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Abstract

High-performance graphene-HgCdTe detector technology has been developed
combining the best properties of both materials for mid-wave infrared (MWIR)
detection and imaging. The graphene functions as a high mobility channel that
whisks away carriers before they can recombine, further contributing to detec-
tion performance. Comprehensive modeling on the HgCdTe, graphene, and the
HgCdTe-graphene interface has aided the design and development of this MWIR
detector technology. Chemical doping of the bilayer graphene lattice has enabled
p-type doping levels in graphene for high mobility implementation in high-per-
formance MWIR HgCdTe detectors. Characterization techniques, including SIMS
and XPS, confirm high boron doping concentrations. A spin-on doping (SOD)
procedure is outlined that has provided a means of doping layers of graphene on
native substrates, while subsequently allowing integration of the doped graphene
layers with HgCdTe for final implementation in the MWIR photodetection devices.
Successful integration of graphene into HgCdTe photodetectors can thus provide
higher MWIR detector efficiency and performance compared to HgCdTe-only
detectors. New earth observation measurement capabilities are further enabled by
the room temperature operational capability of the graphene-enhanced HgCdTe
detectors and arrays to benefit and advance space and terrestrial applications.

Keywords: graphene, HgCdTe, photodetectors, MWIR, mobility, doping, transfer

1. Introduction
1.1 Graphene overview

The term graphene is a combination of two words—graphite and alkene.
Graphene denotes a two-dimensional (2-D) sheet of graphite of atomic-scale
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thickness resulting due to intercalation of graphite compounds [1, 2]. Graphene
can be divided into three different classifications based on the extent of its layer
structure, which are monolayer, bilayer, and multilayer graphene, with the latter
designating graphene structures consisting of three or more layers [3].

Graphite, another well-known compound of carbon, basically consists of
stacked sheets of graphene held in place by van der Waals forces. A third relatively
recently discovered carbon compound that has likewise been envisioned as a cata-
lyst essentially comprises rolled-up sheets of graphene commonly known as carbon
nanotubes. As thus comprising the basic building block of these key carbon materi-
als of varying dimensionalities, graphene has come to be considered the “mother”
of graphitic compounds [4].

Chemically speaking, graphene comprises a two-dimensional hexagonal ben-
zene ring-like structure consisting of sp”-bonded carbon, packed into honeycomb
lattice as shown in Figure 1, where the C—C bond length is 0.142 nm. It is one of the
first 2-D materials known to be stable at room temperature, and in ambient condi-
tions is crystalline and chemically inert. Although stronger than diamond, graphene
yet remains as flexible as rubber [6].

From an electrical standpoint, the valence and conduction bands in the band
structure of graphene meet at the corners of the Brillouin zone or Dirac points.
The consequence of this is that apart from the influence of thermal excitations,
the intrinsic charge carrier concentration is zero, and graphene is consequently
characterized as a zero-bandgap semiconductor. Notwithstanding the theoretical
implications of this, practical and functioning graphene-based devices still require
the existence of charge carriers, as well as control over the quantification of the
concentrations and types of charge carriers (i.e., for #- or p-doping) [7, 8].

Intensive research performed over multiple decades into graphene material
has further uncovered the remarkable chemical and material properties of this
unique and somewhat extraordinary form of carbon. Perhaps most notably are the
extremely high charge carrier mobilities in the range of 2000-5000 cm?/V s, mak-
ing graphene a choice material for implementation in high-speed electronics, such
as flexible ultrafast microelectronics. Graphene is likewise one of the most highly
conductive materials known with thermal conductivities reaching 5000 W/m K,
facilitating its use for applications such as light-emitting diodes (LEDs).

Furthermore, having Young’s modulus reportedly as high as 1 TPa has led to the
use of graphene for strength reinforcement in various aerospace and structural/
concrete material applications. In offering one of the largest specific surface
areas (2630 m°/g) combined with nearly full optical transparency of 97.7%, gra-
phene has likewise been employed for the advancement of numerous optical and

c)

Figure 1.
(a) Graphene geometry; (b) bonding diagram; and (c) associated band diagram [5].
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optoelectronic applications [9, 10]. The combined benefits of its high mechanical
strength, optical transparency, and mobility of charge carriers have made graphene
a choice material for a diverse array of electrical and/or optical applications.

During past decades, starting with the disclosure of the Hummers method in
the 1950s followed by the chemical reduction of graphene oxides in 1962, there
have been numerous research and studies on graphite oxide synthesis [8]. However,
it took the work of A. Geim and K. Novoselov to fully isolate and subsequently
characterize pristine graphene by a process of mechanical exfoliation that came to
be known as the “Scotch tape” method for the properties of graphene to be more
adequately understood, upon which it soon became a primary material of interest
for many diverse ongoing research efforts. Later in 2010 Geim and Novoselov were
awarded the Nobel Prize in Physics for this research encompassing graphene as a
2-D atomic structure [9].

After the initial success of isolating this graphitic material, many in the scien-
tific community commenced to explore different processes and techniques for the
large-scale synthesis and fabrication of graphene. As reported contemporarily in
literature, the more common graphene synthesis processes included the oxidation-
reduction growth process, chemical vapor deposition (CVD), liquid phase strip-
ping, and epitaxial growth on silicon carbide (SiC) [10]. Among these various
methods, the CVD process soon became the most established technique for produc-
ing graphene films with the highest quality crystalline and structural integrity,
primarily on Cu substrates [11].

However, Cu and other metal substrates are not practical for most applications,
as many optoelectronic-, sensor-, and microelectronics-based applications require
the placement of graphene films directly on metal oxide or semiconductors. There,
therefore, has been and remains a need for more optimized increasingly effective
processes through which graphene films can be directly and effectively transferred
onto any desired substrate of choice, while also avoiding cracks, wrinkles, and
forms of contamination [12].

1.2 Graphene-based technological device development

Infrared detector and focal plane array (FPA) technologies are at the heart of
many space-based instruments for NASA and defense missions that provide remote
sensing and long-range imaging capabilities [13]. While often considered exotic in
comparison to more established detector materials such as HgCdTe, on account of
its gapless band structure, strong light-matter interaction, and the relative ease by
which heterostructures may be fabricated, graphene can provide numerous capa-
bilities from diverse means for effective broad spectra photodetection.

Graphene detector implementation can likewise further facilitate reduced size,
weight, power, and cost (SWaP-C) mid-wave infrared (MWIR) sensors on smaller
platforms, a high priority for providing improved measurement and mission
capabilities in space. Use of process techniques such as post-growth thermal cycle
annealing (TCA) has additionally been reported to enable up to an order of magni-
tude reduction in the dislocation density down to the saturation limit (~10° cm™
for improved high-temperature operability of HgCdTe-on-Si-based MWIR detec-
tors and FPAs [13].

The overall functionality and applicability of a detector device or system are
governed primarily by its wavelength range, that is, band, of operation. Of the
different infrared (IR) bands spanning the short-wave infrared (SWIR) to very
long-wave infrared (VLWIR), the MWIR region is considered of the highest benefi-
cial for long-range imaging and early threat detection [14]. Specifically, the 2-5 pm
MWIR spectral band is crucial for NASA Earth Science applications, especially in
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satellite-based LIDAR systems that require measuring a wide variety of natural
features, including cloud aerosol properties, sea surface temperatures, and natural
phenomena such as volcano and forest fires.

Though prior scientific reporting of associated experimental results has served
to illuminate the key 2-D nanomaterial properties of graphene for enhancement
of sensing performance particularly for IR band detection, certain challenges still
must be addressed, which are as follows:

1. The existence of a process and technique for doping bilayer graphene with
holes and electrons having sufficient charge carrier concentration. The main
emphasis here is that the process of doping the graphene should not affect the
crystalline structure and that the doped graphene film remains defect-free.
This process should moreover be cost-effective and scalable for doping large-
area graphene films.

2.The development of a method and process for transferring CVD-grown gra-
phene to the desired substrate that ensures a uniform, clean, and intact trans-
fer required for successful realization in an array of prospective applications.

3. Attainment of graphene-enhanced high mobilities and corresponding high
level of photodetection performance in graphene-HgCdTe-based IR, and
specificity 2-5 pm MWIR, photodetectors, and optical imaging arrays.

2. Graphene-enhanced MWIR photodetectors
2.1 Motives and objectives of device concept

HgCdTe, or MCT, the most widely used infrared (IR) detector material in
military applications, is a direct energy bandgap semiconductor having a bandgap
that is tunable from near-infrared (NIR) and SWIR to VLWIR bands through vary-
ing the Cd composition [15]. Typically, 0.3:0.7 Cd:Hg ratio results in a detectivity
window over the SWIR to MWIR wavelength range.

Additionally, HgCdTe layer growth is highly controllable with certain deposition
techniques. Notably among these is molecular-beam epitaxy (MBE), which yields
high precision in the deposition of detector material structures leading to excellent
control over optical excitation evidenced by the high quantum efficiencies (QE)
demonstrated by HgCdTe-based detectors and sensors over the IR.

While adding considerable cost and bulk, cryogenic cooling is commonly
utilized for IR detection to minimize thermally generated dark current. Since dark
current increases with cutoff wavelength longevity, this requirement becomes
even more important for MWIR and long-wave infrared (LWIR) sensors. IR band
detector technologies that can operate at or near room temperature and substan-
tially avoid costly and bulky cooling requirements, therefore, offer great practical
benefits for many types of applications.

The incorporation of a high mobility graphene channel in HgCdTe-based detec-
tors is a newly discovered means to offer further performance improvements and
operational capabilities for MWIR detection. The intrinsic interfacial barrier between
the HgCdTe-based absorber and the graphene layers thereby may be designed to
effectively reduce the recombination of photogenerated carriers in the detector. The
graphene thus functions as a high mobility channel that whisks away carriers before
they can recombine, further contributing to the MWIR detection performance
compared to in photodetectors only utilizing HgCdTe absorption layers [16].
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2.2 Physical graphene-enhanced detector structure

The graphene-enhanced HgCdTe MWIR detector structure fabricated ona
silicon substrate comprises three principal layers. First, a layer of CdTe is grown
to act as a buffer layer functioning as the gate terminal (1). This layer provides an
electrical field in the “vertical” direction into the detector heterostructure that aids
in carrier transport in that direction. Figure 2 shows a schematic of this detector
structure as shown in a study by Srivastava et al. [12].

The HgCdTe absorber layer (2) is grown above the silicon substrate and the
CdTe buffer layer acts as the active optical layer where photogeneration of carri-
ers takes place. The HgCdTe absorber material and its physical properties, such
as bandgap, determine the sensitivity of the absorber layer to the detection wave-
length window. In addition, the absorber material governs the photogeneration rate,
quantum efficiency, and carrier lifetime, which collectively contribute to overall
detection performance.

Finally, the graphene layer (3) incorporates the role of high mobility, low noise
channel that quickly whisks away the photogenerated carriers in the absorber
into the contacts, and subsequently into the readout integrated circuit (ROIC) for
electrical readout. This layer, therefore, is directly contacted to the ROIC.

2.3 Graphene-HgCdTe detector operating principle

The general operating principle of the graphene-HgCdTe MWIR photodetector may
be described in terms of the life cycle of the photogenerated carriers [17]. Incident IR
photons transmitted through the Si substrate and CdTe layers into the HgCdTe region are
absorbed and produce electron-hole pairs, or excitons (Figure 3(a)). The vertical electric
tield in the absorber applied through modulation of the gate voltage effectively separates
the electron-hole pairs due to the consequent opposing forces on electrons and holes. This
separation of the carriers physically isolates the two photogenerated carrier species and
suppresses the Auger recombination within the absorber, minimizing the loss of photo-
generated carriers and is thus critical to the ultimate performance of the detector.

After separation, the carriers are transported through the absorber film toward
the graphene interface and then injected into it (Figure 3(b)). Modulation of the
gate voltage bias to preferentially inject only one of the photogenerated species
into the graphene in a rectifier-like action enables dynamic control of the interface
properties. As this process involves the injection of both species, it further prevents
any Auger recombinations from taking place in the graphene.

ROIC Input Cell common GND
Graph\ene

—  C C__ Cdle (Bufe)  — | =

Si Substrate

light

Figure 2.
Hetevostructure layer structure of HgCdTe-graphene-based IR photodetector [12].
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Figure 3.

(a) Generation of excitons from incident photons separvation of electrons and holes due to applied gate electric
field. (b) Photogenerated carrier transport and injection into graphene. (c) Horigontal transport of the
photogenerated carriers in the graphene.

(c)

The carriers injected from the absorber into the graphene are transported
laterally to the ROIC terminal and subsequently collected into it (Figure 3(c)). The
establishment of a separate high mobility channel enabled by the graphene allows
faster modulation frequencies with reduced 1/f noise and consequently higher
performance metrics. Dynamic gating is additionally provided through the electri-
cal control of carriers injected into the graphene.

3. Graphene-HgCdTe detector modeling effort
3.1 Modeling approach

The modeling effort was individually built upon various elements that combine
to form a comprehensive model for this detector material technology. The overall
goal of this modeling approach was to determine through simulations an accurate
determination of electrical detector device behavior, including I-V characteristics,
noise, responsivity, and other performance metrics. In addition, the directivity D*
and noise equivalent temperature difference (NETD) may be derived from basic
material parameters and device design and operating specifications to allow and
guide further design optimizations.

The modeling effort, depicted schematically in Figure 4, entailed modular con-
struction of the complete detector simulation platform from the individual models
as data were made available from experiments and device characterizations. These
have involved specific material modeling of the HgCdTe, graphene, and HgCdTe-
graphene interface.

3.2 Modeled performance parameters in HgCdTe

This graphene-HgCdTe MWIR detector fundamentally functions as a photo-con-
trolled current source rather than a light/heat-dependent resistance, characteristic
of the typical operating mode for bolometers. Figure 5 compares the theoretical dark
current and photocurrent, film resistance, and detectivity (D*) performance param-
eters in the HgCdTe for a conventional photoconductive detector (Figure 5(a)) with
that for this type of HgCdTe-based MWIR detector (Figure 5(b)). It is here noted
that D* does not change appreciably because ultimately the material properties are
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Figure 4.
Flowchart diagram illustrating the modeling approach and relationship between the different models utilized.

the same; altering the area of the current collection does not significantly change this
fundamental property. The current and resistance, however, are each significantly
lower for this latter detector design in view (Figure 5(b)). The incorporation of

high mobility graphene in this detector can further enable higher responsivity and
greater D*.

3.3 Graphene-HgCdTe interface band structure models

Figure 6 shows the E-k dispersion relation and density of states (DOS) deter-
mined for the HgCdTe/graphene interface. The contribution of individual atoms to
the DOS is likewise computed. The carbon contributes maximally to the conduction
band, while HgCdTe species contribute to the valence band.

Bandgap engineering of the HgCdTe detector material is additionally possible
through adaptive control of the epitaxial growth process parameters. This provides
the capability to optimize the performance to achieve desired spectral range and
operating temperature specifications for the development of graphene-enhanced
MWIR detectors and FPAs.

The work function of Hgg 73Cdy 2;Te, ®MCT, is determined (5.52 eV) based on
the following relation:

Dyer = X¥Qgype +(1 =) Py, (1)

where x is the CdTe concentration in Hg;_xCd,Te, and ®cgre and ®ygre, the
work functions of CdTe and HgTe, are 4.5 eV and 5.9 eV, respectively. As shown in
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Modeled dark current and photocurrvent, film resistance, and detectivity (D*) (from top to bottom) in HgCdTe
for (a) conventional photoconductive detector design, and (b) design of this HeCdTe MWIR photoconductive
detector.
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Figure 6.
E-Fk dispersion relation and density of states for HgCdTe/graphene interface.
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Band diagram for graphene/HgCdTe/Si detector heterostructure.

Figure 7, Hg, ;Cd, 5Te produces a built-in Vy; potential with p-doped graphene of
~0.6 eV. (With n-doped graphene having a work function 4.25, Vi,; becomes as high
as 1.27 eV.) Given its intermediate work function between that of HgCdTe (5.5 eV)
and n-doped Si (4.1 eV), the use of the CdTe buffer layer facilitates band matching
of the HgCdTe/CdTe/Si layers.

4. Doping of graphene bilayers
4.1 Historical development of graphene doping techniques

Recently a significant amount of research has been dedicated toward the manip-
ulation of the physicochemical and electrical properties of graphene to specifically
tailor it for various applications. One means to achieve this is through chemically
functionalizing the graphene, involving modification of its carbon sp* honeycomb
structure [18]. This chemical functionalization in turn necessitates chemically
doping the atomic lattice of graphene with atoms from other compatible elements
of the periodic table, essentially modifying graphene lattice originally undoped into
a heteroatomically doped one.

The technique of doping through inducing charge carriers comprising either
holes or electrons may be divided into two broad categories, which are as follows:

a. Electrical doping: In this process, charge carriers are induced by the application
of an electric field. This can take place using a graphene-based field-effect
transistor (FET), wherein the charge carriers are induced by an electric field
produced by the gate structure. For example, with a Si*/SiO, substrate varying
the gate voltage V, and consequently the concentration of electron/holes charge
carriers enables the concentration of the induced carriers to be controlled by
way of the applied gate voltage. If V, is positive excitation of electrons and
n-type doping will result, while on the other hand, an applied negative voltage
will lead to induction of holes and a p-doped material. The concentration of
charge carriers induced by this method can be as high as 10" cm™ [19].

b.Chemical doping: This technique involves the association of other chemical
species with graphene and is further subdivided into two additional classifica-
tions, which are substitutional doping and surface transfer. Substitutional doping
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is a process whereby carbon atoms in the graphene lattice are substituted with
other atoms, leading to either p-type or n-type conductivity [20]. Likewise,
surface transfer describes a nondestructive technique for inducing charge carri-
ers, in this case within the graphene lattice involving charge transfer between
surface adsorbates and the graphene [21].

Doping by surface transfer may occur as the result of two different mecha-
nisms—electronical doping and electrochemical doping [22]. Electronic doping is due
to the direct transfer of charge between the graphene and adsorbate. In the presence
of a differing electronic chemical potential, the doping type is controlled by the
position of the graphene Fermi level relative to the highest occupied (HOMO) and
lowest occupied (LUMO) level molecular orbitals of the adsorbate. While graphene
is usually n-doped when the adsorbate HOMO lies above graphene Fermi level,
p-type doping occurs when the LUMO of the adsorbate is found below the graphene
Fermi levels [7]. The representation of molecular orbitals levels to the graphene
Fermi levels for (a) p-type and (b) n-type doped graphene is shown in Figure 8. In
contrast to electrical doping, electrochemical doping is a time-dependent process
influenced by various factors that include the reaction rate and diffusion rate of
molecular species [23].

The focus here is on inducing p-type doping in graphene through chemical dop-
ing. Chemical heteroatom doping of graphene is generally performed using either
a one-step or two-step synthesis method. The one-step method involves employing
CVD to introduce both carbon and boron sources into the chamber while heating
the copper foil at high temperatures [24].

The alternative two-step synthesis process for boron doping includes thermal
annealing [25] and rapid Wurtz-type reactive coupling [26] techniques, among others.
Nevertheless, such two-step methods generally involve more complex experimental
setups, tend to result in defects present in the doped graphene films, and require the
use of toxic chemicals as the source/precursor as well as relatively high temperatures.
These factors clearly limit the types of substrates that may be practically used [27].

However, a recently developed technique known as the spin-on dopant (SOD)
process has made it possible to avoid these shortcomings in large part [28]. This

p-type n-type
dopant Graphene dopant
LUMO
HOMO
"""""""""" Fermilevel e
LUMO
HOMO
a) b)

Figure 8.
Relative position of highest occupied (HOMO) and lowest unoccupied (LUMO) molecular orbitals of an
adsorbate to the Fermi level of graphene for (a) p-type and (b) n-type dopants [6].
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method, which we have adopted for producing p-type doping in graphene and shall
subsequently be described in more comprehensive detail, requires only a relatively
basic experimental setup without the need for toxic precursor gases.

4.2 Boron doping of bilayer graphene

Dopants used for chemically doping graphene include, but are not limited to, S,
N, B, P, I, Se, O, and I [20, 21]. Among these dopant elements, the two most com-
mon and notable are nitrogen (N) and boron (B), for inducing #-type conductivity
p’-type conductivity, respectively, in graphene [22].

As the MWIR photodetector device under consideration requires p-doped
graphene for optimal performance, the boron doping method is here in view. Boron
is one of the most natural choices for doping among the atomic elements, having
valence atoms that differ in number by only a single atom compared to the number
of its carbon ones [29]. Atoms of boron also have a similar atomic size (0.088 nm
atomic radius) to those of carbon (atomic radius of 0.077 nm), a factor that further
facilitates p-type conduction in graphene [30].

When a dopant atom such as in this instance boron is bonded within a carbon
framework, a defect is introduced into the neighboring site. Since boron only
contains three valence electrons compared to four in carbon atoms, this can cause
uneven charge distribution resulting in charge transfer between nearby carbon
atoms, further expounding their electrochemical behavior [31]. The incorpora-
tion of a relatively small number of boron atoms thereby effectively lowers the
Fermi level and formation of an acceptor level in the doped graphene. The intro-
duction of boron likewise contributes to improved stabilization of the extremities
of the graphene material and similarly aids in mitigating the termination of its
layers, thereby promoting layer-by-layer growth of larger portions or sections of
graphene [32].

4.3 Graphene spin-on doping process

We have developed and implemented a distinct spin-on dopant (SOD) process
to produce highly boron-doped bilayer graphene. The SOD process involves spin-
coating a dopant solution onto a source substrate and annealing the latter in con-
junction with a target substrate in a tube furnace [31]. The bilayer graphene sheets
doped using this process were deposited on SiO,/Si substrates (300 nm SiO,, p-type
doped) by CVD acquired from Graphenea, Inc.

In the high-temperature environment and inert gas (e.g., argon) atmosphere,
diffusion of the dopant (boron) from the source substrate into the target sample
(bilayer graphene) occurs when the B atoms replace the C atoms to form p-doped
graphene. The main advantages of this technique are its low cost and simplistic
setup, combined with the capability to provide uniform and consistent doping
profiles [33]. Figure 9 depicts a schematic representation for substitutional doping
of boron in the honeycomb lattice of graphene by the SOD process.

For the SOD procedure schematically illustrated in Figure 9, we start with
the CVD-deposited graphene on Si/SiO, substrates. The spin-on diffusant used
is Filmtronics B-155 (4% boron conc.). This boron source is spin-coated onto a Si
wafer at 2300 rpm for 30 s using a CEE vacuum coater tool [34].

This boron-solution-coated source wafer is then placed in a custom-designed
silica boat approximately 10 mm apart from and facing a target graphene sample.
These are each inserted into a tube furnace that is pumped down to 10 Torr vacuum
pressure and annealed in the presence of flowing Ar gas.

11
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SOD thermal treatment
of graphene flakes

Boron doped graphene

Figure 9.
Schematic of processing steps for the fabrication of boron-doped GFs through a spin-on dopant (SOD)
method [32].

Parameter Value
Temperature 500, 600°C
Flow gas Argon
Flow rate 550 sccm
Ramp rate 15°C/min
Vacuum pressure 10 Torr
Boron source Filmtronics B155 (4%)
Spin speed 2300 rpm
Spin time 30s
Table 1.

Annealing and spin coating parameters for the SOD process.

Experimental parameters for the boron doping of graphene are given in
Table 1. The goal of this process is to achieve required high doping levels while
maintaining graphene surface features and quality for graphene-enhanced
HgCdTe MWIR photodetectors.

4.4 Graphene boron-doping concentration analysis

To determine the structural properties, chemical bonding states, and doping
concentration changes in the doped bilayer graphene, Raman spectroscopy and
time-of-flight (ToF) secondary-ion mass spectroscopy (SIMS) techniques were
performed as along with X-ray photoelectron spectroscopy (XPS).

Doping concentration vs. depth profile results for different boron-doped gra-
phene bilayers using SIMS are presented in Figure 10. This graphene sample on Si/
SiO, was doped with the SOD process using 15 min. Annealing duration. The SIMS
analysis indicates boron doping levels of ~1.8 x 10*° cm ™ of boron in the graphene
bilayers further confirmed by XPS.

12
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Figure 10.
SIMS atomic dopant concentrations vs. depth profiles for two different p-doped graphene samples on Si/SiO,
substrates.

5. Substrate transfer of doped bilayer graphene
5.1 Evolution of substrate transfer techniques

Considerable research has been undertaken to synthesize graphene on metal
substrates using the CVD process to produce high-quality large-area graphene
films. Sufficiently high quality of graphene films is demonstrated by a single-crys-
talline structure free of wrinkles, contamination, and cracks [35]. However, various
and often critical applications can require that the CVD-grown graphene films be
transferred onto other more suitable substrates.

The earliest form of transfer for graphene can be traced back to the synthesis of
graphene by “Scotch tape method,” whereby graphene flakes were exfoliated and
isolated from the graphite substrate onto another target substrate [34]. The devel-
opment of an efficient process for transfer of graphene from its native substrate
onto another foreign nevertheless has since proved relatively challenging, especially
for large-area and intact graphene films [36].

While CVD-grown graphene on metal substrates is typically of high quality and
purity, the deposited graphene when transferred off onto other types of substrates
can easily degrade and suffer from contamination and structural damage [37].
Common sources of contamination during the process of graphene transfer include
residues from the source substrate, etchant solutions used to dissolve the source
substrates, and unwanted organic contamination due to the adherence of polymer
compounds to the graphene following completion of the transfer [38]. These factors
can lead to the formation of more charge carrier scattering centers that affect the
electrical properties and mechanical stability of that graphene films, generally
resulting in undesired doping of the graphene [39].

Additionally, the extreme thinness of graphene (single-layer atomic thickness
for monolayer graphene) makes it inherently more vulnerable to altercation and
impairment [40]. During cleaning and repeated transfer, mechanical strains can
arise in the graphene that potentially can cause irreversible damage [41]. Hence, the
need to maintain structural integrity and uniformity of the graphene for various
applications can be very essential, for instance for optoelectronic devices or sensors
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requiring charge injection between the active functional layer and highly pure and
conductive graphene [42].

Furthermore, implementation of an optimized transfer process is critical to
boost yield and reproducibility for low cost and scalable production of large-area
graphene films [43]. Consequently, significant research is being undertaken to
further optimize the process of transferring graphene to attain intact and disloca-
tion- and defect-free graphene films.

The procedure required for preparing graphene for transfer may be character-
ized by the more relevant process steps involved, which typically include—(a)
graphene layer removal from substrate utilizing liquid etchant, bubble transfer,
or thermal peel off; (b) use of supportive layers (e.g., polymers such as PMMA
and camphor) to prevent cracks, creases, and other structural damage; and (c)
cleaning and removal/transfer of the grown layer from the substrate and protective
layers [35].

The major graphene transfer methods reported in the literature are as follows:

a.Bubble-mediated transfer: In this process, H, and O, bubbles are produced due
to electrochemical reactions, that is, by the graphene when CVD-grown on a
metal substrate such as Cu/Ni acting as an electrode (either anode or cathode).
These bubbles when generated apply a pealing-inducing force on the substrate
surface, eventually leading to delamination of the graphene from the growth
substrate.

Although this method is challenging in certain respects and more limited in
that conductive substrates are necessary for the actualization of the electrode-
initiated electrochemical reactions [30], considerable improvements have been
discovered and incorporated over time. Goa et al. developed a nondestructive
bubble-mediated transfer process that enabled repeated use of the growth (Pt)
substrate, whereby the transferred graphene was found to have high carrier
mobility along with minimal wrinkles [42]. Another study examined the use of
PMMA /graphene/Cu acting as both an anode and cathode to remove a graphene
sheet by bubble delamination, resulting in the reportedly high-quality transfer
of the graphene films [40].

b. Wet transfer: This transfer method involves the use of ionic etchants to dissolve
the growth substrate, after which the graphene is washed with a liquid cleaning
agent and transferred to desired target substrate without drying [43]. The com-
monly used liquid etchant consists of ammonium persulfate aqueous solution
and ferric chloride solution for dissolving Cu/Ni foil [44].

c.Dry transfer: While techniques for transferring graphene have traditionally
relied on liquid etchants and cleaning solutions, this renders the growth sub-
strates unusable consequently making these processes less economically viable.
To circumvent in part these limitations, the dry transfer method was developed
involving the incorporation of an inorganic metal oxide lifting layer (e.g.,
of Mo0O;3), which due to its low binding energy with the graphene films may
be subsequently washed away completely. This process leads to high-quality
graphene films without further contamination [45].

Through this experimentation toward the achievement of clean, smooth, and
reduced-residue transfer, a PMMA-based resist-assisted transfer process was identi-
fied and established. In contrast to more conventional PMMA transfer processed
known to leave residues during the graphene transfer, the method we have adapted
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and further developed features a more straightforward process that uses different
polymeric supportive layers for residue-free and clean transfer of graphene to avoid
cleaning and support removal steps. This new method for transferring graphene
from Si/SiO, to HgCdTe substrates combines both wet transfer and nonelectro-
chemical reaction-based transfer methods.

5.2 Experimental bilayer graphene transfer

Boron p* doping of bilayer graphene on Si/SiO, substrates has been accom-
plished to provide required electrical performance characteristics for a high mobil-
ity graphene channel in MWIR HgCdTe photodetector devices. The final step as
discussed in this process involves transferring the sheets of highly p-doped bilayer
graphene from the original Si/SiO, onto HgCdTe substrates for incorporation in
the MWIR photodetector and FPA devices. This subsequently p-doped bilayer
graphene on Si/SiO, is transferred using a PMMA-assisted wet transfer process
[44]. Figure 11 shows schematically this experimental procedure for transferring
the graphene onto HgCdTe [18].

Through this relatively straightforward procedure, the successful transfer of
doped bilayer graphene sheets deposited on SiO,/Si onto HgCdTe has been dem-
onstrated. The graphene bilayers are preserved, and no morphological changes
were observed, following the transfer process with their relocation where the
spatial configurations of the bilayers were maintained across macroscopic
regions.

5.3 Characterization of graphene transferred onto HgCdTe

Following the transfer of the p-doped graphene onto HgCdTe substrates, the
doped bilayer graphene on HgCdTe was measured using optical microscopy and
Raman spectroscopy to determine if any significant changes had occurred in its
properties through the process. Figure 12 presents optical microscopy images of

Spin-coat A9 =
PMMA resist on J Dip coated source
substrate solution

in1 M NaOH

(heat at 90°C)

Start with p-doped
(boron) bilayer
Graphene on
S$i/Si0, substrate

| source graphene-
"\ Si/siO, susbstrate

Graphene
TranSfef - % gt After observing Si0,
Ptocess S N etching, remove

Rinse in isopropanol
bath to remove any
organic residues;
blow dry with N,

source substrate and
dip in DI water (RT)

Transfer peeled . J
off free-standing [<*
PMMA/Graphene

film onto target
HgCdTe substrate

Rinse transferred
substrate with
PMMA/Graphene
in chloroform for
60 min. to dissolve
PMMA, leaving
behind graphene

Bake transferred film at

80°C for 5 min. and at 130°C |¢
for 20 min. to improve
adherence of graphene

with target substrate

Figure 11.
Schematic outline of the experimental process enabling the removable transfer of bilayer graphene from SiO,/Si
onto HgCdTe substrates.
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Figure 12.
Optical microscopy image of graphene deposited on HgCdTe, wheve darker aveas vepresent graphene on
HgCdTe and lighter avea portions the bare HgCdTe substrate.
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Figure 13.

Raman spectroscopy analysis of boron-doped graphene transferved onto HgCd'Te substrate, compared to spectra
of bare HgCdTe substrate, that of the pristine bilayer graphene on Si/SiO,, and the graphene on Si/SiO,
following the boron doping but before transfer.

the transferred graphene onto HgCdTe. The darker areas represent the part of the
HgCdTe covered with graphene (having relatively marginal but practically observ-
able differences in optical absorption), while the lighter areas indicate uncovered
portions of the bare HgCdTe substrate.

Figure 13 shows Raman spectra of the transferred doped graphene on HgCdTe,
in comparison to the as-received graphene on Si/SiO,; the graphene following the
boron doping; and a bare HgCdTe substrate.

The Raman spectroscopy analysis shows the G-band peak resulting from
in-plane vibrations of sp>-bonded carbon atoms, and the D-band peak due to out-of-
plane vibrations attributed to the presence of structural defects. The associated
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D/G ratio relates to the sp*/sp® carbon ratio. The 2D-band, the second order of the
D-band, is the result of a two-phonon lattice vibrational process.

The ratio of 2D/G intensities provides insight into the properties of the graphene
layers. For example, a 2D/G band ratio in this case found in the range of 1-2 indi-
cates a bilayer graphene structure. In addition, the same D-band and 2G-band gra-
phene peaks present in the bilayer graphene prior to doping as well as in graphene
samples doped on Si/SiO, have likewise observed in graphene transferred onto the
HgCdTe substrate, thus demonstrating preservation of the structural integrity in
the transferred bilayers of doped graphene.

6. Conclusions

The material and electrical properties of high-performance graphene-HgCdTe
detector technology, where the graphene layer functions as a high mobility channel,
developed for MWIR sensing and imaging for NASA Earth Science applications
have been assessed. Comprehensive modeling of HgCdTe, graphene, and the
HgCdTe-graphene interface has aided in the design and development of this MWIR
detector technology.

By using a SOD process, we have achieved boron doping of the bilayer graphene.
SIMS, XPS, and Raman spectroscopy-based characterization of the doping levels
and properties have confirmed higher boron doping concentrations >10* cm™ in
the graphene layers. The p-doped graphene bilayers originally on Si/SiO, substrates
have been furthermore transferred onto HgCdTe substrates, and the structural
integrity of the transferred doped layers confirmed through various methods of
characterization for implementation as high mobility channels in uncooled MWIR
graphene-enhanced HgCdTe detection devices.

Successful integration of enhanced graphene into HgCdTe photodetectors
can thereby provide higher MWIR detector performance as compared to HgCdTe
detectors alone. Combined with the room temperature operational capability of the
graphene-HgCdTe detectors and arrays, the fulfillment of the objective of attain-
ing new earth observation measurement capabilities is a step closer to benefit and
advancing critical NASA Earth Science applications.
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