions with a growth rate of =2 um h™' for HgCdTe. The crystal
structure/quality of HgCdTe films was examined by HRXRD (Panalytical
Empyrean). The TEM imaging of the HgCdTe epilayers was carried out, with
the specimens prepared by using a focused ion beam (FIB). The bandgap of
HgCdTe films was determined by Fourier-transform infrared spectroscopy
(FTIR) transmission. The responsivity spectra of HgCdTe photoconductors
were measured by a grating spectrometer (Optronic Laboratories IR
Spectroradiometer 756). For the fabrication of HgCdTe photoconductors,
standard optical photolithography was used to define square mesas in sizes
of L =400 and W = 1200 pum. Finally, Cr/Au (10/200 nm) was deposited by
thermal evaporation to form metallic contacts on the HgCdTe layer surface.
The ohmic nature of the semiconductor/metal contact was confirmed by
the observation of linear and symmetrical current-voltage (I-V) curves
measured in darkness with temperature (T) ranging from 77 to 300 K, and the
corresponding bias voltage (V;,) ranging from —1to 1V.
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